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ABSTRACT 

The aim of this research work was to develop an Acoustic Emission (AE) source location 

method suitable for Structural Health Monitoring (SHM) of composite aircraft structures. 

Therefore useful key signal features and sensor configurations were identified and the 

proposed method was validated using both artificially generated AE as well as actual AE 

resulting from damage. 

Acoustic Emission is a phenomenon where waves are generated in stressed materials. 

These waves travel through the material and can be detected with suitable sensors on the 

surface of the structure. These stress waves are attributed to propagating damage inside the 

material and can be monitored while the structure is in service. This makes AE very suitable 

for SHM, in particular for aircraft structures. 

In recent years composite materials such as carbon fibre reinforced epoxy (CFRP) are 

increasingly being used for primary and secondary structures in aircraft. The anisotropic lay-

up of CFRP can lead to different failure mechanisms such as delamination, matrix cracking or 

fibre breakage which affects the remaining life time of the structure to different extents. 

Accurate damage location is important for SHM systems to avoid further inspections and 

allows for a maintenance scheme which considers the severity of the damage, due to damage 

type, extent and location. 

This thesis presents a novel source location method which uses a small triangular AE 

sensor array. The method determines the origin of an AE wave by a combination of time of 

arrival and modal analysis. The small footprint of the array allows for a fast and easy 

installation in hard-to-reach areas. The possibility to locate damage outside and at a relatively 

far distance from the array could potentially reduce the overall number of sensors needed to 

monitor a structure. 

Important wave characteristics and wave propagation in particular in CFRP were 

investigated using AE simulated by an artificial source and actual damage in composite 

specimens. 
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CHAPTER 1. Introduction 

Aircraft have evolved significantly since their first development in the 19
th

 century. The 

first aircraft were made of wood and fabric but were later replaced by aluminium structures 

[1]. Usually military aircraft and space craft use the most advanced technologies of their time 

and both sectors in general played a major part in the development of new materials and 

technologies. New developments in military and space travel are usually performance driven. 

Some of these new technologies are later adopted by commercial aircraft manufacturers when 

it shows financial benefits or it improves the safety of the aircraft. 

In the year 1994 Airbus started to develop a new Superjumbo, the A380. The design has 

a twin-deck cabin and is powered by four engines. The A380, which had its maiden flight on 

the 27
th

 April 2005, can carry up to 840 passenger in a single class layout or 525 passengers in 

a typical three-class layout [2]. The Airliner is built especially for long haul routes up to 

15000 km and should relieve airports and busy air routes which are near their capacity. Three 

of the A380’s carry the same number of passengers as four Boeing 747-400s or six Boeing 

787s [3]. Nevertheless there is a high financial risk for airlines with such large aircraft if they 

can not operate at full capacity. 

In the past only a few other civil aircraft were designed for such high passenger loads. 

For instance, in the 1990’s McDonald Douglas designed an aircraft for up to 430 passengers 

in a three-class layout or up to 511 passengers in its highest capacity concept. Nevertheless 

the so called MD-12 ended as just a design study because no orders were ever placed [4].  

To make such a large aircraft competitive it is important that the in-service costs for the 

plane are kept low. It is important to be relative light and aerodynamic to reduce the fuel 

consumption as well as allow the aircraft to start and land on existing runways at all major 

airports. Heavier aircraft usually need longer run ups to accelerate to takeoff speed. Therefore 

new materials have been introduced to build light aircraft structures with similar or even 

better stiffness properties compared to those made of conventional aircraft grade aluminium. 

In the A380 for example, the wing box, wing skin and other parts of the wing are made of 

carbon fibre reinforced plastics (CFRP), some non load-bearing parts, such as the wing tip, 

are made of thermoplastics and the fuselage is made of a glass-fibre/aluminium sandwich 

structure called GLARE. All these materials are lighter than aluminium and allow the design 

of components with smoother contours for better aerodynamics. 
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Advanced composite materials for load carrying structures were already prevalent for 

military aircraft due to its superior weight-to-stiffness ratio but were widely avoided for 

commercial application because of its high production costs. Nevertheless recent studies 

suggest that lower follow-up costs due to reduced maintenance, fuel consumption and a better 

fatigue life will outweigh the high production costs and thus the higher purchase price for the 

airlines could be justified by lower in-service costs. 

After the A380, new aircraft developments in civil aviation concentrated on using 

composite materials. 50% of the total weight of the Boeing 787 “Dreamliner”, a midsized 

aircraft for 210 to 330 passengers, is made of composite materials and mainly CFRP. The 

Dreamliner had its maiden flight in December 2009. Meanwhile Airbus is developing a 

similar sized aircraft to compete with the Boeing 777 and 787. Whilst the first design was still 

mainly built of aluminium alloys, the concept was later changed after criticism by airlines and 

is now mainly made of composites [5]. This shows the growing confidence of the industry in 

these new materials. 

In the year 2001 it was estimated that the A380 has to earn $300,000 to $500,000 a day, 

which means that every hour of unscheduled downtime could mean a loss of revenue up to 

$20,000 for the airline [6]. Therefore the time between the flights should be as short as 

possible. According to Airbus [2] boarding and de-boarding is possible in the same time as 

any other large aircraft due to wide dual-lane staircases. Nevertheless further steps had to be 

taken to reduce the downtime of the aircraft. 

Aircraft structures need to be maintained at certain intervals, the frequency of which 

depends on load cycles, function of the structure and material amongst others. New composite 

materials have better fatigue properties than aircraft aluminium alloys. The problem with the 

use of new materials is that no or very limited long term studies exist regarding the fatigue life 

of these aircraft structures. Maintenance schedules need to be adjusted accordingly to assure 

the safety of the aircraft but minimise the downtime at the same time.  

Burrows et al. [7] estimated in the year 2001 that the costs of maintenance, inspection 

and overhauls are up to 9.1% of the total airline expenses. These costs depend on aircraft type, 

number of technicians, airport costs and other factors. Especially inspections of difficult to 

access wing or fuselage sections is very time consuming and therefore expensive. In some 

cases a number of other parts of an aircraft need to be removed before an airframe structure 

can be inspected. For example, to gain access to an airframe beam near the window of the 
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cockpit large parts of the control panels need to be removed and then reinstalled after 

inspection. If the downtime for inspections can be reduced, the costs for maintenance would 

decrease significantly.  

Different non-destructive testing (NDT) techniques are available to evaluate the integrity 

of aircraft structures, such as Ultrasonic, Eddy Current, Radiography, Acoustic Emission, 

Guided Waves and Thermography. For some of these techniques, i.e. Ultrasonic and Eddy 

Current, the probe must be placed over the actual damage to be able to detect it. This is very 

time consuming when a complete inspection is necessary. Therefore a “hot spot” approach for 

the maintenance scheme is advisable where inspections are focused on the most likely damage 

initiating points. Other techniques are able to monitor larger areas at a time, but the area to be 

monitored must be accessible, for example, for the radiation in the case of Thermography and 

Radiography. Therefore some structures must be removed from the aircraft for inspection. 

Only a few NDT techniques, such as Acoustic Emission and Guided Wave, are capable of 

monitoring large parts of a structure to which the sensors are attached. Acoustic Emission is a 

technique where sensors detect stress waves emitted by the damage itself and Guided Wave 

uses transducers to send a signal through the structure and detects little changes of this signal 

which can be caused by damage. Both techniques can monitor a specimen even when the 

sensors are at some distance to the damage and whole structures can be monitored in a short 

time. This is often referred to as a “Global method” [8]. The inspection time with these 

techniques can even be further improved, when the sensors are constantly mounted on the 

structure. As mentioned above, a huge amount of time for inspections is often allocated to 

gain access to the structure. The inspection time could be reduced significantly if the sensor is 

already mounted and the inspection can be carried out via a socket, which can easily be 

accessed for instance from inside the cabin. Furthermore down time due to inspections could 

be eliminated or kept to a minimum when scheduled inspections can be replaced with online 

monitoring systems which are able to monitor the structure automatically during flights. Then 

the aircraft has only to be taken out of service if a repair or replacement of parts is necessary. 

This approach is called Structural Health Monitoring (SHM) and is already used for bridges, 

wind turbines, (military) aircraft and spacecraft. 

All major aircraft manufacturers started research projects in recent years to develop SHM 

systems for their aircraft. In the year 2007 Boeing, Airbus, Embraer and Honywell joined an 

international aerospace group to promote an industry-wide cooperation to develop SHM 

systems and standards [9]. In most cases the introduction of these systems will be gradual. 
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Airbus for instance intends to abbreviate existing manual NDT by introducing offline systems 

with constantly mounted sensors. The next step would be online sensor systems by 2013 and 

fully integrated systems by 2018 [10,11]. It is to be expected that all new aircraft designs will 

benefit of new developments in SHM to some extent. 

A Structural Health Monitoring system should implement the following tasks: 

1. Damage detection at an early state 

2. Damage location 

3. Damage type identification 

4. Prediction of damage propagation 

The first two points must be implemented by every SHM system, where the last point 

would only be performed by fully integrated systems. The task of predicting damage 

propagation and setting the maintenance schedule accordingly could otherwise be carried out 

by trained operators. The third point is desirable, for instance, to distinguish between 

corrosion and a propagating crack in metal structures. If the structure to be monitored is made 

of a composite material, damage type identification is even more interesting because of the 

complex failure mechanisms in these materials. Due to the inhomogeneous nature of 

composites different failure types, such as delamination and matrix cracking, can occur. The 

damage type can affect the actual severity for the safety in terms of residual structure strength 

and damage propagation. This in turn affects the maintenance schedule. For the development 

of a SHM system it has to be considered that not all NDT techniques used on aluminium 

aircraft structures can be used for composite materials, nor are all NDT techniques suitable for 

SHM applications. 

1.1 The Objectives of the Current Research Work 

Acoustic Emission (AE) is a passive inspection technique which, unlike Ultrasonics, 

does not actively send any signal through the structure, but detects stress waves from the 

damage itself when it propagates. A few sensors can monitor a relatively large area and can 

detect different types of damage usually long before other NDT techniques are able to find 

them. Also AE testing can be performed when the structure is in service. This makes AE an 

ideal tool for SHM applications. 

Accurate damage location is important for Acoustic Emission SHM (and NDT) systems 

since this technique is able to detect signals from propagating damages in relatively far 
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distances from the sensor. Exact source location is not only important to reduce time for 

further inspection and repairs but also to identify multiple damage, to understand fatigue 

damage propagation or find indications about damage origin and causation. Although it is 

already reported that the actual AE signal can give an indication about the actual damage 

type, exact source location might also aid to fulfil this SHM task. 

In the long term it would be desirable that SHM systems monitor the integrity of almost 

all structural parts of an aircraft so that scheduled structural inspections can be eliminated 

entirely. Therefore it is important for the SHM system to be robust in terms of its equipment 

durability as well as its damage detection reliability. The sensors must be installed 

permanently and should be low maintenance, in addition to being relatively light weight. The 

sensor array must monitor a large area with the least number of sensors possible without 

compromising the sensitivity and reliability of the system. Recent research work is focused to 

fulfil these goals for an Acoustic Emission based health monitoring system for aircraft 

structures. 

The principal aim of this research work was to develop an AE source location method for 

large composite aircraft structures, such as the wing skin, which addresses the demands of a 

SHM system. A comprehensive series of tests were carried out to study the AE wave 

propagation which led to the development of a novel source location method. 

The objectives of this research work were: 

 Characterise the AE signals and wave propagation in composite materials using 

artificial AE sources. 

 Analyses of raw AE signals using appropriate signal processing tools 

 Identification of key signal features suitable for modal analysis and source 

location 

 Identification of a suitable sensor configuration and set-up for concept proving 

 Validation of approach and methodology using simulated AE as well as AE 

generated by damage propagation in composite material. 

1.2 Structure of the Thesis 

The structure of the thesis is as follows: Chapter 2 is the literature review and addresses 

developments in the use of composites in commercial aircraft, aircraft maintenance including 
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different NDT techniques and Structural Health Monitoring. Furthermore Acoustic Emission 

and its potential for SHM will be explained in detail. In the end different source location 

method will be presented. 

Chapter 3 explains the test apparatus and methodology which was used throughout all 

tests. It also introduces a modal analysis tool to automatically measure the arrival time of the 

symmetrical and anti-symmetrical wave mode. 

Chapter 4 introduces a novel sensor arrangement for AE source location. The behaviour 

of the arrival times of the wave modes in respect to this array are presented and then two 

novel source location methods are introduced which used the unique characteristics of the 

array. The test was conducted on a large composite plate as well as an aluminium plate which 

attenuation behaviour is also discussed in this chapter. 

Chapter 5 shows and discusses the results of a test which was conducted to study the 

wave mode propagation in a composite test specimen. 

Chapter 6 presents tests which used the previously introduced source location method for 

real Acoustic Emission events generated during a simulated stringer debonding and a tensile 

test to simulate structural fracture in composites. 

Chapter 7 is a comparison of the performance of the here presented source location 

method with another conventional and already established method. 

The performance as well as the benefits and drawbacks of the novel source location 

method are discussed in chapter 8 and all findings and recommendation for further research 

will be outlined in the conclusions in chapter 9. 
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CHAPTER 2. Literature Review 

Since the first ever built aircraft at the end of the 19
th

 century, materials have changed 

and developed significantly. The first aeroplanes were made of wood and fabric. With the 

rapid development of aircraft during and after the First World War, wood was replaced by 

metals, in particular aluminium. The first all-metal aeroplane in mass production was the 

Junkers J4 in the year 1916 and the first fully streamlined, stressed-skin aluminium alloy 

airframe was introduced with the Douglas DC-1 in the year 1933 [1]. Today the majority of 

commercial aircraft are made of aluminium alloys. It was estimated in 2003 that between 78% 

and 85% of the aircraft structures are metallic [12]. Nevertheless recent developments make 

composite materials more and more attractive for aircraft designers. Glass fibre composites 

are already common for small aircraft whereas today’s advanced military jets are mainly 

made of carbon fibre reinforced composites [13]. The Boeing 757 and 767 were the first 

commercial aircraft which used composites for some of the secondary structures. About 30% 

of the external surface area of the 767 is made of composites [14]. The Airbus A380, A350 

and Boeing Dreamliner were the first large commercial aircraft which use composites even in 

primary structures. 

Composites are usually used to reduce the overall weight of an aircraft, but additional 

benefits depend on the actual material. With the new materials, new designs were possible but 

also new techniques had to be developed to guaranty the integrity of the aircraft structures. 

2.1 Composite Aircraft Structures 

In general composites are a mixture of at least two different materials or sometimes even 

of the same materials in two different phases combined in a macroscopic structural unit [15]. 

With the combination of different materials it is possible to achieve desirable properties which 

are different to either of the materials alone [14]. Most composites with high strength 

properties consist of reinforcement fibres to transfer tensile load through the material and a 

matrix which surrounds the fibres. The matrix usually makes the structure rigid whereas the 

fibres ad the strength and stiffness [16]. Fibres should be aligned in the direction of the 

maximum load(s) to achieve the highest strength of the structure and ideally only tensile 

stress should be applied to these composites to benefit from the high strength-to-weight ratio. 

The matrix has a number of different functions; it binds the fibres together, protects them 

from abrasion or reaction with for instance chemicals and transfers stresses into the fibres. 
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The matrix also transfers compressive loads through the structure. The matrix can be made of 

a range of different materials such as metals, ceramics, glasses and polymers, such as epoxies, 

polyesters, phenolics, silicones, polyimides and thermoplastics, or carbon [17]. 

The fibres can be divided into two main groups: short fibres and continuous fibres. Short 

fibre composites are usually used for injection moulding or where the composite is sprayed 

into a mould. The fibre orientation in the material is usually random and the material 

properties quasi-isotropic. If the fibres are shorter than a critical length (lc) the composite can 

even fail at stresses lower than those of the single components (matrix and fibre) strength 

(Figure 1). This is due to the interface shear stress at the end of each fibre. The shear strength 

of the fibre is lower than the ultimate tensile strength [17]. The critical length only affects 

very short chopped fibres and if this length is exceeded the material will perform almost like 

those materials with continuous fibre. Continuous fibres are mainly used for load carrying 

structures. The fibre lay-up and orientation of continuous fibres can be well aligned to the 

expected load and the fibre-to-resin ratio is more consistent throughout the structure. Material 

properties depend on the fibre orientation but are more predictable compared to randomly 

distributed short fibres.  

 

 

The most common composites in the aircraft industry are Glass Fibre Reinforced Plastics 

(GFRP) and Carbon Fibre Reinforced Plastics (or Polymers) (CFRP), where CFRP is more 

interesting for bigger aircraft. Glass fibre reinforced plastics are usually much cheaper than 

Carbon fibre reinforces composites. Compared to glass fibre, carbon fibres are more 

temperature resistant, up to six times more rigid and withstand high stresses at relatively small 

strains, so that matrix cracks do not occur so early in the life of the structure due to different 

strains in the composite [18]. Figure 2 shows the composites used in the Airbus A380 where 

Figure 3 illustrates the Boeing 787 Dreamliner. 

lc/2 

σ 

τ 

Length of Fibre 

Figure 1: Critical fibre length 
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Figure 2: Materials used in the Airbus A380 [19] 

The A380 also features a new material called GLARE. The name GLARE stands for 

“GLAss-fibre-REinforced aluminium alloys”. It is a so called Hybrid Metal and consists of at 

least four 0.3 mm thin aluminium layers alternating with glass-fibre-reinforced epoxy layers 

[4]. The thickness can be changed by adding layers to match the local load requirements. 

According to the manufacturer Stork Fokker this composite is as flexible as aluminium but at 

the same time stronger [20]. It has a better damage tolerance to impact and fracture as 

compared to other aerospace aluminium alloys and therefore need to be inspected less 

frequently. The better damage tolerance is due to the fibres which effectively bridge cracks 

within the aluminium layer and reduce the rate of crack growth. Another advantage is the 

resistance to corrosion and the lower specific weight compared to aluminium alloys. GLARE 

offers a weight saving of 15% to 30% over aluminium, which amounted to about 800 kg for 

the Airbus A380 [4]. 

 
Figure 3: Materials used for the Boeing 787 Dreamliner 

Carbon Fibre Reinforced Plastics are composites that are made of different layers of 

carbon fibres surrounded by a polymer based matrix. The fibres consist of long molecular 

chains of strong C-C links and weak intermolecular forces which can be destroyed easily by 

heat or stress. Some carbon fibres are pre-stretched to destroy most of the weak links and 

orientate the strong C-C links in the direction of the force. In this way the fibres are much 



 

CHAPTER 2. Literature Review 

Dirk Aljets  10 

PhD Thesis 

stronger than unstretched fibres. Another way to increase the strengths of the fibre is to polish 

the surface since carbon fibres are very sensitive to surface flaws and stress concentration 

inside the fibre [14]. Fibres are much stronger compared to monolithic arrangements even 

when it is of the same material. Carbon fibres have a Young’s modulus of 290 GPa and a 

tensile strength of 3100 MPa. In comparison, the monolithic carbon’s modulus is just 10 GPa 

and has a strength of 20 MPa [15]. Again this difference is mainly due to susceptibility to 

uneven stress distribution when small flaws are present. 

Composite design is still evolving. Often the material is used as “black metal” when the 

material of a metal structure is replaced by composites but the geometry remains unchanged 

[21]. With this approach the structure will be lighter but the full potential of the new material 

is not exploited. For example, sometimes composite parts are joined with rivets or bolts. 

These discontinuities are weak points in composite structures. Usually the matrix is a very 

brittle material and cannot withstand high point loading such as those introduced by rivets and 

bolts. Ideally joints should be glued for a better distribution of forces. It is also beneficial to 

produce whole structures in one piece; this could simplify the assembly.  

Table 1 shows a comparison between a typical aircraft aluminium alloy and CFRP. It can 

be seen that the composite is much stronger and at the same time lighter. It is expected that a 

change from aluminium to carbon structures save between 20% and 50% in weight [16]. In 

recent year Finite Element Analysis (FEA or FEM) and composite modelling programs have 

been developed to aid the design and use the full potential of composites. Other benefits 

compared to aluminium are the non-corrosive nature of the material, good dimensional 

stability at changing temperatures and that it can be produced in almost any shape. 

Table 1: Comparison between Aluminium and CFRP [16] 

 Density [δ] Tensile modulus 

[GPa] 

Tensile Strength 

[GPa] 

Max service 

Temperature 

[°C] 

Aircraft Aluminium (2024-T4) 2.7 73 0.45 150 - 250 

Unidirectional carbon/epoxy 

(61% fibre content) 1.59 142 1.73 80 - 215 

 
 

Compared to aluminium alloys, production costs of CFRP aircraft structures are higher 

but total lifetime costs could be cheaper due to a longer lifetime-till-failure and the saving of 

in-service costs such as for maintenance and fuel (due to less weight and improved 

aerodynamic properties). 



 

CHAPTER 2. Literature Review 

Dirk Aljets  11 

PhD Thesis 

2.1.1 Manufacturing 

Manufacturing procedures vary depending on material, reinforcement type (particles, 

short fibres, continuous fibres) and structure tolerances. This research project focuses on 

Carbon Fibre Reinforced Epoxy with continuous fibres since it is increasingly used for 

primary and secondary aircraft structures such as those of the Airbus A380 and Boeing 

Dreamliner. 

Composites with continuous fibres can only exploit their full strength-to-weight ratio if 

the fibres are aligned with the loads. The fibre lay-up must therefore be considered at the 

design stage of composite structures already and accomplished during the production.  

CFRP consists of carbon reinforcement fibres and a matrix of epoxy resin which are 

arranged and joined during the production process. The fibres can be bought as continuous 

fibres of a coil or as pre-arranged mats and woven fabrics. Epoxy usually comes in a liquid or 

paste-like state and hardens during curing. For the production of composite structures the 

fibres are laid up in plies, often with alternation of the fibre orientation in different layers. The 

lay-up of the fibres and the matrix can be achieved in different ways:  

Hand lay-up: The reinforcement mats are manually laid up in a mould with the desired 

shape and resin being applied by brush or roller. Problems can occur due to variation in the 

fibre-to-resin ratio or voids due to trapped air. It is also very labour intensive and time 

consuming. Nevertheless, this technique is still very popular for prototype construction or for 

small batch productions, since little equipment is needed. Another way of applying the resin is 

by vacuum injection moulding. Here the arranged fibres are placed in a bag and an applied 

vacuum helps to transfer the resin into the fibres.  

Prepreg: Prepreg stands for pre-impregnated fibres or fabric. The fibres are already 

coated with resin and, if thermosets are used, partly cured. Thermoset prepregs must then be 

kept refrigerated until they are processed. Usually the fibres are arranged either 

unidirectionally or in a woven lay-up and the composite structure can be built up layer by 

layer. Prepregs are easier and cleaner to use since the fabricator does not need to apply the 

resin and can also lead to a more even fibre-resin ratio [14]. 

Winding: This technique is only used for bodies of revolution such as pressure vessels or 

tubes [14]. Here the resin coated fibres are wound around a core. The core could for instance 

be made from foam or wax which melts at the end of the curing process. The fibre orientation 
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can be controlled by the movement of the mandrel. The fibre can be wound with tension to 

achieve a tight fibre lay-up and a high fibre volume fraction. 

After the lay-up is completed, the structure needs to be cured to harden the resin and to 

bond the fibres with the matrix. Pressure is applied during curing to hold the shape and to 

remove trapped gases from the material. In the aerospace industry the curing is usually 

conducted in an autoclave [14], which is basically a pressurised oven. The structure is placed 

in a vacuum bag which evacuates all gases during curing. These gases could otherwise 

produce voids. Smaller composite structures can also be pressurised by hydraulics and cured 

using heating elements (e.g. heat blankets). 

The above mentioned manufacturing methods are very time consuming. Pultrusion is 

another manufacturing method which is relatively fast but can only be used for structures with 

the same shape over the whole length (e.g. I-beams) [14]. Here the continuous fibres are 

pulled through a resin bath and then through a heated die which gives the structural shape and 

cures the material at the same time. 

2.1.2 The mechanics of failure in CFRP 

Due to the anisotropy of composite materials different failure modes can occur 

simultaneously or successively before the whole structure fails. Since fibre reinforced 

composites consist of two different phases, failure can occur in either of the phases or at their 

interface. Thus the failures which could develop in composites are fibre breaks, matrix cracks, 

debonding and delamination (Figure 4). Debonding is a separation of the matrix from 

individual fibre which can also lead to fibre pull-outs, while delamination is a separation of 

fibre layers or plies. The time when respective failure appears is dependent on the strength 

and the elasticity of both materials and its interface. Some of these failure modes can be 

initiated at fairly low load levels and will grow under subsequent loading [22]. 

 
Figure 4: Failure modes in fibre reinforced composites 
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If tensile stress is applied to a composite in the direction of the fibres some fibres will 

eventually break at their weakest point and the stress will redistribute over the matrix to other 

fibres. If the ultimate tensile strength is passed more fibres will break and in the end the whole 

structure fails. 

If compressive load is applied on a unidirectional composite and the load is applied in the 

direction of the fibres, the strength of the composite mainly depends on the strength of the 

matrix–fibre bonding [17]. Debonding can occur at weak bonds at relatively low stresses. 

Another problem is that matrix cracks develop where the force is transmitted into the 

composite if the force is not distributed sufficiently. 

Critical stresses for composites are shear stresses. The shear strength is always lower 

than the tensile strength. Therefore most composites have layers of fibres in different 

directions or even woven fibre lay-ups. The aim is to have always fibres which can be loaded 

under tensile stress. If the shear stress is parallel to the fibres the shear strength depends on 

the shear strength of the matrix and the fibre/matrix interface [17]. A bent bar will fail due to 

shear stresses in the natural plane before it breaks by tensile failure of the outer fibres. Due to 

the sensitivity of fibre reinforced composites to shear stress bolted joints should be avoided. 

Loads which are transferred from one composite to another are diffused away from the joints 

by shear [17]. Nevertheless thin metal layers in the composite (i.e. GLARE) can help to 

defuse the shear stress [20]. 

Today’s knowledge about composite materials is still inadequate for proper fatigue 

design [23]. In the end, for most newly developed composite structures, a prototype must be 

built and tested in order to verify the design and ensure required certifications, such as ISO, 

ASTM or DIN. The main problem with fatigue damage is that very small cracks can occur 

which may not be detectable with NDT techniques, like for instance, ultrasonic scanning. 

Small flaws can merge very quickly to develop into a fast propagating crack and thus affect 

the structural health of the component adversely. For maintenance the different failure modes 

have to be detected and recognised with an appropriate NDT technique. 

2.2 Maintenance 

Aircraft are complex systems that need to be maintained at regular intervals, the 

frequency of which depends to some extent on the experience of the manufacturer. In 

determining the best maintenance intervals the designer will assess the probability of defects, 
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the importance of the parts for the safety of the aircraft, the type of material, environmental 

conditions, number of service cycles and the age of the aircraft. With many years of 

experience the aircraft industry has established a maintenance schedule which combines 

different inspections and maintenance tasks in certain intervals [7]: 

 Visual inspection around the aircraft before every departure 

 A Check: Intermediate inspection every 125 flight hours, mainly performed overnight 

 B Check: Intermediate inspection every 750 flight hours and can take up to 2 overnight 

stages 

 C Check: Detailed inspection carried out every 3000 flight hours and requires up to 5 

days 

 D Check: A major overhaul is scheduled after 20 000 flight hours and can take up to 

40 days 

 

The downtime due to maintenance is necessary but very expensive for the airlines. As 

already mentioned earlier, up to 9.1% of the total airline expenses are allocated to 

maintenance, inspections and overhauls [7]. The costs for the airlines per hour ground time 

were between $3000 and $5000 in 2006 [24]. These costs depend on the type of aircraft, 

number of technicians and airport costs for example. 

Due to the different material properties of composites different failure modes can occur 

which need to be detected during inspection. Therefore these materials need different or 

modified inspection techniques and procedures to evaluate the integrity of the structure as 

compared to those made of aluminium. 

2.2.1 Inspection methods for aircraft structures 

More than 80% of all NDT inspections on an aircraft are carried out by visual inspection 

[25]. Sometimes the inspector also taps the structure with a lightweight metal device (tap 

testing), for example a small hammer or coin, and tries to spot hidden defects such as voids 

and delamination in the structure audibly, as damage changes the natural frequency of the 

structures response [26]. The problem is that variations in sound can not only result from 

defects in the structure but also changes in the structure itself (reinforcements, internal 

configuration) or variations arising from the tapping of the inspector. Furthermore visual 

inspections can only detect defects and corrosion when they appear on the surface. Defects 

can be hidden for a long time in joins or hidden layers before they occur in visible areas 

(Figure 5).  
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Figure 5: Hidden defect 

Other NDT techniques are used when visual inspection and tab testing are not sensitive 

enough or damage would not be visible on the surface, as for instance in joints. Many 

different maintenance methods were developed to guarantee the safety of airplanes. 

Especially for new advanced composite materials non-destructive tests were improved. The 

most common inspection methods for composite materials but also aluminium structures in 

aerospace are described in the following. It is essential that these techniques are reliable and 

repeatable. 

Liquid Penetrant Inspection [LPI]: 

LPI is another visual testing method. A chemical penetrates into cracks and after a 

cleaning process a developer helps to make flaws visible which were not visible with the 

unaided eye. This effect is often referred to as bleeding because the usually red penetrant 

becomes visible on the white developer. Some LPI systems use fluorescent penetrant and an 

ultraviolet light source to make small flaws better visible for the inspector. This technique was 

invented for metals but with the development of new chemicals it is suitable for glass, rubber, 

many ceramics and plastics as well. This technique can only detect defects which emerge on 

the surface and is not suitable for rough surfaces. Also the surface to be inspected must be 

free of any oil, water, grease, or other contaminants that may prevent the penetrant from 

entering flaws [25]. Due to the time it takes to apply the chemicals and for the developing 

process as well as the amount of chemicals needed, this technique is not suitable for very 

large areas. Also due to the layered set-up of fibre reinforced materials, large delaminated 

areas can develop without evidence on the surface of the structure. The use of LPIs is usually 

limited to joints and edges of composite structures. 

Ultrasonics: 

Ultrasonics is probably today’s most common NDT method. A transducer sends an 

ultrasonic pulse into the structure and measures the reflected signal. Every change in the 

structure density (e.g. defects or foreign objects) reflects or scatters a part of the pulse and 

Visible 

corrosion 

or crack 
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also the speed of sound changes. For the pulse-echo ultrasonic inspection the distance 

between the sensor and the echo source is calculated from the time delay between sending and 

receiving the signal. The ultrasonic beam which is sent into the structure attenuates rapidly 

and scans of thick composite structures are problematic. In this case scanning can be 

improved when the receiver is placed on the opposite side of the structure (through 

transmission ultrasonic inspection). For this method amplitude or time of flight changes are 

measured. 

The information is displayed on a monitor. It can be displayed as a so called A-Scan, 

which shows just the amplitude of the reflection and the distance from the sensor. This is 

typically used for hand-held systems. If there is a peak in a distance smaller than the distance 

to the opposite surface a flaw is defected. The second way to display the Ultrasonic signal is 

to combine the A-Scan information with information about the linear movement of the 

transducer. This method is called B-Scan. The B-Scan presents a cross sectional view of the 

specimen. The third method is the C-Scan, where information about the movement of the 

transducer across the surface is recorded. This information combined with the distance - 

amplitude information is used to draw an image of the structure. The image is typically in 

colour to help the operator to see different depths and amplitudes. Some newer Ultrasonic 

systems are also able to generate 3D images of the specimen. 

 

Ultrasonics is often used in hand-held systems, but only suitable for small areas. For 

large areas faster robotic systems are in use. 

B-Scan 

Sensor 

Scan direction 

Back side 

Front side 

Ultrasonic 

A-Scan C-Scan 

Defect 

Figure 6: Ultrasonic A, B and C scan 
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Piezoelectric transducers need gel or water (for large areas a water jet is used) to provide 

good sound coupling. To reduce the effort for this inspection an air-coupled system has been 

developed. This system uses a high gain and low noise amplification and is more focused than 

normal ultrasonic techniques [27]. 

Radiology / X-ray: 

Radiology is based on the phenomena that different densities of materials absorb the X-

rays to different amounts. An X-ray source is positioned on one side of the specimen and on 

the opposite side is a film which records the rays that have passed through the structure. A 

disadvantage of radiology is the time-consuming development of the film. Nevertheless new 

real-time and filmless X-ray systems have been recently developed. They produce digital 

images which can be in colour and even in 3D (Computed Tomography). The conventional X-

Ray technique gives the best results when the defects are in the same plane as the beam. For 

Computed Tomography (CT) the specimen rotates while pictures are taken. Specialized 

computer software makes it possible to produce cross-sectional images of the test component 

as if it had been sliced [25]. The advantages of new computer based images are less silver 

contamination, easy sending, archiving and duplication of images, as well as instantly visible 

on a monitor during a scan. Another major advantage is post processing to change contrasts 

and other settings which replaces the great number of tests with different exposure times that 

used to be the norm. At today’s state of art, the resolution of CT is still lower than 

conventional Radiography using film. 

Sometimes penetrates or contrast agents are used to go into cracks and make them more 

visible on the image [18]. Especially for advanced composite materials it is essential that the 

penetrant does not destroy or affect the material. 

The main disadvantage of radiology is the danger of X-rays. Therefore this technique is 

mainly used for parts removed from aircraft or used for produced components, such as turbine 

blades, before assembly. Specially trained operators and protection devices are necessary. 

Thermography: 

In Thermography, a heat-sensing device is used to measure temperature variations caused 

by differences in the heat capacity or thermal conductivity of the structure [18]. A heat-pulse, 

typically from a high-power flash light source, is directed on the structure surface, while the 

specimen is monitored by an infrared camera. A defect in the specimen will cool differently to 

the rest of the structure. The thermal imaging camera makes these variations visible. This 
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method has a high scanning rate and is therefore suitable for large planar area inspections 

such as for the wing skin and fuselage.  

Shearography: 

Shearography is, similar to Thermography, an optical and non-contact method. For this 

method a laser illuminates the object in a speckled pattern and a camera takes an 

interferometic image of the surface. Then a heat source, usually infrared light, is applied and 

another image is taken shortly afterwards. The thermal load causes the material to expand 

where discontinuities, such as voids or cracks, expand differently as compared to the 

surrounding material. The comparison of both interferometric pictures highlights the 

difference in expansion (strain map). Shearography is ideal for sub-surface damage detection, 

such as delamination. It is also used for honeycomb and can cover large areas in relatively 

short times. Shearography has some limitations for bulk materials and dark absorbing or 

bright shiny surfaces [28]. 

Eddy Current Testing: 

 Eddy Current is a method which relies on the conductive properties of the material to 

be inspected. An alternating current is applied to a wire coil which causes a magnetic field to 

be generated. The magnetic field is introduced into the specimen if the coil is brought into 

close proximity. Discontinuities, such as cracks, on the surface or just below the surface 

disturb the magnetic field and these changes can be detected using a second coil or by 

measuring the current at the first coil [25]. 

Eddy Current was originally used for metals but recent developments of highly sensitive 

sensors make it capable to detect damages such as delamination in some composites [29]. 

Carbon has good electrical conductivity which allows the use of Eddy Current in CFRP [15]. 

The technique is limited to surface or near surface damage and its sensitivity can be 

affected by surface roughness and finishing. The nature of this technique requires the material 

of the specimen to be conductive but usually does not require any surface preparation. 

Acoustic Emission: 

A comprehensive review of Acoustic Emission will be presented in section 2.3 on 

page 21.  
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Guided Waves / Acousto-Ultrasonics: 

This method is a combination of Acoustic Emission and Ultrasonics. It is also known as 

Long Range Ultrasonic Inspection. Acoustic waves are generated by a piezoelectric 

transducer. In thin structures such as pipes and plates, these waves form so called Guided 

Waves which travel through the structure and can even follow curved structures or bended 

pipes. These waves can travel over long distances with relatively little attenuation. Similar to 

Ultrasonics, two different transducer-receiver configurations exist: one where the transducer 

also acts as the receiver. Hereby the receiving signal is investigated for reflections which are 

caused by damage. The other approach is when the receiver is placed at a distance from the 

first transducer. The wave travels through the structure and defects can be detected by 

changes of the intensity of the wave and its frequency pattern. Guided waves can detect 

damages in relatively far distance from the sensor and sensor scanning is not necessary. It is 

therefore very suitable for some hard-to-reach areas in aircraft and is often used for buried 

pipelines. 

2.2.2 Structural Health Monitoring (SHM) 

Structural Health Monitoring (SHM) is a method to monitor the condition of a structure 

in real time and while the structure is in service. A SHM system can be compared with the 

neural system of the human body. Sensors are installed on the structure to monitor defects, 

flight and environmental parameters or stress/strain [30]. The sensor output is sent to a 

computer (brain) to be processed. Thus the integrity of the structure will be known before the 

aircraft has to be taken out of service due to maintenance. A SHM system could make some 

regular inspections unnecessary and allow maintenance only when required.  

Another big advantage of SHM systems could be that the monitoring of the integrity of 

the structure leads to a reduction of the safety factor for the maximum load [31]. This in turn 

would lead to a reduction of weight and therefore fuel costs. Especially for composite aircraft 

structures where the knowledge about fatigue life is low, this technique could be economical 

and improve the safety of the structures. 

The most concerned stakeholders for SHM systems are civil engineering and aeronautics 

[32]. SHM is already quite common for many civil engineering applications, i.e. bridges or 

high buildings. Although one of the first SHM systems used on an aircraft was already 

developed in 1954 [13], SHM is rarely used in civil aviation and “off-the-shelf” systems are 

almost not available [32]. According to Van der Auweraer [32] however there are systems for 
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military applications such as the Eurofighter Typhoon and the Helicopter MH-47E Chinook 

from Boeing [33]. 

The first SHM system for aircraft from 1954 measured the loads applied during take off 

and landing, as well as turbulences during flight [13]. With this data the remaining lifetime 

was calculated, which is affected by fatigue. However, this system was not able to detect 

defects caused by impact or corrosion. Newer SHM systems are focusing on identifying the 

residual integrity of the structure including the aftermath of impact damage. This is mainly 

achieved by monitoring crack growth and propagation. 

In the year 1997 Bartelds [34] estimated a potential time saving for a fighter aircraft of 

40-50 % and a cost saving for civil transport of 20% when an online monitoring system is 

deployed. Furthermore an online sensor system could reduce human error effects on 

inspection reliability. 

Kapoor et al. [35] demonstrated the potential of SHM for the aircraft industry with a 

particular example. The task was the inspection of gantries and another frame part. These 

parts are located in the centre fuselage and are exposed to bending loads in the fuselage and 

superimposed by passenger payload and cabin pressure. The maintenance job included the 

preparation, access gain, removal of floor panels, the inspection itself and reassembly of all 

parts. In this particular case, an offline sensor system would be installed which can be 

assessed by the inspectors through a socket located in the cabin. This had a potential of 

reducing the downtime of the aircraft by a factor of 6, which is equivalent to 100 man hours 

over the complete life cycle. 

Figure 7 shows the design principles for structures. The S-N diagram (stress over number 

of cycles) shows that a safe life can be guaranteed for a minimum number of cycles at an 

average stress level. The actual shape and values of the curve depends on material properties. 

If the actual integrity of the structure is not monitored, the structure has to be taken out of 

service when the safety can not be guaranteed to 100%. This is often referred to as safe life 

design [31]. For unmonitored structures this point is found based on design data, actual 

fatigue test data and analytical prediction by the manufacturer [36]. With a SHM system the 

remaining number of cycles can be determinate periodically and even some damage can be 

tolerated if the location, extent and rate of propagation are known. This is referred to as 

failure safe design. 
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Figure 7: Design principles for structures 

The monitoring of the structure can be achieved by appropriate methods, some of which 

are already commonly used for NDT applications. Not all NDT methods can be used for 

structural health monitoring but a technique which has a great potential for SHM is Acoustic 

Emission. 

2.3 Acoustic Emission 

Acoustic Emission (AE) is a phenomenon of all materials where stress waves are 

released due to micro-structural changes in the material (Figure 8). These micro-structural 

changes could be propagating cracks or corrosion, but can also be caused by friction between 

two parts of a structure. The term Acoustic Emission describes the stress waves as well as the 

NDT technique which uses these stress waves. The waves travel through the structure and 

result in small displacements on the surface, which can be detected by suitable sensors [22]. 

AE is a passive NDT technique which means the instrument has just a receiving unit which is 

capable of picking up the emission caused by the propagation of the flaw itself. An active 

inspection method, in contrast, needs a transmitting and receiving unit and measures the 

changes of a signal sent through the structure. 

The discovery of the generation of these stress waves by Joseph Kaiser in 1950 marks the 

beginning of Acoustic Emission as a NDT technique. Joseph Kaiser studied this phenomenon 

occurring during tensile tests of metal specimens. Earlier a similar phenomenon was already 

widely studied prior or during earthquakes and this seismology has much in common with 

AE. Since the first discovery AE has developed into a widely used NDT technique.  
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Figure 8: Acoustic Emission of a propagation crack 

Acoustic Emission has been proven as an appropriate non-destructive technique for 

quality control and periodic in-service inspection of fibre reinforced structural components 

[37]. This is because of the reliability and cost effectiveness, as well as its capability to detect 

various defect sources in fibre reinforced materials. According to Wevers [22], AE is the only 

NDT technique which can detect all four types of damage in composite materials, namely 

matrix cracking, fibre breakage, delamination and debonding. 

Acoustic Emission is already measurable from cracks down to a few hundred square 

micrometers and is therefore able to detect flaws long before structural integrity is affected 

and before most other NDT techniques, such as Ultrasonic, X-ray or Thermography, can 

sense those cracks [38]. In the strict sense the flaw propagation is measured, since only the 

active damage emits stress waves. 

In general two types of AE can be distinguished: the first is the continuous emission, 

which can arise from background noise, corrosion, leakage in pipes or friction. The other type 

is burst emission, the origin of which can be cracks or other flaws and occurs only when the 

flaw is propagating. Therefore the structure needs to be under load during the inspection. This 

property makes AE very appropriate as a SHM technique, since in most cases normal service 

loads are sufficient and this technique can be applied while the structure is in service. No 

extra load need to be applied or parts being removed for the test, as long as the sensor can be 

mounted on the structure of interest. Nevertheless skilled operators are needed to interpret the 

AE signals. 

If active corrosion is present, the noise associated with the bubbles generated by the 

corrosion activity can be detected as AE which is interpreted to a hissing sound [26]. AE 
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systems for corrosion detection have been developed, but the continuous emission is often 

well hidden by background noise. 

2.3.1 AE equipment 

Since the discovery of Acoustic Emission, the technology has improved significantly. 

First tests were conducted using microphones and oscilloscopes. The data had to be recorded 

on analogue tape. Environmental noise was a big issue because the monitoring frequency was 

still in the audible region and the low energy emission was often covered by machinery noise. 

With the development of faster data acquisition and special sensors the monitoring range 

moved to higher frequencies where environmental pollution is reduced and only the 

introduction of fast digital data acquisition transferred AE from a research tool into an 

effective NDT technique. Different companies have specialised in the area of AE and the 

product range starts from sensors for of different applications and different hardware 

components to complete AE systems and signal processing software. The following 

paragraphs will give a short introduction of AE hardware. 

AE Sensor 

The majority of all commercial available sensors use piezoelectric elements to transfer 

the micro vibration on the surface of the structure into electric current. The technical 

properties vary with AE applications and the costs diversify for general propose sensors from 

£150 up to £400 (2010 ref. year). The working frequency is usually in a range from 50 kHz up 

to 2 MHz and sensors can be divided into two groups: Broadband sensors and resonant 

sensors. As the name already suggests, resonant sensors have a distinctive resonant frequency 

where they are very sensitive. Broadband sensors have a wider frequency range and ideally 

respond with similar sensitivity to all frequencies in this range. Since the AE frequency 

depends on the material involved, broadband sensors can be used for a wider range of 

applications whereas resonant sensors are usually more sensitive. Piezoelectric sensors are 

relatively robust which is ideal since they are going to be mounted and dismounted frequently 

for NDT applications. 

 Some sensors for special application can also be made of piezoelectric composites, 

where small piezoelectric elements are surrounded by polymer or other materials. The benefit 

of this combination is a higher resistance against breaking compared to monolithic ceramics 

because the polymer around the piezoelectric elements acts like a cushion [39]. They can be 

moulded or machined in all kinds of shape to achieve proper fitting and increased contact area 
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on more complicated structures. Composite sensors are mainly purpose build, usually more 

expensive than monolithic ceramic and less sensitive. 

Other sensor types are, for example, using a laser to measure the displacement or velocity 

of the structure surface are ideal for applications where a non contact measurement is required 

e.g. at higher temperatures or when the sensor itself might affect the measurement. Also other 

materials are used (mainly still for research purposes) such as piezoelectric foil (PVDF). 

Those are relatively cheap and lightweight which makes them ideal for SHM applications 

where a large number of sensors are required. 

All contact sensors require an acoustic couplant such as water, grease, silicon or glue. 

The latter two are also able to hold the sensor in place so that no clamps (magnet or screwed) 

or tape is needed. Often special requirements apply to SHM applications since the sensor must 

be held in place and permit a good acoustic coupling for a long time. 

In recent years research was carried out to develop new embedded optical sensors. 

Probably the most promising approach for AE sensors is Fibre Bragg sensors. Hereby a 

broadband light beam is send through the fibre and small elements (Bragg gratings) in the 

fibre reflect just a certain wavelength. The remaining light can pass through the element and 

travel further though the fibre to the next element. Each Bragg element is arranged so as to 

reflect a different wavelength. The reflected light can be separated by a prism and micro-

displacements can be measured at every Bragg element using the phase shift.  In this way one 

fibre can incorporate a large number of sensors. Optical fibres have several advantages, for 

example light-weight, low power utilisation, high sensitivity and bandwidth, long lifetime, 

low cost, and immunity to electromagnetic interference [40]. Optical fibres could be 

embedded into composite structures during manufacturing although this could affect the 

strength of the structure. Problems could occur if damaged fibres have to be replaced. 

Especially for the aircraft industry it is expensive and complicated to get an airworthy 

certificate for new composite materials. 

Amplifier 

The electrical signal from a piezoelectric sensor is usually very weak. It needs to be 

amplified otherwise it would attenuate rapidly when it travels over the relatively long distance 

to the data acquisition card. Pre-amplifiers are installed close to the sensor, usually within one 

meter of wire length. Sometimes pre-amplifiers are integrated into the sensor housing. The 

signal is usually amplified by 20 dB to 60 dB, which is between 10 and 1000 times the input 
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signal. Some pre-amplifiers are also fitted with analogue filters to eliminate low frequency 

noise. 

Data Acquisition 

Data acquisition systems and cards have developed significantly in the last 20 years. 

Before that AE events were investigated on oscilloscope monitors or recorded on tape. A few 

seconds of recorded signal needed already meters of tape and the triggering the recording was 

complicated. With the continued development of analogue-to-digital converters data 

recording was getting much faster. Today’s AE systems are able to acquire multiple channels 

simultaneously at 5 MS/s or higher. Channels can be monitored continuously and temporally 

stored. If the recording is then triggered using a voltage threshold, the system can revert to 

data even before the triggering point (pre-trigger setting). This is especially useful for signals 

with a bad signal-to-noise ratio. Huge amounts of data can be stored on hard drives and 

accessed for signal processing afterwards. Complete AE systems with integrated data 

acquisition card, special software and data storage are available but many systems, especially 

those for research purposes, are PC based with high speed data acquisition cards. 

2.3.2 AE wave propagation 

Acoustic Emissions are mechanical waves and therefore need a medium to travel. These 

waves can propagate in every solid medium but have limited properties in gases and liquids. 

This is due to the fact that absorption is high and shear forces are not or only partly 

transmitted in these media. In a mechanical wave the particles in the medium vibrate in situ 

and just the wave travels through the medium. In terms of reflections it exhibits the same 

properties as light [41]. 

AE propagates from a source through the structure. The appearance of the same AE wave 

in different parts of the structure can be significantly different. There are different forms of 

wave propagation depending on the structure boundaries, i.e. the surface and edges as well as 

joints, which direct and guide the wave. A wave can only be considered to propagate freely if 

the transmitting medium is infinite or semi-infinite. As an approximation a media can be 

considered (semi-) infinite if the wavelength of the propagating wave is small with respect to 

the thickness of the specimen [42]. If the criterion of an infinite structure is fulfilled, the 

waves propagate as bulk waves. On the other hand, if the structure is finite, the waves are 

guided by the boundaries of the medium and will propagate in so called Guided waves. 

Thickness changes and joints with other parts of the structure can confuse and change the 
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propagating wave form. In semi-infinite structures waves can also travel as surface waves, or 

so called Rayleigh waves. The waves travel on the surface and the traction forces decay with 

depth. These waves suffer less attenuation than bulk waves. The traction forces penetrate just 

½ to 2 wavelengths below the surface. If the speed of sound in two joined materials is similar, 

waves can also propagate along its interface. These Stonely waves exist only if the joints are 

without flaws. Another form of guided waves, and probably the most common wave form in 

finite structures are Lamb waves. These waves develop in plates and narrow specimens after a 

short time of travel when reflection and superposition causes the waves to form a wave 

packet, as which it travels further [43]. 

The majority of AE waves in aircraft structures propagate as Lamb waves since most 

aircraft parts are built from thin structures which can be considered as plate-like. 

Wave modes 

AE stress waves can be caused by released shear stress or tensile/compressional stress. 

This leads to two fundamentally different wave types, so called wave modes. The 

fundamental symmetrical wave mode (S-mode) is a compression-like wave where the 

particles mainly oscillate in the direction of the wave propagation (Figure 9). This type of 

wave is also known as a longitudinal wave. Although the main particle movement is parallel 

to the surface when travelling through a plate the compression causes micro out-of-plane 

displacement which can be detected by sensors on the surface. The second wave mode is anti-

symmetrical (A-mode) and is often referred to as a flexural, shear or transversal wave. In this 

mode the particles mainly oscillate perpendicularly to the wave propagation [42]. In most 

cases both modes are generated at the same time and the amplitude ratio between both modes 

can vary depending on the source orientation in the specimen and thus the amount of shear 

stress and tensile stress in the material [44]. In general, the S-mode travels faster than the A-

mode which causes the two modes to separate during propagation [41]. The velocity of the S-

mode is dependent on the material properties (tensile stiffness). This can result in different 

propagation velocities in different directions in anisotropic materials. In the case of Carbon 

Fibre Reinforced Plastics, the S-mode propagates with higher velocity along the fibres in 

comparison to perpendicular to the fibres. The A-mode on the other hand is dispersive and 

depends on the thickness of the structure (flexural stiffness). Therefore it is not affected by the 

fibre orientation [45]. This behaviour has an impact on the time domain appearance of the 

same AE wave at different places in the structure. The wave is also affected by attenuation 

and reflections of the wave at structure interfaces and edges [43]. 
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Figure 9: Wave modes 

 

The fundamental modes are usually labelled as zero mode (S0 and A0 respectively). The 

following wave modes of the same type are labelled as S1, S2, … Sn or A1, A2, … An 

respectively. 

 

 
Figure 10: Dispersion curve for typical composite material 

 

Figure 10 shows the calculated dispersion curve for a composite material. The curves 

were calculated using the Vallen Dispersion R2009 freeware. The actual curve is a function of 

material properties (wave velocities) and plate thickness. The frequency dependency of the 

group velocities can be seen. This affects the wave propagation and mode separation. There is 

one point where all present wave modes (S0, A0 and A1) have the same velocity. In this 

example it was at about 0.5 MHz. This point is called the triple point (three modes are present 

at this frequency, where S0 and A0 are usually dominant) [46]. This frequency would be ideal 

for source location because it is not affected on which mode the system was triggered. 

Nevertheless this frequency band is very narrow and changes with material and plate 

thickness. 

Compressional wave Flexural wave 

Wave propagation 
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Figure 11: Wave propagation and wave modes [47] 

Figure 11 shows a simulation of the wave propagation in a thin composite plate with a 

0°/90° fibre lay-up. This simulation was published by Yashiro [47]. The different wave 

velocities, which are related to the fibre orientation, are clearly visible. This simulation shows 

also the propagation of the two fundamental wave modes: The S0 mode is the faster travelling 

symmetrical wave with high frequency content, whereas the anti-symmetrical A0 mode is 

propagating slower and is of a lower frequency [48]. 

A wave can also change its mode from one to another at the interface of two different 

mediums by reflection or deflexion [42]. 

Reflection / Deflection 

Although ultrasound waves are fundamentally different to light waves, the law for 

reflection of both wave types is quite similar [41]. On the interface of two different media, a 

part of the wave energy reflects, while the rest of the energy is transmitted into the other 

medium. Depending on the entry angle and speed of sound in both materials, the transmitted 

wave is deflected (Snell’s law) (Figure 12). If the incoming wave is at a critical angle, a part 

of the transmitted wave will travel at the interface of the materials (β = 90°) and propagate as 

an interface or surface wave. The ratio between the reflected and the deflected wave 

amplitudes is dependent on the difference in the acoustic impedance of both materials. When 

the acoustic impedance of both media is equal, no reflection occurs and the whole energy is 

transmitted into the other medium. On the other hand, if the acoustic impedance is 

considerably different, i.e. at the interface between a structure and surrounding air, the wave 

gets reflected almost completely. Acoustic impedance is a function of material density and 
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speed of sound in the material (Figure 12). In general it increases with the stiffness of the 

material. Due to the dependence on the density, acoustic impedance changes with temperature 

and pressure. 

 
Figure 12: Wave reflection / deflection 

Another effect which occurs when an ultrasonic wave impinges on an interface of 

different materials is the wave conversion where the energy of a reflection as well as the 

transmitted wave is distributed into longitudinal and transversal modes [42]. That means that 

for instance a longitudinal wave splits into a longitudinal and a transversal part if it is 

transmitted into another medium. The same effect occurs during reflection (Figure 13). 

 
Figure 13: Wave mode conversion [42] 

Attenuation 

All mechanical waves suffer attenuation while they propagate. If a wave propagates from 

a point source, the amplitude will attenuate due to the “stretching” of the wave front. The 

energy is constant while the wave propagates spherically and the wave front extends with 

increasing diameter. Also energy losses can be caused by friction and absorption in the 

material. This means a part of the energy of the wave is converted into heat. The amplitude 

with respect to the distance can be described as: 

, 

where α is the material dependent attenuation factor and K is a constant dependent on material 

and test equipment. 
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Another form of attenuation is scattering. The wave scatters by partial reflection and 

mode conversion which also leads to a decrease in amplitude. This phenomenon occurs 

especially in composites or porous materials. Unlike attenuation due to absorption and energy 

spreading, more sensitive sensors and higher amplification of the signal can not compensate 

for the losses due to scattering. Amplification would amplify the signal and the reflections 

equally, so that the signal–to–noise ratio (or signal-to-reflections ratio) would not change 

[42]. 

Furthermore the attenuation is also dependent on the wave mode. The anti-symmetrical 

mode is dispersive and attenuates much quicker compared to the symmetrical wave. 

In anisotropic materials, such as composite materials, the dispersion of the AE wave is 

dependent on the angular direction of wave propagation with respect to the fibre orientation. 

The attenuation is caused by absorption and backscatter, as well as the expansion of the wave 

front as it radiates outwards (spreading of the signal). The reflection and absorption of the 

signal depends on the acoustic impedance of the materials involved. The bigger the difference 

between two acoustic impedances, the stronger is the reflection. Different acoustic 

impedances occur between fibre and resin or the composite structure and the surrounding air 

or other attached structures.  

Attenuation is also frequency dependent. Higher frequencies suffer higher attenuation 

than lower frequencies [43]. In addition to this, dispersion of modes leads to a spreading of 

the signal (in the time domain) which also reduces the amplitude of the signal. 

AE amplitude can give an indication about the actual flaw type [37]. Nevertheless, due to 

the attenuation of the AE signal, the sensor signal amplitude gives limited information about 

the type of damage. Therefore AE source location is essential to estimate the original 

amplitude (or energy) at the wave source. To do this the different propagating velocities in 

different fibre directions must be taken into account. 

In complex composite structures with high AE activity it is difficult to determine the start 

and end point of an event. Different events can overlap and the waves propagate with 

different velocities due to the different material properties of the fibres and the matrix. 

Furthermore, the useful signal can change or be hidden by more complex patterns due to 

superposition. Also the problem of finding the location of a flaw is that acoustic waves are 

attenuated by dispersion and absorption, reflected on surfaces and interfaces, as well as 

changing modes during reflection and transmission [38]. Hence the AE technique requires 
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significant preliminary analysis and calibration for each system and is dependent on the 

material involved, geometry and type of loading to distinguish among the various types of 

damage and failure mechanisms [49]. Wevers [22] asserted that each composite has its own 

specific AE activity which is dependent on the size, material and lay-up. Material strength and 

the modulus of matrix and fibres can affect the amount of energy released during a single 

event whereas the same properties can also affect the wave propagation. 

In the literature most tests with AE on composite materials were carried out on narrow 

specimens [37,49,50,51,52,53]. Nevertheless the size of the specimen can affect the test 

results. Firstly, this limits the flaw detection to one direction relative to the stress and damage 

propagation. Secondly, the specimen edges can influence the results of the measurement by 

reflection and other size effects [43]. Different methods of AE wave analysis are presented 

and discussed in the following chapter. 

2.3.3 AE wave analysis 

Over the years many methods have been developed to correlate Acoustic Emission to the 

actual integrity of the structure. Very early in the history of AE it was discovered that the AE 

activity is directly related to propagating damage in the structure. As mentioned earlier, 

during the propagation of damage strain energy in the material is released in form of burst 

AE. The number of bursts increases with the magnitude of the load applied particularly 

towards the end of the lifetime of the structure and therefore can give an indication about the 

damage inside the material [23,51,54]. Usually the sensor output is continuously or 

temporarily monitored and a voltage threshold triggers the AE system. After a certain time, 

when the AE burst signal died out, the trigger gets activated again. It has to be considered that 

the same event can trigger multiple channels in a sensor array. The threshold of the trigger can 

be either fixed or floating and depends on the signal-to-noise ratio, size of the structure and 

test set-up [50]. According to Unnthorsson et al. [23], the main problem to set the threshold is 

that the same type of damage can emit AE signals with varying amplitudes and that the 

signals in composites suffer from higher attenuation as compared to metallic structures. This 

means that signals close to the transducer are stronger and more likely to be detected than 

those generated further away. 

Figure 14 shows the number of AE events increasing during a tensile test which was 

conducted at the University of Glamorgan. The data was acquired from a narrow composite 

specimen. It can be seen that the number of events increases almost exponentially, while the 
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displacement of the specimen (stretch with linear load increase) is almost linear until abrupt 

failure. This shows the potential of AE, since it can be detected long before failure and long 

before the integrity of the structure is at risk. The actual displacement or stretch gives little 

information about integrity of the composite specimen. Carbon composites do not show any 

plastic deformation before rupture. This is in contrast to most metals which deform elastically 

before plastic deformation starts, followed by specimen failure. 

 
Figure 14: Event counts vs. displacement during tensile test 

In general the fracture process in composite materials during tensile loading initiates with 

matrix cracking and can be followed by local delamination. In the end fibres break which 

leads to the total failure of the structure. Bourchak et al. [50] discovered that during a tensile 

test (force in 0° fibre direction), the first matrix cracks occur in the 90° plies. These cracks 

developed into ply delamination. In the end the 45° and 0° plies were the last remaining load-

bearing layers until sudden fibre (and specimen) failure. This damage progression is probably 

valid for most CFRP, but obviously depends on fibre orientation and lay-up as well as the 

material strength and stiffness of matrix and fibres respectively. It was also reported by 

Wevers [22] that the main AE sources during the deformation step in a tensile test (crosshead 

of test machine moves) were matrix cracks up until just before failure. The probability of fibre 

breaks increases when the load was held for a while (crosshead of test machine does not 

move). This is due to relaxation in the matrix which increases the stress in the fibres. 

When investigating the AE activity, previous loads have to be considered since crack 

growth stops when the load is removed and propagation of the initial crack will not start until 

the previous load is reached again [55]. This effect is called the “Kaiser effect” after the 



 

CHAPTER 2. Literature Review 

Dirk Aljets  33 

PhD Thesis 

discoverer Joseph Kaiser who recognised this phenomenon during tensile tests. He discovered 

that Acoustic Emission activity does not occur again until the previous maximum load or 

pressure is exceeded [56]. This effect does occur when previous loads were within the elastic 

limit. It can therefore give indication whether a structure has previously been overloaded or 

not. If a crack has grown to a reasonable size, AE can also occur due to friction between crack 

surfaces even before the previous load has been reached and the crack propagates further. The 

ratio between previous maximum load and the load where AE resumes is defined as “Felicity-

ratio”. This can give an indication how damaged a structure is [57]. 

Event count and event rate (number of events in a certain time period) can give general 

information about structural health. Further information can be extracted from the AE signal 

itself. Figure 15 shows wave features which can be extracted from the time domain of the AE 

signal. 

 
Figure 15: AE signal with wave features (time domain) 

Different authors [37,50,51] considered a correlation between the types of defect inside 

the structure and the amplitude or energy of the AE signal. Ativitavas et al. [37] used a simple 

amplitude filter technique to separate fibre breakage from non-fibre breakage. It was reported 
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that low amplitude hits were associated with micro matrix cracks, medium amplitude events 

with larger matrix cracks and delamination. High amplitude hits were associated with fibre 

failures. Bourchak et al. [50] discovered an increase in the energy level of the AE signal 

during fatigue tests when new damage modes developed. For instance at the beginning of a 

fatigue test the main AE sources are matrix cracks with low energy stress waves. When later 

delamination (medium energy) or reinforcement damage (high energy) developed the AE 

energy increased noticeably. This is appropriate for most fibre reinforced plastics because of 

the fact that Young’s modulus and the tensile strength of the fibres are usually significantly 

higher than those of the matrix and at the same time the typical ultimate strain of the fibre and 

matrix is approximately the same. The strain energy which is released in a failure event is 

directly proportional to the AE strength. It was also observed that significant increases in AE 

energy during static testing generally correlated with a drop in the linearity of the specimen 

stiffness [50]. Energy measurement gives very similar information to amplitude 

measurements and both are strongly affected by the attenuation coefficient of the material and 

the distance the wave has travelled. 

Other techniques use information about event duration, rise time or ring-down counts 

(threshold crossings during an event) [22,51]. All three techniques can give information about 

how the damage propagates, for instance velocity of propagation, or can be used to 

distinguish between failure types. Nevertheless this information has to be taken with care, 

since it is very dependent on the actual threshold setting, attenuation, wave spreading and 

mode separation during propagation. The rise time of the signal is particularly affected by the 

wave mode ratio. If the faster travelling S0 mode has a higher peak amplitude the rise time 

would measure the time from the onset of the signal until this maximum. However if the A0 

mode is stronger, the rise time would measure the time from the first arrival of the S0 mode 

until the maximum of the A0 mode. 

Further information can be extracted from the frequency domain of the signal. The 

frequency content of the signal can be estimated using the Fast Fourier Transform (FFT). A 

FFT decomposes the signal into harmonic waves with different frequencies and amplitudes. 

An example with different frequency features is shown in Figure 16. Peak frequency and 

mean frequency can indicate the predominant wave mode. As mentioned earlier, the 

fundamental symmetrical mode (S0 mode) is usually more dominant at higher frequencies as 

compared to the fundamental anti-symmetrical mode (A0 mode). The mode ratio can give an 

indication of the stress mechanism in the material. Using the frequency domain of a signal, 
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the actual sensor response as well as the amount of frequency dependent attenuation has to be 

considered. 

 
Figure 16: Frequency domain of AE signal 

 

More detailed information about wave modes can be extracted using a time-frequency 

representation of the signal. This time-frequency representation can be generated using the 

Short-time Fourier transform (STFT), wavelet transforms or other transforms such as Gabor, 

Wigner-Ville or Choi-Williams. 

Figure 17 shows an example of the time-frequency transform of an AE signal. The signal 

was generated by the author by breaking a pencil lead on an aluminium plate (HN source, 

[58]). The time-frequency representation was calculated in AGU-Vallen Wavelet (Freeware, 

R2005.0525) which uses the Gabor wavelet transform. The time domain signal is shown in 

the top of the graph. The raw signal was filtered below 100 kHz. The bottom graph shows the 

wavelet transform superimposed with the theoretical dispersion graph of the S0 (red line) and 

A0 (green line) mode for this aluminium plate. The frequency dependency of both modes is 

clearly visible. The calculated dispersion graph matches the actual signal at lower frequencies 

(below 450 kHz). A correlation for higher frequencies could not be confirmed. 
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Figure 17: Time domain of HN-source (top) and time-frequency transform with dispersion curve (bottom) 

It is widely accepted that one wave feature alone does not give clear information about 

damage types, failure mechanism or AE source. Nevertheless a combination of different wave 

features can provide an indication and can help to separate different AE events into clusters of 

similar signals and potentially similar damage types. The generation of clusters can be aided 

by Neural Networks or Principal Component Analysis (PCA) [59,8,60,61]. 

Almost all wave features which have been introduced in the previous pages are at least to 

some extent affected by wave attenuation and therefore the actual sensor to source distance. If 

the source is not near the sensor or sources can occur in different locations, considering the 

actual wave attenuation and propagation could be beneficial to make a comparison of 

different events possible. Therefore accurate source location and the determination of sensor-

to-source distance as well as the propagation path with respect to fibre orientation in 

anisotropic materials are necessary. 
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2.3.4 Source location theory 

Source location of Acoustic Emission events has become an important tool for Non-

Destructive Testing (NDT) and Structural Health Monitoring (SHM) research and field 

applications. A fast and reliable source location is important to distinguish between different 

simultaneously developing damage onsets in the same structure and to allow a faster and more 

efficient maintenance and repair. Also, localising the exact origin of an AE wave in a 

structure can help to determine the source type, for example crack propagation from a drill 

hole or rivet, impact damage or even just friction between different parts of the structure. This 

information can be used to evaluate the severity of the damage for the structure and can help 

to understand fatigue damage mechanisms and propagation. 

A number of source location methods have been developed in the past with a variety of 

applications and accuracies. Dependent on the method, sources can be located in one 

dimension (linear source location for rods, pipes or small beams), two dimensions (plate-like 

structures) or even in three dimensions (e.g. concrete block) [62].  

The simplest method is the “first hit” method or zone location where the sensor which 

picks up the wave first or has the highest signal amplitude is said to be the closest to the 

source [63]. This is adequate when the sensor spacing or the area to be monitored is small or 

the damage initiation point is known (for instance a bolt or notch). The location can be further 

improved if the second hit (second nearest sensor) is taken into account. 

More accurate are methods which use the Time of Arrival (TOA) of the AE wave at the 

different sensors [64]. A hyperbola can be calculated for a sensor pair using the wave speed 

and the difference in arrival times. The hyperbola represents all possible locations of the 

source for this time difference and for that sensor pair. Two sensors can be used for linear 

source location between the sensors. At least three sensors are necessary to pinpoint a source 

on a plate by finding the intersection of at least two hyperbolae of different sensor pairs [65]. 

Such an algorithm for two-dimensional source location was developed in 1976 by Tobias 

[66]. This and slightly modified algorithms are widely-used nowadays. The sensors are 

usually widely spread across the structure and the source must be located inside or near the 

sensor array to give an adequate result. In some cases a fourth sensor is needed to resolve 

ambiguities of similar arrival times in some areas of the structure. Besides arrival times, the 

sensor position and the wave velocity must be known. 
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Figure 18: AE source location using time of arrival 

Approaches using the time of arrival and the wave velocity to calculate the wave origin 

are adequate for isotropic materials such as aluminium or steel. It is much more challenging to 

locate AE sources in anisotropic materials, such as composites, due to the more complex 

propagation characteristics [67]. Changing material properties affects the wave propagation, 

in particular the wave velocities. Furthermore difficulties in the location of the AE source 

arise from the modal and dispersive behaviour of AE waves [68]. 

The Tobias algorithm was modified by Ibitolu and Summerscales [69] to account for 

direction dependent wave velocities in bidirectionally reinforced composites. Therefore the 

actual wave velocity was measured for different sensor-to-source directions. In a first step the 

approximate source location was calculated using the original Tobias algorithm and the 

average wave velocity. The appropriate wave velocity was then determined for each source-

sensor line and the location recalculated using the Tobias algorithm with the adjusted 

velocities. Results were presented with just a single iteration although multiple iterations 

would further increase the accuracy. 

Another iterative TOA approach was presented by Salinas [62]. The method locates AE 

sources in 3D spaces by a threshold triggered TOA measurement where the source position is 

calculated as well as the wave velocity. The calculated wave velocity is then compared to a 

measured wave velocity and if both differ, the threshold is adjusted to evaluate a new TOA of 

the signal. The method requires the TOA of at least 6 different sensors and supposes constant 

wave velocities in all directions. 

Paget et al. [12] developed another numerical source location algorithm which used the 

TOA and a widely spread sensor array. The algorithm is only suitable for anisotropic material 

with elliptic wave propagation pattern. This propagation pattern occurs for instance in 

unidirectional fibre composites or those composites with asymmetrical fibre lay-up which are 

relatively common in aircraft structures. 



 

CHAPTER 2. Literature Review 

Dirk Aljets  39 

PhD Thesis 

Conventional Time of Arrival source location methods are mainly used for burst 

emission, although a number of methods have been developed for continuous AE using cross-

correlation to identify similar wave features at different sensors [70]. Those methods measure 

a phase shift in the signal by comparing two signals.  

Scholey et al. [71] published a method where a map was generated for the specimen with 

time of arrival difference (Δt) of different sensor pairs. Δt was calculated using the distance to 

the sensors and group velocities dependent on fibre orientation. Each point inside the sensor 

array has an individual Δt combination. Measured Δt combinations are then compared with 

this map. This technique is referred to as “best-matched point search method”. A similar 

method was already published a year earlier by Baxter et al. [64]. For the “Delta T” source 

location, pencil lead breaks were performed on a grid across the structure to generate a map of 

the actual arrival times. The drawback of this technique is that a large number of training 

points are needed. On the other hand it is very suitable for anisotropic materials and 

complicated structures where the direct path between source and sensor can be obstructed. 

The accuracy of both methods is dependent on the number of reference points and could 

require a large amount of reference data for large structures and for increasing sensor number. 

Kundu et al. [72] developed an algorithm for plate-like anisotropic materials which 

evaluated the source location with the wave arrivals at three or more sensors, sensor location 

information and the directional dependent wave velocity. The so called error function or 

objective function is calculated for the given arrival times and different coordinates of the 

plate. The minimum of x and y dependent function represents the origin of the AE source. 

The accuracy of this method is dependent on the mesh size which defines for how many 

points the error function is calculated and the number of sensors used where a higher accuracy 

is compromised by a longer computational time. It was also reported that relatively small 

errors for the time of arrival measurement would result in a relatively large location 

uncertainty. The algorithm was modified in 2011 to improve the accuracy and the 

computational processing time [73] but the method relies now on the detection of the same 

event at four distributed sensors or more. 

Matt and Scalea [74] published a proof-of-principle study on highly directional Macro-

Fibre Composite (MFC) transducers to locate AE sources in plate-like structures. The 

response of a rectangular MFC sensor is dependent on the angle at which the wave hits the 

sensor. A rosette of three MFC’s was used to identify the direction of the incomming wave. 

At least two rosettes are needed to pinpoint the source at the intersection of the direction lines. 
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The benefit of this approach is that it does not require wave speed information. On the other 

hand, the direction dependency of the sensors could make the determination of other wave 

features for damage type recognition more complicated. 

A similar approach was used by Kessler and Raghavan [75] for guided wave aplication. 

Hereby small sensor arrays were used to calculate the direction from array to the damage and 

the location was determined at the intersection between this direction lines. This aproach used 

four piezoelectric sensors in a quadratic pattern instead of MFC’s. The angle of the wave 

arrival is calculated using the arrival time difference at all sensors. This method was 

developped for guided wave inspection with an actuator in the centre of the array. 

Nevertheless the algorythem would work for AE aplication as well although a relatively large 

number of sensors is needed.  

In 1986 Sachs [76] patented a source location method which uses a small sensor array. 

The array of four small sensors is mounted on the structure in a specific arrangement 

approximately 25 mm apart. The method monitors the area exterior to the array by 

determining the distance and direction to the source without prior system calibration and 

group velocity measurements. Since the array is very small, the signal is similar at all sensors. 

The method relies on selecting any characteristic wave feature, which can be easily identified 

in all sensor signals (does not need to be the A0 or S0 mode) and calculates the wave velocity 

using the time delay and sensor distances. Then the distance and direction to the source from 

the array can be determined. Lu et al. [77] improved this method later by using Green’s 

function which can reduce the number of sensors to just two. 

Promising source location results for complex structures were achieved using a geodesic 

approach. This approach is based on the assumption that the first acoustic wave recorded at 

the sensor has travelled the minimum energy path from the source to the sensor [78]. In 

isotropic materials this path of minimum energy is equivalent to the shortest path through the 

structure. The structure is represented by a mesh (2D or 3D) and the source location is 

determined by back-propagation the wave path from the sensor along the mesh in all 

direction. The first intersection of wave path from all sensors is the source location. In 

isotropic materials only the arrival times and structural density is needed. The accuracy of this 

method depends on the mesh size. Gangadharan et al. [78] addressed the problem of direction 

depending wave velocities in anisotropic materials by weighting the wave path depending of 

its orientation and achieved good source location results in complex fibre reinforced 

specimens. The geodesic method can be applied to almost any structure and is particularly 
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suitable for structures where a direct path between source and sensors are blocked and hence 

conventional triangulation would fail. 

Recent papers showed also an increased use of Artificial Neural Networks (ANN) for AE 

source location. Neural Networks are trained by input data which then processes the data in so 

called neurons to achieve a desired output. This is done iteratively by changing the weight and 

biases of the neurons to reduce the error between network output and the target. The trained 

network can then process new input and allocates the input to the trained classes. ANN’s are 

powerful tools to recognise and classify pattern in input data [61]. Neural Networks are in 

particular suitable for complicated structures where conventional triangulation is not possible. 

Prevorosky et al. [79] used an ANN trained with the arrival time difference (Δt) at different 

sensors of 60 different training points on a tubular composite specimen. Therefore two 

different approaches of the determination of the arrival time differences were tested with 

comparable source location results. In a first approach Δt was measured from pencil lead 

breaks at different training points; for the second approach the direction dependent wave 

velocity was measured and the time of fight from sensor to training point was calculated 

numerically. The output was the AE source coordinates which were optimised for a relative 

small error (<8 mm) between the estimated location of the network and the actual location of 

each training point. The AE source location results corresponded largely with ultrasonic C-

scan data recorded between different stages of a stress test. 

Another ANN source location method was proposed by Blahacek et al. [80] which is 

claimed to be particularly suitable for complex structures and anisotropic materials as well as 

noisy environmental. This Neural Network sidesteps the problem of an accurate arrival time 

or wave velocity measurement in these structures by using AE signal features such as RMS, 

rise time, maximum amplitude, energy and power spectral density among others. The most 

promising wave feature found in this study was the RMS ratio at different sensor pairs. The 

paper does not present data from real damage AE but just artificial AE generated by pencil 

breaks which are highly repeatable. All used wave features are source mechanism dependent 

besides RMS and wave energy is also affected by the actual signal to noise ratio. In 

comparison the wave velocity is not source dependent (although mode dependent). This could 

compromise the accuracy of this method on real NDT or SHM applications. 

The general drawback of all ANN related source location methods is the training process 

which must be conducted for every structure and material. The accuracy of the method 

increases with the number of training data sets. Training data must be acquired experimentally 
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or numerically which is time consuming and also ANN require a relatively high 

computational power.  

The modal nature of AE waves is increasingly used for source location purposes 

[48,71,81,82]. Since the flexural and the compressional wave modes travel with different 

velocities the wave packages separate gradually during propagation. If both group velocities 

are known, the distance which a wave has travelled at the time it hits the sensor can be 

calculated using the separation. Source location is no longer limited to the area within an 

array of sensors. This technique is often referred to as the single sensor source location [81] 

and can reduce the number of sensors needed to locate damage [48]. Nevertheless three 

sensors are still needed to pinpoint a damage location on a plate. Other authors use the modal 

analysis to determine the exact wave velocity depending on which mode triggered the AE 

system [83]. 

Dunegan [84] introduced a source location system which used a high pass and a low pass 

filter to separate the AE signals into two respective bands of signal. The arrival time was 

determined using a threshold. The higher frequency part was assumed to be mainly the S0 

mode while the lower frequency component mainly the A0 mode, although a reliable 

separation of modes using a filter is generally not possible. The distance between sensor and 

source was then calculated using the first threshold crossings of each signal component. The 

source location can be evaluated using an array of three sensors and determination of the 

possible intersection of all source-sensor distances. Since the wave velocity is not only 

dependent on the wave mode but also on the frequency, source location can be improved by 

the determination of mode arrival at only one narrow frequency band [85]. 

The biggest challenge for all modal analysis based location methods is to evaluate the 

exact arrival time of both modes. Some authors pick the beginning of each mode manually by 

extracting the wave features from a time-frequency representation of the signal [86]. This 

technique would not be practical for some SHM and NDT applications where the number of 

AE events is high. Also if the memory for event recording is limited, fast source location and 

damage type identification is necessary so that only selected information need to be stored. 

Thus mode identification in real time would be desirable. 

Although a large variety of source location methods are available, most methods use a 

widely spaced sensor array and monitor the area within the array. This could be problematic 

when fatigue damage initiates from fasteners such as screws or rivets which are located near 
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edge of a panel (e.g. wing skin). In most cases these areas can not be places within the array 

and source location is inaccurate. Other methods needs to be trained and are therefore not 

suitable for “unseen” structures at NDT applications. 

In the next chapter experimental set-ups and procedures are introduced which were used 

to study AE in composite materials and lead to the development of a novel source location 

method. Furthermore a method is introduced which detects the mode arrival time 

automatically with a good reliability. 

2.4 Summary of Chapter 2 

This chapter gave an introduction into the development in aviation materials which 

finally lead to the increasing use of advanced composite not only for military aircraft but also 

for commercial aircraft. The importance of regular maintenance has been highlighted and 

common maintenance procedures and techniques were described. The generation of Acoustic 

Emission in materials due to damage propagation and other stress phenomenon was described 

and how this is used for structural integrity evaluation and monitoring. A review was 

presented about the wave propagation and wave features with their effects on the ability of 

AE testing to identify damage in structures. In the end a compulsory review of different 

methods to locate propagating damage in structures using AE was given. This chapter also 

gave an indication where most source location methods have limitations and improvements 

would be desirable.  
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CHAPTER 3. Experimental Apparatus and Procedures 

A number of experiments have been conducted to study the behaviour of AE in 

composite material. The aim was to understand the wave propagation and identify wave 

characteristics for AE source location suitable for Structural Health Monitoring of composite 

aircraft structures. 

The experimental equipment and procedures were kept as constant as possible throughout 

all tests presented in this thesis. Therefore different test results are comparable to some extent 

and extraneous effects due to changing test equipment, such as changing sensors and sensor 

couplants which can have a major impact on the AE signal [87] were avoided. This chapter 

will describe the general experimental equipment and signal processing procedures which 

were used throughout all tests. Specific test set-ups and processes of the individual tests will 

be described in detail in the according chapters. 

3.1 AE Equipment 

The AE system used for the experiments features up to eight channels. The sensors were 

Micro-80S broadband AE-sensors manufactured by Physical Acoustics Corporation with a 

frequency range from 100 to 1200 kHz (For calibration graph please see Appendix A). The 

sensor diameter and contact area between sensor and specimen was 10 mm. The sensors were 

mounted onto the specimen using hot-glue which offers a good acoustic coupling as well as 

holding the sensor securely in place. 

Table 2: Apparatus overview 

 Type Specification 

AE sensor Physical Acoustics Micro 80s 100-1200 kHz, Dimension: height: 

10mm; Ø10mm 

Pre-Amps Vallen Systeme AE4H Gain: 40dB, 20 kHz – 3MHz 

Data 

Acquisition 

Gage Octopus CompuScope 

CS8280 

8 channels, 5MS/s, 12bit vertical 

resolution, 100 MHz bandwidth 

Computer Samsung R720 CPU: Pentium Dual core T4300 

(2.1 GHz), 4 GB RAM, 285GB, 

OS: Windows Vista, 
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Figure 19: Test rig set-up 

 

Each sensor was connected to a Vallen Systeme AEP4H preamplifier. The pure signal 

from the piezoelectric element of the sensor is very weak and needs to be amplified shortly 

after the sensor before it can be further transmitted to the AE-system. The gain setting of the 

AEP4H was 40dB with a wideband frequency response of 20 kHz - 3 MHz. The pre-

amplifiers were connected to an in-house built phantom power supply. A phantom power 

supply powers the pre-amplifiers and splits the returning sensor signals from the power 

current. The amplified sensor signal is then sent to the data acquisition card. The Gage 

Octopus CompuScope CS-8280 data acquisition card records with a sample rate of 5 MS/s, 12 

bit vertical resolution. The card was driven by a LabView VI (virtual instrument) which allows 

the manipulation of settings such as recording time, trigger threshold and selected channels. 

The recording was threshold triggered, where one channel is allocated as the trigger channel 

and triggers the recording of all channels simultaneously. The threshold was set to 0.1 V. The 

card has a 128 MB onboard memory and buffers the signal of all channels for a chosen time, 

so that data can be accessed from even before the triggering event. This pre-trigger setting 

ensured that the whole event was recorded in case of small signal-to-noise ratio or if the 

triggering channel is not the “first hit sensor” (Figure 20). A laptop PC runs the Labview VI 

and stores the recorded data on the hard drive in text file format. 
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Figure 20: Trigger settings 

3.2 Specimen Material 

If not otherwise stated, all composite specimens used for the tests presented in this thesis 

were manufactured by Carbon-Composite Technology. The plates were made of carbon fibre 

reinforced epoxy (CFRP). The largest plate, used for the source location and attenuation 

study, had dimensions of 1300x900x2 mm (1.17 m
2
 area). Specimens for destructive tests 

were cut from a 650x450x2.5 mm plate. 

 
Figure 21: Fibre lay-up (twill) [15] 

The plates were made from a carbon fibre twill weave (Figure 21), an approximate fibre 

content of 60% and a bidirectional fibre alignment in 0° and 90°. The technical data is shown 

in the table below. 

Table 3: Material properties 

 0° 90° 

Flexural strength 1050 MPa 900 MPa 

Flexural modulus 62 GPa 60 GPa 

Tensile strength 950 MPa 900 MPA 

Tensile modulus 60 MPa 60MPa 

Fracture strain ca. 1.6 – 1.7% 

Density ca. 1.56 g/cm3 
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For all tests involving a composite plate, the specimen was placed on a table to achieve 

an even support and bubble wrap was placed between the plate and the table to reduce wave 

dispersion effects into the table. 

3.3 Experiments: Overview 

A number of tests have been conducted with different specimens to study the AE wave 

propagation and to develop the source location method. An overview of all tests which will be 

presented in this thesis is given in the following (the reader is referred to the individual 

chapters for more details): 

 Wave propagation study and source location on large composite plate 

(1300x900x2 mm) using artificial AE [Chapter 4] 

 Comparison wave propagation and source location study on aluminium plate 

(787x656x6 mm) [Chapter 4.7] 

 Wave mode study of AE from fracture process during tensile test an narrow 

composite specimen (500x40x2.5 mm) [Chapter 5] 

 AE source location during debonding of a glued composite stringer (plate: 

450x650x2.5 mm, stringer: 500x25x1 mm) [Chapter 6.1] 

 AE source location during the fracture process of a composite specimen under 

tensile load (450x180x2.5 mm) [Chapter 6.2] 

 Comparison between “conventional” AE source location and the here presented 

source location method (composite plate: 1300x900x2 mm) [Chapter 7] 

3.4 Artificial Acoustic Emission 

To validate an AE source location technique, Acoustic Emission must be generated at a 

known location and time. Thus each recorded AE event can be allocated to its origin and be 

compared with the calculated location. Therefore artificial AE was generated by the fracture 

of a pencil lead on the specimen surface. The so called “pencil lead break test” or Hsu-

Nielsen-Source (HN-Source) is commonly used by Acoustic Emission users, as it is a simple 

and cheap source of AE that can be generated repeatedly without affecting or damaging the 

specimen [88]. It is also used to check the coupling and set-up of the AE equipment before the 

actual start of tests. The HN-source is standardised under ASTM976 [58]. 
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Figure 22: Pencil lead break (HN-source) 

A mechanical pencil with a lead diameter of 0.3 mm was used to generate artificial AE. 

To keep the signal as repeatable as possible, the same lead length (~ 3 mm) was used for 

every fracture and a guide permitted a constant angle between lead and specimen. Even so, 

slight variations in the time domain and frequency response cannot be avoided. 

 
Figure 23: HN-source position (left: in-plane (on edge of plate), right: out-of-plane) 

 

The pencil lead fracture on the surface of a specimen generates an AE signal with a 

dominant anti-symmetrical mode. It therefore simulates damage with a strong out-of-plane 

source motion such as delamination, stringer debonding or particle impact [89]. Damage such 

as matrix cracking and fibre breakage can be simulated when the pencil is fractured on the 

edge of the plate (Figure 23). This generates a larger in-plane component (symmetrical mode). 

Example signals of HN-sources generated in-plane and out of plane are shown in Figure 24. 

 

 
Figure 24: HN-source signal (left: in-plane, right: out of plane) 

α 

Out-of-plane: In-plane: 

S0 S0 A0 A0 
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3.5 Signal Processing 

The post recording signal processing was performed using either Scilab or Labview. 

Scilab is an open source program for numerical signal processing, similar to Matlab.  

All recorded events were digitally filtered in Scilab by an 8
th

 order Butterworth band pass 

filter of 100-1000 kHz. This was to remove machinery noise from the test rig and other low 

frequency signal components which were outside of the specified sensor range. Especially AE 

generated by pencil breaks showed a strong wave component below 100 kHz which was not 

found in other AE generated by actual damage in composites. With this filtering artificial and 

real AE was reduced to the same frequency range. 

AE recorded from artificial sources were usually recorded for a longer duration (up to 

1 ms) and with a longer pre-trigger setting as compared to real AE. This was because only one 

event was expected at a time and signal corruption by noise was unlikely so that the whole 

event could be recorded. Also since the recording was triggered for all channels 

simultaneously by one channel, a long recording time assured that the event was recorded at 

all sensors. Events recorded during a destructive test had to be recorded for a shorter duration 

(usually 300 μs) and the pre-trigger setting was set to 50 μs. After the recording of the event 

the trigger was enabled after the same time as the pre-trigger setting so that event overlapping 

was avoid. The recording time was chosen as a compromise of a long recording time so that 

most events were entirely recorded and the artefacts do not trigger the next event recording 

and a short recording time to avoid that a following event is recorded in the same file. 

AE recorded during composite fractures were therefore investigated whether each event 

was recorded from the beginning or whether two events were superimposed in one data file 

afterwards. The first 10 μs of each event were investigated whether its amplitude did exceed a 

threshold which was set just above the general noise level (Figure 25, red area). If the 

threshold was exceeded the previous event was still in progress and the beginning of the new 

recorded event could be hidden within the artefacts of the other event. Then the data file was 

investigated to ascertain whether the peak amplitude was within the time period from 20 μs to 

200 μs (Figure 25, blue box). If the maximum was outside of this area it was likely that the 

signal was corrupted by a second AE event which was emitted in a short succession. 

The black signal in Figure 25 shows a valid event. The light blue signals are examples of 

events which would not meet the criteria. All those events were not used for further signal 

processing or source location. 
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Figure 25: Validation of AE event recording 

Other signal processing tools are presented in the relevant chapters. Only a tool to 

measure the arrival time of both modes automatically was used for all tests and is presented 

below. The tool was developed to handle the huge amount of data of some tests. An algorithm 

was first developed for simulated AE from HN-sources. Since pencil lead breaks are 

repeatable and the signal is fairly consistent, a fixed threshold was used to trigger the arrival 

time. The algorithm was later slightly modified to increase the reliability of the measurement 

for real AE from fibre breakage and matrix cracking. The exact procedure is described in the 

following paragraphs. 

3.5.1 Wave mode analysis of simulated AE 

An algorithm was written in LabView to automate the arrival time measurement of both 

wave modes for every event. First of all the time-frequency spectrum was calculated from the 

previously filtered sensor signal by using the Discrete Gabor Transform. The Gabor 

Transform (GT) is a windowed Fourier Transform where a shifting window with a Gaussian 

distribution focuses the signal in the time domain [90]. The settings of the GT produced an 

output matrix where the frequency steps were in 23.4 kHz intervals and the time increments 

were 0.8 μs (sampling rate of signal: 5 MHz). 

Figure 26a shows an AE signal generated by a pencil lead break. This event was located 

at a distance of about 540 mm from the sensor. Both wave modes are clearly visible in the 

GT, as shown in Figure 26b. It can also be seen, that the S0 mode is a wave package with its 

maximum amplitude in a frequency range between 250 kHz and 300 kHz. In comparison the 

A0 mode is lower frequency with its main frequency content from 100 kHz to 200 kHz.  
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Figure 26: H-N source 540mm away from sensor: a) sensor signal, b) Gabor Transform, c) GT coefficient 

at 100kHz 

Since the wave velocity is dependent on material, wave mode and frequency [8], a 

narrow frequency band was chosen to measure the mode arrival time for both modes. For the 

automated wave mode detection a frequency was chosen where both modes were present, but 

the earlier arriving S0 mode had a much smaller amplitude in comparison to the A0 mode. In 

the test set-ups presented here, the frequency of 100 kHz was best suited and an example of 

the GT coefficient of the signal is shown in Figure 26c. The precise frequency band in the 

Gabor transform was 93.7-117.1 kHz. A threshold was set just above the noise level to detect 

S0 
A0 
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the beginning of the event and a peak detection tool in LabView was used to find the first peak 

after the first threshold crossing. The peak detection should lower the influence of the actual 

threshold setting. Since the S0 mode is the faster propagating wave, the first peak was said to 

be the arrival of the S0 mode. A second threshold was set to 90% of the maximum amplitude 

of each event respectively and again a peak detection tool was used to find the first peak after 

the crossing. This second peak was said to be the A0 mode arrival. 

 
Figure 27: H-N source next to sensor: a) sensor signal, b) Gabor Transform, c) GT coefficient at 100kHz 

S0 and A0 
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Figure 27 shows the same features as Figure 26 for an event which was located close to 

the sensor. A distinction between both modes is not explicitly possible. Both modes arrive at 

the same time, thus the separation is 0 μs. 

The above presented measuring tool was used successfully for most HN-source signals 

although a few measurements were problematic and resulted in a wrong arrival time 

determination. Figure 28 shows an example where the automated mode detection failed. The 

event was generated on the edge of the plate (in plane). This introduced a large symmetrical 

wave component (S0 mode) and a small anti-symmetrical wave component (A0 mode). 

 
Figure 28: HN-source with small A0 mode (generate on edge of plate) 

The A0 mode is barely noticeable in the time domain (Figure 28a). The presence of the 

A0 mode is only detectable with the time-frequency representation of the signal (Figure 28b). 
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The higher frequency content of the S0 mode is clearly visible. A very weak wave group with 

a predominant frequency range below 200 kHz follows the main event signal. Further 

investigation in the frequency range around 100 kHz shows a second distinct peak at 200 µs; 

this indicates the A0 mode arrival. The A0 mode has a smaller amplitude than the S0 mode, 

even at this low frequency. Therefore both thresholds get triggered by the same feature of the 

S0 mode. The mode arrival time determine by this detection tool would be wrong. 

If the position of the original pencil lead break is known, the theoretical approximate 

wave separation could be calculated and the misreading of the mode arrival could be found by 

comparing the two results. Differing results have to be reassessed manually. If the real source 

location is unknown, misreading can only be found when each event is assessed individually.  

This automated wave mode detection was used for HN-sources which are fairly 

repeatable. The method proved to be reliable for out-of-plane pencil breaks (less than 2% 

were assigned to the wrong mode). However the wave mode amplitude ratio varies 

significantly for real AE data, dependent on the source orientation and failure mechanism [8]. 

This will affect the accuracy of this method for “real” AE testing. 

3.5.2 Wave mode analysis of real AE 

Most tests conducted for this thesis used simulated AE where the automated source mode 

detection showed promising results. Nevertheless the algorithm was slightly adapted later on 

to take account of noise generated during destructive tests conducted to acquire AE from 

actual damage propagation. 

In most events the S0 mode is relatively weak at low frequencies such as around 100 kHz. 

If background noise was involved or the event was not sufficient enough to be separated from 

previous events, the S0 mode threshold often triggered on the wrong signal feature. To prevent 

this, the threshold was then moved to a higher frequency band of 300 kHz. This frequency 

was found to be where the symmetrical mode was the strongest and therefore more likely not 

to be superimposed and hidden by noise. The threshold was set to 20% of the maximum of the 

Gabor transform of this signal at this frequency. 

During the course of this study, most tests with artificial AE were already concluded 

when additional tests with real damage AE were carried out. As mentioned earlier, mode 

detection with one threshold at 100 kHz was already proven to be successful for AE generated 

by HN-sources. However, later tests with AE generated by actual damage propagation within 
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the specimen showed more reliable mode detection results when the S0 mode was measured at 

300 kHz and the A0 mode at 100 kHz. 

Figure 29 shows one example of a signal recorded during a tensile test on a composite 

specimen. The S0 mode was relatively weak in the raw signal (Figure 29a) and in particular at 

100 kHz (Figure 29d), is however triggering the threshold at 300 kHz (Figure 29c). 

 
Figure 29: Mode detection at different frequencies 
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3.6 Wave Group Velocity 

Lamb waves are wave packages of different wave types propagating at their group 

velocities. Even when the individual waves of one package would travel at different velocities 

depending on their frequency (v = λ · f), the wave package travels at one velocity which is 

usually slower than those of the individual waves [42]. The determination of the group 

velocities of the fundamental wave modes S0 and A0 are necessary for most source location 

methods. 

The mode velocities were measured for all specimens prior to the test. Therefore at least 

four sensors were mounted on the specimen in a straight line with a constant distance from 

sensor to sensor. AE was generated by pencil lead fractures in line with the sensors as shown 

in Figure 30. For composite specimens, sensors were installed in the fibre direction (0°/90°) 

and at 45° to the fibre orientation. 

 
Figure 30: Group velocity measurement set-up 

 

Ten pencil lead breaks were conducted for every test und the mode arrival measured 

using the automated mode detection tool. The mode velocity can be calculated from the time 

delay of the mode arrival between two sensors and the sensor spacing (v = s / t). The average 

velocity of all events and sensor pairs is plotted in the Table 4. 

It was found that the wave velocity of the S0 mode was similar at 100 kHz and 300 kHz. 

All velocities measured were within the same area and similar standard deviation. Therefore 

one S0 velocity was taken for each plate respectively regardless whether the mode arrival was 

measured at 100 kHz or 300 kHz. 
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Material 
S0 mode velocity 

in 0°/90° 
S0 mode velocity in 45° A0 mode velocity 

Composite 

1300x900x2 mm 
5.8 mm/μs 4.8 mm/μs 1.68 mm/μs 

Composite 

650x450x2.5 mm 
5.7 mm/μs 4.9 mm/μs 1.76 mm/μs 

Aluminium plate  

Thickness: 6mm 
5.08 mm/μs 3.02 mm/μs 

Table 4: Wave mode velocities 

Both composite plates were manufactured by the same company with the same raw 

materials. The difference is just in the thickness of the specimen. In theory, the symmetrical 

mode should have the same velocity in both plates whereas the asymmetrical mode would 

change due to the thickness of the plate. During the test it was found that the standard 

deviation of the S-mode was much higher than the one from the A-mode. This could be due to 

a much stronger and more defined A-mode from the out-of-plane HN-source.  The A-mode 

was slightly faster in the thicker plate whereas the higher variance of the S-mode velocities 

did not show a clear trend. The S0 mode velocity is significantly higher in fibre direction 

(0°/90°) as compared to 45° in both composite specimens. 

3.7 Summary of Chapter 3 

This chapter introduced the test material and equipment used for all tests presented in this 

thesis. The technical specifications are given with the general set up of the AE system. 

Artificial AE sources and how they can simulate differend failure modes in composites are 

explained in detail in chapter 3.4. 

The process of recording AE during the test were presented and threshold as well as 

recording settings explained. Furthermore the wave mode analysis which was used to measure 

the mode arrivals of artificial and actual fracture AE can be found in chapter 3.5. At the end 

the wave mode velocities measured in the composite and aluminium specimens were given. 

  



 

CHAPTER 4. The Novel Source Location Method 

Dirk Aljets  58 

PhD Thesis 

CHAPTER 4. The Novel Source Location Method 

A new source location method was developed which uses a combination of time of flight 

and a modal source location algorithm. The benefit of this method is that it is able to monitor 

the area outside of the array and the sensors can be installed in a closely arranged array. 

Therefore three sensors were arranged in a triangular pattern on the specimen. The distance 

from one sensor to another can be just a few centimetres. The method evaluates the direction 

to the source by the time it takes for the wave to travel to all three sensors. The time delay 

between the arrival at the sensors gives an indication of the direction in which the AE source 

is located in respect to the sensor array. In the next processing stage, the separation of the 

modes is used to evaluate the distance the wave travelled from its source to the sensor array. 

Two different approaches were developed using the same sensor arrangement and mode 

separation as well as time of arrival to evaluate the location of the AE source. 

4.1 Test Set-up 

For this test artificial AE was generated using pencil lead fractures (HN-source) on a 

large carbon fibre reinforced epoxy composite plate (CFRP). The dimensions of the plate 

were 1300x900x2mm (1.17 m
2
 area). The three sensors were installed in the centre of the 

plate in a triangular arrangement with a sensor-to-sensor distance of 45 mm (centre point to 

centre point) respectively (Figure 31). The additional four sensors located at the corners of the 

plate seen in Figure 32 were not used for this source location. 

 
Figure 31: Sensor array dimensions 
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Figure 32: Test rig set-up 

The plate was divided into a 15x23 grid starting 100 mm from the edge of the plate 

respectively to avoid signal corruption by reflections. The grid spacing was 50 mm in the 

horizontal and vertical directions. Three pencil lead breaks were performed on every grid 

point (a total of 1035 events). The test data was saved on the hard drive and processed 

afterwards. 

The arrival times of the S0 mode and the A0 mode were determined for all events and for 

all three sensor signals respectively using the automated mode detection tool presented in 

chapter 3. The results were saved in a separate file. Misreading of the mode arrival times were 

identified when one result differs significantly from the result of neighbouring grid points or 

from the result of the other two sensor signals of the same event. These events were then 

manually reassessed. 47 of the 3105 AE signals (1035 events x 3 sensors) had to be 

reassessed. This is an error of 1.51%. 71% of these errors were caused by the A0 mode, when 

either the S0 mode triggered the threshold or the first A0 mode arrival was followed by a 

stronger amplitude which resulted in the dynamic threshold rising above the real A0 mode 

arrival. The other 29% misreadings were due to noise which prematurely triggered the 

measurement or a weak first S0 mode arrival below the threshold. In most cases just one of the 

three sensor signals was corrupted. 

The time difference of the A0 mode arrival (ΔTA0) was calculated for all three sensor 

pairs (sensor 1-2, 1-3 and 2-3) and is shown in Figure 33. The two black dots in the middle of  

each plot represent the location of the sensor pairs, but not the actual size of the sensors. Each 

graph represents the whole grid. The values between the grid points were interpolated. Blue 
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colour shades represent negative magnitudes, whereas red colour shades represent positive 

magnitudes and green is about zero. The actual scale in this plot represents the difference in 

micro seconds (μs) and the colour shades are standardised for all three plots. 

 

 
Figure 33: A0 arrival difference at all three sensor pairs (top: 1-2, 1-3; bottom: 2-3) 

[μs] 

[μs] 
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If the event location is perpendicular to a direct line between the two sensors, both 

sensors pick up the signal at the same time and thus ΔTA0 is zero. The magnitude reaches its 

maximum (+) and minimum (-) when both sensors are in line with the source. Depending on 

whether the difference is positive or negative it can already be seen which sensor of the pair is 

closest to the source. The absolute maximum value can also be calculated using the group 

velocity of the A0 mode (1.68 mm/μs) and the sensor distance (45 mm). This theoretical 

maximum value was determined to be 26.79 μs. The measured variations per sensor pair were 

about ±30 μs and therefore close to the theoretical values. 

The combination of all three sensor pairs gives a defined arrival combination at each 

point of the grid (different colour shade combinations in Figure 33). The difference of this 

arrival time combination from one grid point to another gradually decreases with distance to 

the sensor array. This means that the evaluation error of the direction increases when the 

distance to the sensor array increases. It was also observed that the arrival times of repeated 

tests at the same grid point varies slightly and the standard deviation of the arrival times 

increases with distance to the sensor array. This is most probably due to attenuation which 

results in measuring difficulties of picking the first arrival of both modes. The average 

standard deviation of all tests for the whole grid was 1.15 μs, but the standard deviation in a 

radius of 370 mm around the array was just 0.51 μs. This means the accuracy of the source 

location must decrease with distance as well. 

In contrast, the arrival time differences of the S0 mode (ΔTSo) (Figure 34) appear 

different to the previously presented A0 mode arrival. When the sensor pair was located 

diagonally to the fibre orientation (sensor pair 1-2 and 1-3), the plate seems to be divided into 

four parts with similar ΔTSo behaviour. It can also be seen that the variation from grid point to 

grid point is relatively high and appeared sometimes random. This can be explained by two 

main factors: measuring uncertainties and the dependence on the fibre orientation. 

The symmetrical wave travels at a higher speed as compared to the anti-symmetrical 

mode. Therefore ΔTS0 must have a smaller variation (± maximum absolute value in time 

difference) as compared to the ΔTA0. The maximum theoretical ΔTS0 value was calculated to 

be 9.4 μs when the wave travels in 45° to the fibre orientation and 7.8 μs in fibre direction 

(sensor spacing: 45 mm; group velocity: 4.8 mm/μs and 5.8 mm/μs respectively). This shorter 

time period increases the influence of measurment uncertainties. The HN-source generates a 

relatively weak S0 and the beginning of the event can be attenuated to the point where the 

amplitude falls below the threshold and therefore increases the error. Also the fact that the 
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waves travel with different velocities dependent on the fibre orientation means that different 

points on the plate could have similar ΔTS0 values even when they are not in the same 

direction relative to the sensor pair. 

 

 
Figure 34: S0 arrival difference at all three sensor pairs (top: 1-2, 1-3; bottom: 2-3) 

[μs] 

[μs] 
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For sensor pair 2-3 the ΔTS0 plot shows just two distinct areas. Depending on which 

sensor is closest to the source, ΔTS0 becomes either positive or negative. All other 

discrimination between grid points seems to be random. This result shows that the A0 mode 

would be better suited for source location using this sensor arrangement. 

Figure 35 plots the wave mode separation calculated from all grid points at sensor 1. 

Dark blue means that the S0 mode and A0 mode arrive at the same time, thus the separation is 

0 μs. This occurs in the area near the sensor. The separation increases gradually with distance 

from the sensor. The maximum separation is about 270 μs. The pattern of areas with equal 

separation is almost circular around the sensor. The effect of different fibre orientations is 

barely visible. The S0 mode travels faster along the fibre (0°/90° fibre orientation) which 

causes a faster separation of modes. The separation maps for the other sensors were very 

similar. Slight variation was caused due to the fact that the sensors were mounted 45 mm 

apart.  

 
Figure 35: Wave mode separation at sensor 1 

[μs] 
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4.2 Source Location using a Reference Map 

The first source location algorithm was developed as a proof-of-principal study. The 

previously presented ΔTA0 information and the wave separation data appeared to be suitable 

for source location. This had to be confirmed by a test. 

The ΔTA0 data of all three sensor pairs and the mode separation data at all sensors of one 

test set (one pencil break on each grid point) were saved in a separate 15x23 matrix 

respectively. These matrices were used as a reference map and compared to the remaining 

data sets. 

In the first step, the mode separation data of the event to be located was used to evaluate 

the distance between source and sensor. Every sensor has a wave separation reference map 

and each sensor signal was compared with its own reference map. A tolerance of ±16 μs was 

added to the mode separation time of the event to be located. This is about the time the waves 

would further separate when travelling over the distance from one grid point to another. This 

takes account of measurement uncertainties or events which are located between grid points. 

These events are then allocated to the nearest grid point. The comparison of the mode 

separation at all three sensors is important when the ratio of the sensor-to-source distance and 

the sensor-to-sensor distance is small. The difference between the sensor results reduces when 

the distance between source and sensor increases. 

Afterwards ΔTA0 was calculated for the new event and matched with the according 

reference maps. ±2.4 μs were added as tolerance so that all possible values will find a match 

in the reference map.  

All positions where the new event data matched the reference map were saved. Therefore 

a zero matrix of the same size as the reference map was generated. Ones were added to each 

point in the matrix where the value of the point on the reference map lay within the margins 

of the measured data. Since six different maps are compared with the new event data, the 

maximum in the matrix can be six if the event data agrees with the same point in all six maps. 

The result of the three separation map matches should show three overlying circles with 

the sensor in the middle and a radius of the actual source–sensor distance (circular pattern of 

equal colour shades in Figure 35). The definite location is still unknown at this point since the 

direction from the sensor array to the source is not defined yet. Only the distance from the 

sensors to the AE source is identified by this part of the algorithm. The comparison with the 
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ΔTA0 maps then defines the missing direction information. As shown in Figure 33, overlaying 

all three ΔTA0 maps gives a unique arrival time combination for every direction from the 

sensor array. The combination of the arrival time and separation gives a definite location of 

the source. 

For real time source location the program calculates the mode arrival times and mode 

separation of an incoming signal and compares it with the map. The area of the maps with the 

best agreement to the new signal is denoted as the AE source location. 

4.2.1 Test results 

The six maps (ΔTA0 for three sensor pairs and wave mode separation at all three sensors) 

were used for source location. As explained earlier, a zero matrix was used and whenever a 

grid point matched the new event data, the value of this point in the matrix was increased by 

one. 

 
Figure 36: Source location example 
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Figure 36 shows a source location example. The red area at grid point [x=13, y=19] 

indicates that the arrival time difference and mode separation of this event corresponded to 

this point in all six reference maps and it also corresponded with the actual source location of 

this event. The distance between the array middle point and the AE source in this example 

was 430 mm. Colour shades from light blue to yellow represents points where at least one 

map had a correspondence. Clearly visible is also the circle which indicates the distance 

between sensor and source. Here the separation maps agreed with the actual data. To make 

readings of the result easier, just the point(s) with the maximum agreement to the reference 

maps can be plotted. 

The source location was determined for 690 events (2 at each grid point) using this 

method. The results were divided into five categories: the first (Category 1) when the location 

was correct and only one grid point showed the maximum correspondents with all 6 maps 

(source location within a 50x50mm area). The second category (Category 2) was when the 

correct location was found but at least one other solution was presented in a direct contiguous 

grid point. The third category was when the correct location was not indicated but the source 

location pointed to a neighbouring grid area. The other two categories were when the source 

location was wrong (Category 4) or multiple solutions were presented in different areas, so 

that a clear location could not be identified (Category 5). The source location was very 

accurate for most events but the error increased towards the edges of the plate. In a radius of 

375 mm around the array (area: 0.44 m²), 97.9% of all events were located correctly (73.0% 

Category 1; 24.9% Category 2). Only 0.8% were wrongly located or a location was not 

possible. Although the location of the remaining 1.3% was wrong, the actual source location 

was very close to the indicated location. If the whole grid was taken into account, the 

accuracy decreased quite a lot. For the 750 mm x 1150 mm area (0.86 m²) 83.9% of all events 

were correct (51.8% Category 1; 32.1% Category 2), 8.7% were incorrect or not clearly 

identifiable and 7.4% were wrongly located but in the correct region. It should be pointed out 

that in almost all cases when the location could not be clearly found and many solutions were 

possible, the distance from the array was correctly determined. The direction was at least 

pointing to the correct half of the plate or even the correct quarter. 

An example of a category 2 error is plotted in Figure 37. The real source location of the 

event was on grid point 4-6 (white circle). At this location all six reference maps 

corresponded with the event information. Nevertheless two other location have six matches as 
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well (location 4-5 and 4-7). The two locations are directly neighbouring the real source 

location. 

 
Figure 37: Source location with multiple results (Category 2) 

 

Figure 38 shows a failed source location (category 5). The maximum in this plot is just 4 

(yellow colour), hence only 4 of the 6 reference maps corresponded with this event 

information. The real source location is on grid point 12-7, denoted by the red circle. The real 

location is in the area of the maximum agreement, but many other grid points show a similar 

strong correspondence. A clear source location is therefore not possible, although the source 

location points to the right area of the specimen. 
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Figure 38: Source location with multiple results (Category 5) 

The main reason for false source location using this method is thought to be due to 

measuring uncertainties by the determination of the mode arrivals and variation in the AE 

signals even when they originated at the same location. 

The accuracy of this method could be improved by generating a finer reference map and 

optimise the tolerances which have been added to every new event datum. For example, the 

tolerance for the ΔTA0 maps could be smaller when the event was located close to the sensor 

and being increased when the distance between sensor array and source increases. 

The downside of the previously presented method is that it is relatively time consuming 

to generate the reference maps. A second algorithm was therefore developed which does not 

need reference data to locate AE sources in composite specimens. 
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4.3 Source Location using a Mathematical Approach 

The second approach presented in this thesis used the same wave propagation features as 

the first approach but calculates direction and distance using a unique algorithm. 

4.3.1 Calculating the angle of arrival 

In the first step to locate an AE source the direction from which the wave travels to the 

sensor array had to be determined. In anisotropic materials, such as CFRP, this had to be 

undertaken before calculating the distance because the wave mode separation used for 

determining the sensor-to-source distance depends on the fibre orientation. The A0 mode was 

chosen to determine the direction since its velocity is not dependent on the fibre orientation. 

As mentioned earlier, Figure 33 shows the arrival time differences of the A0 mode (ΔTA0) 

for all three sensor pairs at every grid point. The maximum absolute difference in the arrival 

time of the A0 mode (ΔTmax) between two sensors would be measured when the AE source is 

in line with the sensor pair. This time can be calculated when the distance between the sensor 

and the wave velocity is known. For the work presented here the array sensor spacing was the 

same for all three sensor pairings, therefore the maximum time of flight was equal for all 

pairs. When the source is located perpendicular to a straight line through the sensors the wave 

would arrive at exactly the same time at both sensors, thus ΔTA0 is zero. 

 
Figure 39: Theoretical ΔTA0 hyperbola 

Figure 39 shows the theoretical ΔTA0 behaviour for one sensor pair. The red and blue 

lines (hyperbola) represent all points in a plate which have the same absolute difference ratio 

in distance to the two sensors (focal points). The lines approach the two asymptotes (dashed 

lines) with distance from the sensors, but theoretically never intersect them. The asymptotes 

intersect at the centre point between both focal points.  Since the time delay ΔTA0 results from 
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the difference in distance that the wave travelled at a constant speed, this hyperbola also 

represents all points with the same ΔTA0. The sign of the time delay (+ or -) determines in 

which direction the hyperbola is facing. 

 
Figure 40: Angle of arrival calculation 

The angle of arrival between the sensor pair and the source can be found by determining 

the angle of the asymptote. This can be calculated using the ratio of the maximum possible 

time of flight (ΔTmax) and the actual time of flight (Δt). The inverse cosine trigonometric 

function (Arcus-cosine or cos
-1

) transforms the ratio into an angle relative to this sensor pair. 

Example: If Δt is zero, then cos
-1

(Δt /ΔTmax) = cos
-1

(0) = 90°. The result is the angle of arrival 

with respect to the centre point of one sensor pair. However this leads to two possible results; 

one angle between 0° and 180° (denoted as α) and the other one is the angle α mirrored about 

the 0°-180° axis (360°-α). This ambiguity can be removed by introducing the “First Hit” 

method using all three sensor of the array and by choosing the sensor pair with the smallest 

ΔTA0. 

 
Figure 41: First hit method 

The “First Hit” method is used to break down the search area in three segments so that 

the possible angle of arrival is narrowed to a 120° band (Figure 41). The sensor at which the 

AE wave arrives first indicates in which segment the source is located. For example, if sensor 
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2 picks up the signal first, the source must be located within the red area in Figure 41. This 

area extends from the array centre point outwards to infinity.  

The A0 time delay for all three sensor pairs was compared and the pair with the smallest 

absolute Δt (closest to zero) was used for the calculation of the angle. Thereby the two results 

of the Arcus-Cosines function are relatively far apart (First result: between 30° and 150°; 

second result between 210° and 330° with respect to the sensor pair). Only one result can be 

within the area found by the first hit method. Also the cosine function is more responsive to 

Δt changes in the area around 90° and therefore more accurate (Figure 40, right). 

This result is relative to the sensor pair chosen for the calculation. Dependent on the 

orientation of this sensor pair, the angle needs to be rotated to coincide with the global 

coordinates. For example: the coordinate system for the array should be 0° pointing to the 

right and 90° pointing upwards, the angle α for sensor pair 1-2 is α - 60°, for sensor pair 1-3 

α = α - 120° and sensor pair 2-3 coincides already with the global coordinate system. 

An example calculation is shown in Figure 42 below. 

 
 Figure 42: Example calculation 
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4.3.2 Evaluating Sensor-to-Source Distance 

The algorithm developed by the author determines the distance from the centre point of 

the sensor array to the actual source by using the wave mode separation of the signal at each 

sensor respectively and averaging the results. 

If the material is isotropic or quasi-isotropic, the waves propagate with the same velocity 

in all directions. However in anisotropic materials the wave velocity depends on the material 

properties and the material orientation. In the case of CFRP, the wave speed of the 

compression wave mode (S0) varies depending on the fibre orientation. This problem must be 

addressed for an accurate source location. 

The composite plate used in this experiment had a fibre lay-up in 0° and 90°. The S0 

mode had a velocity of 5.80 mm/µs in the fibre direction and 4.80 mm/µs in 45° direction. 

The A0 mode had a constant velocity of 1.68 mm/µs in all directions. Hence the modes are 

separating slightly faster in the fibre direction as compared to the 45° (and 135°) direction. 

 
Figure 43: Wave mode velocity dependent on angle 

The wave propagation pattern in the plate is illustrated in Figure 43. This pattern can be 

represented sufficiently by the cosine function with an offset and amplitude dependent on the 

wave velocities of both modes. The actual wave velocity (VS0) can be calculated as a function 

of the angle of arrival (α) using the following formula: 

           

The maximum S0 velocity (VSmax) is in the 0° and 90° direction, VSmin is diagonal to the 

fibre orientation. If the propagation pattern is elliptical, the factor of 4α needs to be replaced 

by a factor of 2α. 

a

) 

b

) 

(2) 
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It should be mentioned that this representation to the wave propagation is not exact, but 

has been found sufficient enough for this purpose. It is also dependent on the exact material 

properties and fibre lay-up. 

Due to the different wave velocities of the A0 mode and S0 mode the wave separates 

during propagation with distance. The distance the wave has travelled at the time it has 

reached the sensor can be calculated using the following formula [91]: 

 
where tA0 and tS0 are the time of arrival of the wave modes respectively (tA0 - tS0 is the wave 

separation). VA0 and VS0 are the group velocities of both wave modes respectively. The 

distance is calculated for all three sensors and the average distance is determine by 

 

The average distance to the AE source is defined to be the distance between the source 

and the centre point of the sensor array. The centre point is the intersection of the bisecting 

line of the angles of the triangular array. 

 
Figure 44: Average distance from array to AE source 

Calculating the distance by averaging leads to a small error compared to the actual 

distance from the centre point of the array. This and other systematic errors will be addressed 

in the discussion at the end of this thesis. Relating the distance to the centre point of the array 

is beneficial because it helps to have a fixed reference point to find the AE source on the 

actual structure. 

 

(3) 

(4) 
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4.4 Algorithm block diagram 

The complete program code which was written in Scilab is presented in the appendix. 

The block diagram below should give an overview of every step conducted in the algorithm 

and the sequence. 

 
Figure 45: Algorithm block diagram 
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4.5 Results 

The result of the source location of each event can either be expressed as polar 

coordinates (distance, angle) or as Cartesian coordinates (x, y) relative to the array centre 

point. 

Figure 46 shows the source location result of one AE event for each grid point 

respectively (randomly selected). The blue “x” represents the actual source location and the 

red “Δ” the calculated location respectively. Each calculated location is connected to its real 

counterpart by a line. 

 
Figure 46: Source location results Test 1 (x = actual location; Δ = calculated location; ● = sensor) 
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Figure 47: Source location results for Test 2 (left) and Test 3 (right) 

It can be seen that this method is quite accurate at close range, but its accuracy decreases 

with distance. The standard deviation for the overall error (distance between calculated and 

actual location) in a radius of 350 mm from the array was 13 mm, whilst for the whole plate it 

was 33 mm. 

 
Figure 48: Location error dependent on sensor-source distance 

It also can be seen that the radial distance between array and source is usually determined 

quite accurately but the angle is more prone to errors. The standard deviation of the angle was 

4.3° within a radius of 350 mm and 6.0° for the whole plate. The standard deviation of the 

distance was 7 mm and 11mm respectively. This is probably due to errors when measuring 
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the exact arrival times especially of highly attenuated signals. In this test the separation 

increased from every grid point to the next by about 20 μs (measured in fibre direction). Δt 

increased from one grid point to another by about 5 μs (measured for events perpendicular to 

the sensor pair within a distance of 250 mm). Therefore measuring uncertainties of the mode 

arrival have a bigger impact on the calculation of the angle as compared to the distance. 

Figure 49 shows the standard deviation of all three data sets. This plot does not show the 

error in comparison to the real location but the spread of all calculated locations at each grid 

point. It shows that in the centre of the plate, where the sensor array was located, all three 

results at each grid point were quite similar, hence a small standard deviation. In the corners 

of the plate, where the distance to the array is the largest, the difference from one calculated 

source location result to another was much bigger, although the actual source origin was at 

exactly the same spot (all grid point with a standard deviation greater than 50 mm are marked 

in dark red). The variance indicated that the biggest influence on the source location is the 

accurate arrival time measurement especially in highly attenuated signals. 

 
Figure 49: Standard Deviation of all three data sets 

[mm] 
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4.6 Wave mode propagation and attenuation study 

The reliable detection of both modes, S0 and A0, is important for the previous presented 

source location method. If one mode cannot be detected in an event, due to attenuation or 

because the mode has not been generated in this event in the first place, the location of the 

origin of the AE wave can not be evaluated. It is known from the literature that the S0 mode 

travels faster along the fibres and suffers less attenuation as compared to when it travels 

perpendicular to the fibres. The higher attenuation is caused by wave scattering due to partial 

reflection when the wave travels from fibre to fibre. The A0 mode is in general more 

dispersive than the S0 and therefore attenuates quicker, although its group velocity is not 

affected by the fibre orientation. 

Previous results show that source location was possible for all events generated on the 

plate. The location error increased with distance to the sensor array. It is believed, that this is 

caused by attenuation which affects the accuracy of the mode arrival detection. The HN-

source, which was used to simulate an AE event, usually has a strong out-of-plane force and 

therefore a strong anti-symmetrical wave component. 

To understand the general wave mode attenuation in composites, previously recorded AE 

events (source location test) were investigated regarding their mode amplitudes at different 

distances to the source. For the first test the maximum amplitude of both modes were 

manually measured for all grid points. Figure 50a shows the absolute values of the sensor 

signal. As mentioned previously, the signal has been filtered to remove frequencies below 

100 kHz. The Gabor transform (Figure 50b) was used to help identify the modes in the time 

domain. Only the signal of sensor 1 was used for this investigation. The magnitude of the 

maximum mode signal was saved in a matrix representing the plate grid. 

The maximum amplitude of the signals, especially from those sources close to the sensor, 

might be corrupted due to the superposition of both modes. If the modes have not been 

separated completely during propagation, the anti-symmetrical mode superimposes the 

leading symmetrical mode. With very short mode separations, the maximum of the S-mode 

could also still be hidden inside the following A-mode. Furthermore slight variations can be 

expected due to variations of the actual HN-source. Each value on the grid was measured 

from a different source and even though HN-sources are quite repeatable, slight variation of 

the intensity of the signal cannot be avoided. 
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Figure 50: Maximum mode amplitude a) Absolute value, b) Gabor transform 

 

Figure 51 shows the maximum of the AE signal regardless of the modes. The maximum 

amplitude is often used as an NDT tool to verify the intensity of the damage propagation. The 

fibre orientation in 0° and 90° direction is clearly visible. The signal attenuates rapidly with 

distance from the sensor. The attenuation corresponds to the theoretical distance dependent 

amplitude as shown in equation 1 on page 29. The X and Y axis show the grid point numbers. 
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Figure 51: Maximum Amplitude of all events at sensor 1 

The amplitude of the symmetrical (S0) mode is plotted in Figure 52 and again the 

amplitude attenuates rapidly with distance from the source. The amplitude bisects within the 

first 50 mm of propagation. The effect of the fibre orientation is relatively strong. The S-mode 

not only travels faster along the fibre but also further since the attenuation is lower. 

 
Figure 52: S-mode amplitude 

[V] 
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Figure 53: A-mode amplitude 

Figure 54 shows a direct comparison of the mode amplitudes. The colour shades are with 

respect to the maximum amplitude close to the sensor of each mode respectively. Again, the 

S-mode, plotted on the left hand side, clearly shows the fibre orientation. In comparison, the 

A-mode has an almost circular attenuation pattern. A slight effect of the fibres is thought to be 

due to superposition with artefacts of the S-mode. 

 
Figure 54: Wave mode amplitudes (left: S-mode, right: A-mode) 

[V] 
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After investigating the individual mode attenuation, the mode ratio has been investigated 

as well. As mentioned in the literature review of this thesis, the mode ratio is believed by 

many authors to give an indication about the actual AE source and damage type in 

composites. The two fundamental wave modes attenuate at different rates which causes the 

mode ratio to change. The detection of both modes in one signal is essential for the source 

location method presented in this thesis. If one mode attenuates below the noise level, mode 

detection becomes very complicated and source location errors are inevitable. 

 
Figure 55: Mode ratio (So/Ao) 

The mode ratio (S0/A0) is plotted in Figure 55. Values greater than 1 (green to red colour 

shades) indicate that the S0 mode has a stronger amplitude whereas values below 1 (blue 

colour shades) indicate a predominant A0 mode. The sensor was positioned in the middle of 

the plate (sensor 1) and the mode ratio changes were the greatest along the fibres at 0° and 90° 

respectively. At its maximum the A0 mode was about 16 time greater than the S0 mode (S0/A0 

= 0.061). This ratio changed to a more than 3 times stronger S0 amplitude (S0/A0 = 3.2). These 

changes not only have a significant affect on the appearance of the time domain of the same 

signal in different parts of the plate, but also affect the damage type evaluation. Again, small 
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variations in this plot can also be caused by slight variation in the HN-source as this plot is 

composed from 345 different events. 

 
Figure 56: Relative mode amplitude in CFRP (in fibre direction) 

 
Figure 57: Relative mode amplitude in CFRP (45° to fibre orientation) 

Figure 56 shows the relative amplitude multiplied by the square root of the distance of 

both modes of all events which were located in 90° direction to the sensor; hence the sources 

are located on the same fibres as the sensor. The multiplication was conducted to evaluate the 

constant K and the attenuation factor α for the material. Figure 57 shows the same information 
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of events located in 45° direction to the sensor. For these plots the measured mode amplitudes 

have been scaled so that the event closest to the sensor was set to 1V and the other events in 

relation to this mode amplitude. Therefore the amplitudes are plotted independent of the 

actual mode ratio introduced by the here used AE source. The Y-axis is plotted on a 

logarithmic scale. Both graphs illustrate again that the A0 mode attenuates faster than the S0 

mode amplitude and the attenuation is smaller in fibre direction as compared to 45°. This can 

cause problems for any modal analysis source location method. The asymmetrical mode 

vanishes quicker and even though both modes are separating, the A0 mode can then be hidden 

in the artefacts of the symmetrical mode. The attenuation factor of the S0 mode for this test 

set-up was found to be 0.002 in fibre direction and 0.003 in 45° to the fibre lay-up. The 

attenuation factors for the A0 mode were found as 0.006 and 0.007 respectively. 

Since the mode ratio changes are strongly dependent on the fibre lay-up, the area for 

source location is limited by the anisotropic properties of the material as well as the mode 

ratio and amplitude at the source origin. If the AE source emits a relatively weak anti-

symmetrical wave component, this mode will vanish after a shorter distance of travel; faster 

as compared to an equally weak S0-mode.  

4.7 Test on Aluminium Plate 

A comparison test has been conducted on an aluminium plate with the dimensions: 

787 x 656 x 6 mm. Compared to CFRP, aluminium is an isotropic material in which the 

propagation of the AE wave does not depend on the propagation direction. Aluminium is still 

one of the most common materials for primary and secondary aircraft structures. This test 

should show that the source location method is equally effective in aluminium and can easily 

be adapted to other isotropic materials. 

The test rig set-up was similar to that described for the test on CFRP in chapter 4.1. Only 

the wave mode velocities had to be adjusted according to the material. Since the material is 

isotropic, the wave propagates radially from the source in all directions with the same speed 

and thus VSmax = VSmin. Insert in formula (1) used for CFRP on page 72, this results in the 

amplitude of the cosine function to zero and VS0 = VSmin = VSmax. This means that the same 

algorithm can be quickly adapted between different materials with isotropic and anisotropic 

behaviour without changing the programming code itself, but just by changing the wave mode 

velocities accordingly. Obviously the whole calculation can also be skipped, since just one S0 

velocity exists.  
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The wave velocities were measured and set to S0 = 5.08 mm/μs and A0 = 3.02 mm/μs. 

The sensor distance maintained at 45 mm as in all previous experiments and the array was 

installed in the middle of the plate. The plate was divided into a 15x13 grid with 50 mm 

spacing respectively. Pencil lead fractures were performed on every grid point and the mode 

arrivals and separations were measured for all sensor signals. 

 
Figure 58: Signal of HN-source on aluminium plate, a) signal, b) GT, c) GT coefficient at 100kHz 

Figure 58 shows the sensor signal and the Gabor transform after digitally filtering 

between 100 kHz to 1 MHz. When compared to the signal generated on a composite plate it is 

obvious that the signal is longer and does not die out as quickly. This is due to less attenuation 

in aluminium and reflection from the edges. It can also be seen that the signal has a broader 

frequency range than those observed in composites. The signal starts below 100 kHz and goes 

a) 

b) 

c) 

A0 

A0 

S0 

S0 
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up to more than 1 MHz. This is due to the fact that attenuation is frequency dependent and 

composites have a very high attenuation at higher frequencies. 

The threshold settings for the S0 mode was again set just above the noise level and the 

threshold was set to 70% of the signal maximum, lower than the threshold level used for 

composites to account for the different propagation behaviour. Afterwards the separation map 

for the whole plate was plotted (Figure 59) and misreading of the mode arrival was identified 

when one result varied significantly from its neighbouring results. These signals were 

manually reassessed. 

 
Figure 59: Wave mode separation on aluminium plate at sensor 3 

Since the velocity difference between the A0 and S0 mode is smaller than in composite 

materials, the modes also separate more slowly. The two modes separate in this aluminium 

plate with a velocity of 2.06 mm/μs, whereas the separation in the composite plate was 

between 3.12 mm/μs and 4.12 mm/μs depending on the direction. This slower separation can 

be seen especially for events located close to the sensor. Here the S0 mode is still hidden by 

the stronger A0 and both mode arrivals can not be distinguished; the separation is therefore 

zero. 
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Figure 60: DeltaTA0 of all three sensor pairs on aluminium plate 

The ΔtA0 map for all three sensor pairs shown in Figure 60 is very similar to the one 

generated for the tests on CFRP. Nevertheless it should be noted that the A0 mode travels at a 

higher speed in aluminium as compared to the composite. The theoretical maximum absolute 

value of ΔtA0 was calculated to be 14.9 μs. This leaves a smaller range from maxima to 

minima and thus a coarser degradation in direction. 
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Figure 61: S0 arrival time difference for all three sensor pairs 

The delay of the arrival of the S0 mode for all sensors pairs, shown in Figure 61, differs 

significantly from those of the composite test specimen. Since aluminium is an isotropic 

material, the propagation of the symmetrical mode is not affected by the actual propagation 

direction. The S0 mode therefore behaves in a similar manner to the anti-symmetrical mode. 

Misreading of the mode arrival close to the sensors was due to the incomplete mode 

separation which did inhibit the exact arrival determination. Also an abnormal arrival time 

was found on grid point 13-14 (top right corner) at sensor 2. This affected ΔtS0 for sensor pair 

1-2 and 2-3. The pencil fracture was not repeated at this point and a manual measurement 

[μs] 
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came to the same result as the automated mode detection method. Hence the result was not 

changed. The S0 mode velocity was higher than that of the A0 mode. The theoretical spectrum 

for ΔtS0 in this arrangement is ±8.86 μs. The degradation in arrival angle is therefore even 

coarser that that of ΔtA0. 

4.7.1 Result 

The results of all events generated on the aluminium plate are plotted in Figure 62. The 

result was similar to those on the CFRP plate. Noticeable are the calculated source location of 

the eight events close to the sensor array which were pointing to the centre of the array. This 

was caused by the insufficient wave separation. The separation was zero at most sensors, even 

when the sensor-to-source was about 100 mm. Except those events close to the array, the 

sensor-to-source distance was fairly accurate. The error of the calculated angle to the source 

increases with distance. The biggest error was calculated for those events furthest away from 

the array centre point, at the corners of the plate. 

 
Figure 62: Source location result for aluminium plate 
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In addition most events in the middle top half of the plate were located further to the left 

as compared to the real source location, although this phenomenon could not be found on the 

opposite side of the plate. If this error was caused by a slightly offset position of sensor 2 and 

3, this effect should be visible on both sides of the sensor pair, for all events which source 

direction was calculated by this sensor pair.  

4.7.2 Attenuation study on aluminium plate 

The mode attenuation has been studied for this aluminium plate and was then compared 

to the composite result. 

 
Figure 63: Wave mode amplitude measurement 

The maximum of both fundamental modes were measured from the absolute sensor 

signal (Figure 63, top). Both modes were identified using the Gabor time-frequency transform 

of the signal (Figure 63, bottom). The S0 mode found in this test starts with a relatively low 

amplitude and gradually increases in the time domain (Figure 63, top). This could cause a 

measuring error when the mode separation has not progressed enough. The actual maximum 

of the S0 mode could be hidden by the following A0. Also the A0 mode amplitude could be 

A0 

S0 

S0 

A0 
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corrupted by the superposition of both modes. The S0 mode amplitude was measured in each 

event up until the onset of the A0 mode and the maximum detected only in this range. 

The amplitudes of both modes respectively were measured for every grid point and 

plotted in Figure 64. The amplitude pattern with distance to the sensor can be described as 

almost circular. Again slight variations of the amplitudes are due to the fact that each event 

was from another pencil lead break. The maximum amplitude of the S0 mode in this plot is 

0.59 V (next to sensor) whereas the minimum is 0.048 V (at the corner of the plate). This is a 

decrease in amplitude to about 8% of its maximum over the whole plate. A similar attenuation 

was found for the A0 mode where the maximum and minimum was 2.7 V and 0.25 V 

respectively (amplitude decrease to about 9%). This attenuation is significantly less than that 

to be found in CFPR. 

 
Figure 64: Mode attenuation (left: S0 mode, right: A0 mode) 

The mode ratio (S0/A0) did not change much over the whole plate. Since the variation 

due to different attenuation factors was small, variation of the HN-source had a high impact 

on the measured mode ratio. A direct comparison of the mode ratio changes in CFRP and 

aluminium is shown in Figure 65. The left graph shows the ratio found in the CFRP plate. The 

size of the grid was altered to match the size of the aluminium plate shown on the right hand 

side. Also the colour shades were standardised so that each colour represents the same ratio in 

both graphs. The effect of the fibre orientation can clearly be seen in the left plot whereas no 

significant ratio changes can be found in the plot for the aluminium plate. The mode ratio for 

the aluminium specimen was in a range from 0.1 to 0.38. The fastest mode ratio changes were 

found to be within a close distance of the sensor.  
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Figure 65: Mode ratio (left: CFRP, right: Aluminium) 

The graph below shows the amplitude of an HN-source. In this test the amplitude was 

measured for the same event at different distances. Therefore six sensors were installed in line 

on the plate with a constant sensor spacing of 100 mm. The amplitudes of both modes were 

measured from the absolute sensor signal. Figure 66 shows the average of ten AE events at 

each sensor. Similar to mode amplitude plots for composites (Figure 56 and Figure 57) the 

measured amplitudes have been normalised to show the amplitudes independent of the mode 

ratio of the AE source. 

 
Figure 66: Relative mode amplitude in aluminium 
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The attenuation factor was found to be 0.002 for the S0 mode and 0.001 for the A0 mode 

and therefore significantly smaller than those measured in CFRP. The mode ratio did not 

change much when the wave had travelled over longer distances. The first rapid decrease in 

amplitude is mainly due to the signal spreading when the wave front expands. The A0 mode is 

thought to be more dispersive, although the S0 mode peak amplitude attenuation in this test 

was found to be slightly higher than the attenuation of the A0 mode. 

4.8 Summary of Chapter 4 

This chapter introduced two different approaches to locate the origin of an AE event 

using a closely arranged triangular sensor array. In the beginning of this chapter the general 

behaviour of the wave mode arrival was explained for AE events generated by pencil lead 

fractures on a large composite plate. The first presented source location method used a 

reference map with the mode arrivals at all three sensors. The method compares every new 

event with the reference maps and finds the best match. The second method calculates the 

location using the wave velocities. It was shown that this method is able to locate AE sources 

in isotropic and anisotropic materials. 

The methods presented here locate AE outside of the sensor array. The covered area 

depends on the attenuation of both wave modes. The attenuation behaviour was discussed for 

the carbon specimen as well as the aluminium specimen used for the tests. This should help to 

understand the general attenuation behaviour in isotropic and anisotropic materials which 

must be considered when a large area must be covered with a number of triangular sensor 

arrays. 
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CHAPTER 5. Wave Mode Study 

As mentioned earlier, the ratio between symmetrical and asymmetrical mode depends 

mainly on the stress inside the material which causes the AE wave. The stress causes the 

material to deform or stretch elastically. When this stress exceeds the local ultimate strength 

(e.g. weak molecular links), a micro crack initiates and the strain energy is released in the 

form of a mechanical wave: Acoustic Emission. Depending on whether the stress is mainly 

shear stress or tensile stress, the two fundamentally different wave modes are generated and 

travel through the structure. The mode ratio which is detected at the position of the sensor is 

also depending on the wave propagation, for example attenuation and dispersion in 

anisotropic materials. This was already shown in chapter 4. 

Damage types which are worth being able to distinguish in fibre reinforced materials are 

delaminations, matrix cracking and fibre breakage. For fatigue monitoring, delamination and 

matrix cracks are the main damage types which have to be distinguished since fibre breakage 

occurs mainly close to the ultimate strength of the material and therefore shortly before 

compete structural failure. 

A narrow specimen has been chosen and loaded under tensile stress until failure. The 

composite strip had a narrow neck (see Figure 67) to achieve a local stress increase and 

therefore a controlled fracture location. 

The effects of narrow test specimen are discussed in the literature[92,93]. It is known that 

AE waves are guided by the physical boundaries in small specimens. Also reflections can 

cause signal corruption. This test is used to study the wave mode behaviour of AE waves at 

different distances to the development of fracture in a specimen under tensile load. The 

knowledge could be used to improve the modal analysis which is compulsory for the 

previously introduced source location method. If both modes can be detected at all sensors for 

the majority of all events recorded during this test, source location using the three sensor array 

would be possible as well. The close sensor arrangement would give relatively similar sensor 

signals with similar mode appearances. 

5.1 Test Set-up 

A long CFRP specimen with a predetermined breaking point was used for the tensile test. 

The dimensions are shown in Figure 67. About 50 mm at both ends of the specimen were 
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allocated for the jaws of the tensile test machine. The distance from the jaws to the closest 

sensor was 100 mm. This prevented signal corruption due to friction noise. Six sensors were 

installed in total. Sensor 1-2 and Sensor 3-4 were mounted 100 mm apart with the 

predetermined breaking point in the centre. The sensors were attached by hot glue and also 

duct tape was used to prevent the sensors from coming off in the event of sudden failure of 

the specimen. Sensor 1-2 and 5-6 were intended to investigate the signal changes with 

propagation distance, whereas sensor 3-4 were used to determine whether recorded events 

were generated at the predetermined breaking point. This was done by linear source location 

between sensor 1-2 and 3-4. 

 
Figure 67: Test specimen dimensions and sensor positions 

 
Figure 68: Set-up for tensile test 
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The test was performed on an Instron 8502 test machine with a tensile range of 0-250 kN 

and 0.001 kN increments. The load cycle was set to a linear load increase by 10 kN/min until 

failure. The AE recording was threshold triggered by sensor 1 at a threshold of 0.05 V. 

The test specimen was cut from the 650x450 mm carbon plate with 2.5 mm thickness. It 

is expected that most events origin from matrix cracking and fibre breakage but the woven 

fibre lay-up could also cause local delamination. 

Each sensor on one side of the specimen had an opposing sensor on the other side as 

shown in Figure 70. The sensors on opposite sides of the specimen helped to study the wave 

modes. The sensors measure the vibration of the surface and, in theory, the symmetrical 

deflection of the S-mode and asymmetrical deflection of the A-mode will be detectable by 

comparing the polarisation of both sensor signals (Figure 69). Thereby modes can be more 

easily identified even in signals with high noise content and reflections. 

 
Figure 69: Polarisation of sensor pairs 

 
Figure 70: Opposite sensor pair mounting 

 

Symmetrical mode Asymmetrical mode 
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5.2 Tensile Test 

The ultimate strength of the specimen was reached after 476 sec at 76 kN and a strain of 

about 5.5 mm. The strain increased linearly with the load up until the point of sudden failure 

of the specimen (Figure 71). The first AE event was recorded after 123 sec and the event 

count increased in the beginning almost linear and later exponential until failure (Figure 72). 

The total event count at the end of the test was 1175. 

 
Figure 71: Load and Strain vs. time 

 
Figure 72: Event counts and strain during tensile test 
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Although a linear load increase was set for the test machine, a slightly cyclic pattern was 

measured during the test. The load curve showed little ripples of a frequency of about 0.15 Hz 

(9 cycles per min). Since this load pattern was very constant during the test, it is believed that 

it was caused by the hydraulics or the control of the machine. Repeated tests with composite 

specimens showed the same effect. This pattern was reflected in the emission rate during the 

test.  

Figure 73 shows a detailed view of the event count and load during the first half of the 

test. The plot shows about 30 seconds in which the load increased by about 5 kN to 34 kN. 

During this time about 65 events were emitted. The majority of these events were emitted 

when the load increased. The emission was then interrupted when the load decreased and 

continued during the period with increasing load again, mainly when the previous load was 

exceeded. This agrees with the Kaiser Effect. It is assumed that the emission is mainly 

generated by micro damage and local stress releases. 

 
Figure 73: Emission rate at beginning of event (Kaiser Effect) 

In contrast the emission rate was more consistent when the load approached the ultimate 

strength of the specimen (Figure 74). This graph shows the same duration and trend of load 

increase as the previous graph (Figure 73). More than 250 events were recorded during this 

time and the emission rate was still high even when the load was decreasing or below the 

previous maximum load. This is referred to as the Felicity Effect and is an indication of 

severe damage within the specimen [57]. Damage propagates even at lower load levels and 

AE could also be emitted due to friction between crack surfaces. 
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Figure 74: Emission rate shortly before complete failure (Felicity effect) 

The fractured test specimen is shown in the picture below. The specimen actually did not 

fail at the narrowest part of the specimen. Load is transferred through the specimen by the 

fibres. The matrix transfers the load to neighbouring fibres. The specimen is weakest at 45° to 

the fibre orientation. Damage was found at a distance of about 45 mm to 70 mm from 

Sensor 1.  

 
Figure 75: Fractured test specimen 
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5.3 Wave Mode Results 

Figure 76 shows one event recorded during the tensile test. The graph at the top shows 

the sensor signal recorded at sensor 1 and 2. The time-frequency transform is show for one 

sensor (Figure 76b). A narrow frequency band at 100 kHz was then extracted from both 

channels and the real values superimposed as shown in Figure 76c (previously plotted GT’s 

showed the absolute values). The symmetrical and the asymmetrical deflection and therefore 

the A- and S-modes, are now clearly visible. Since the raw signal is a combination of different 

wave packages with different frequencies, superposition of the two raw signals does not give 

such a clear indication of the modes as compared to those of one frequency. 

 
Figure 76: AE event at sensor 1&2: a) signal; b) Gabor transform of Sensor 2; c) GT coefficient at 

100 kHz 
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The event in Figure 76 originated near the predetermined breaking point at about a 

60 mm distance from sensor 1 and 2. This corresponds with the measured wave mode 

separation of about 25 μs and the thereof calculated propagation distance. Figure 77 shows the 

same event recorded at sensor 5 and 6. The distance from the sensor pair 1/2 to the sensor pair 

5/6 was 100 mm. The asymmetrical deflection was detected at about 125 μs. The mode 

separation measures in this plot points to a similar source location as the other sensor pair. 

 
Figure 77: AE event at sensor 5 & 6: a) signal; b) Gabor transform of Sensor 6; c) GT coefficient at 

100 kHz 

The signal is affected by many factors, such as crack size, position, orientation, 

propagation velocity and the amount and properties of the material involved. Every AE event 

is unique. On general comparison between AE generated by pencil lead fractures and AE 

generated during this tensile test it has to be mentioned that the events from the tensile test 

had a wider frequency spectrum from below 100 kHz up to more than 1 MHz. Also it was 
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found that A0/S0 ratio varied from event to event and a large number of events showed a 

relatively weak S0 mode at low frequencies around 100 kHz. In many cases it was difficult to 

separate the exact onset of the S0 mode from noise and to set a threshold level for the mode 

detection in order to avoid accidentally triggering by noise (Figure 77c). Therefore the 

automated wave mode detection tool was modified by moving the S0 trigger to a higher 

frequency around 300 kHz, as already mentioned in chapter 3.5. 

Another phenomenon was found in a number of events where the automatically picked 

mode arrival differed significantly between opposing sensors. One example is shown in 

Figure 78. The raw signal of both sensors is shown at the top. The Gabor time-frequency 

representation for both channels is plotted underneath. Remarkably, the signal at sensor 1 

showed only very weak amplitudes below 200 kHz. In comparison channel 2 had a frequency 

range from more than 1 MHz down to below 100 kHz, where everything below 100 kHz was 

filtered out. The approximate mode arrivals are indicated in the plot, although accurate mode 

identification of this event was not possible due to the complicated frequency distribution. 

Generally, it was found that the two fundamental modes were not as clear and distinct as 

compared to events generated by an HN-source. The two red lines in the plot indicate the 

range in which the A0 mode arrival is believed to occur. The S0 mode arrival was similar on 

both channels, although small differences in the signal are inevitable. Small differences in the 

opposite sensor signals were probably due to the coupling, the fact that both sensors do not 

have exactly the same frequency response and the plate has a thickness which slightly affects 

the sensor-to-source distance depending on the actual source depth. 

When investigating the signals at 100 kHz the symmetrical and anti-symmetrical wave 

components could be more easily identified. However the superposition of the two modes 

causes the amplitude at sensor 2 to increase, while at sensor 1 the two waves almost 

neutralised themselves. 

This effect of mode superposition and neutralisation was mainly found at signals 

generated close to the sensor when both modes are equally strong. If the wave travels further, 

the modes separate more and the amplitude difference at the point of superposition reduces 

this effect. On the other hand it was found that mode identification using two opposite sensors 

was also often difficult when the modes had travelled over a greater distance and were more 

attenuated and dispersed.  
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Figure 78: AE events with superimposed modes 

The mode superposition effect on the automated mode detection is illustrated in Figure 

79. The S0 mode threshold was triggered by the same wave feature in both signals, although a 

slight difference was due to the fact that the first peak after the threshold crossing was taken 
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as the mode arrival time. The A0 mode however was set to 80% of the signal maximum. In the 

case of sensor 5 (red line) the measurement was triggered (green threshold) by the wave 

feature which was the actual A0 mode arrival at about 70 μs. The same threshold setting at 

sensor 1 (purple line) would trigger at a strong wave feature at 120 μs. This effect could 

corrupt the mode arrival measurement quite significantly depending on how the modes are 

superimposed. 

 
Figure 79: Threshold settings and the effect on arrival times 

It is not entirely understood whether and how strong the small specimen size actually 

affected the mode propagation. Edge reflections could have affected the signal by 

superimposing with the real signal. However this test helped to better understand Acoustic 

Emission of actual damage and its mode propagation which appeared to be more complex and 

variable as compared to events generated by pencil lead breaks. A reliable discrimination 

between the actual failure types which generated the event was not possible in the test set-up. 

5.4 Summary of Chapter 5 

In this chapter AE events generated from actual damage in a composite specimen under 

tensile load were investigated. Previous source location test were only conducted with 

artificial AE which is highly repeatable and which tests were performed under ideal 

conditions with very low noise levels. The test was performed to understand the more 

complex AE and the effects on mode arrival measurements which are essential for source 

location. The experiences of this test lead to the measurement of the A0 mode at 100 kHz and 

the S0 mode at 300 kHz for all tests with real AE as introduced in the next chapters. 
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CHAPTER 6. Validation Tests for Source Location Method 

After the earlier presented source location method was successfully demonstrated with an 

artificial AE source, the performance to this technique must still be evaluated for real 

Acoustic Emission. Therefore tests were conducted which represents different damage 

scenarios in aircraft structures. Crucial for the source location is an effective modal analysis. 

The first test simulates the debonding of a glued composite stringer; the second test a 

propagating crack with matrix cracking and fibre breakage. The tests are expected to generate 

two different AE sets with different mode ratios. 

6.1 AE Source Location of Stringer Debonding 

Most of today’s composite aircraft structures are still joined by bolts. These fasteners 

should be replaced in the near future since they can introduce critical point loading into the 

composite and negatively affect the fatigue life. When large wing parts cannot be produced in 

one piece, joints are inevitable but instead of bolts glue could be used. This would spread the 

load over a wider area and then ensure that the load is further dispersed through the matrix. 

Different papers have been published in recent years which investigate the behaviour of 

different stiffeners joined to the wing skin by glue [94,95,96]. The wing of an aircraft is a 

construct of different ribs and stringers underneath the wing skin. The function of stringers is 

to stiffen the skin so its contour does not buckle during flight. Stringer debonding, where the 

skin detaches from the stringer, is a major concern in the aircraft industry especially for new 

aircraft designs where the wing skin is actually a structural part of the incorporated fuel tanks. 

Stringer debonding is a failure mechanism very similar to delamination and can often not be 

seen from the outside of the aircraft. 

 
Figure 80: Stringer debonding: a), c) in plane shear stress; b), d) out of plane stress 
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The actual damage propagation of a stringer-skin interface under compressive load 

depends mainly on the stringer configuration. Dependent on the stiffness (or moment of 

inertia) of the skin and the stringer flange and web, the structure will either buckle 

symmetrically or asymmetrically when a compressive load is applied through the length of the 

structure. Symmetrical buckling is when the flange of the stringer and the skin deflect in the 

same direction (Figure 80a). The interface between flange and skin will finally fail due to 

shear stress. Asymmetrical buckling occurs when the skin buckles away from the stiffener 

(Figure 80b). A different loading can also occur if the skin is bending as shown in Figure 80c) 

and d). In Figure 80b) and d) the interface between the stringer and wing skin will be exposed 

to an out-of-plane load, whereas in Figure 80a) and c) the interface in exposed to (in-plane) 

shear stress. 

To simulate stringer debonding a composite bar was glued on a composite plate and then 

a bending moment was applied axially through the application of an end load to the stringer to 

generate Acoustic Emission. Stringers are usually T-shaped or Omega-shaped. A bar glued 

flat on a plate as used in this test set-up would actually not add much stiffness to the plate. 

Nevertheless the failure mechanism in the interface between “skin” and “stringer” is expected 

to be comparable. 

This test simulated stringer debonding with out-of-plane loads. Damage which would 

occur in the web of the stringer is not considered. It was not the aim of this test to study the 

damage propagation during stringer debonding but to simulate AE events which could occur 

during this type of damage propagation and locate the damage and its progress using the 

previously presented source location method. 

6.1.1 Test set-up 

A composite strip with unidirectional fibre lay-up was chosen as a stringer and glued 

onto a composite plate as shown in Figure 81. After a few trials with different stringer 

thicknesses, a relatively thin (1 mm) specimen was chosen because the slight bending during 

the test allowed for a gradual debonding progress. Thicker and therefore stiffer specimens 

tended to delaminate rapidly as soon as the ultimate stress of the interface was exceeded. Also 

the adhesive layer was only applied on parts of the stringer to generate a weak interface so 

that the rupture would only occur at the interface and other failure modes in plate and stringer 

could be ruled out. The thickness of the plate (wing skin) was 2.5 mm. The same AE system 

and settings were used as during previous tests.  
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The dimensions and sensor position are shown in Figure 81 and Figure 82. The stringer 

was glued on the plate using epoxy resin which was mixed with a hardener (2:1 ratio) and left 

to cure for 24 hours. The interface was investigated with an ultrasonic scanner (Olympus, 

Omniscan MX, phased array) at the beginning of the test. 

 
Figure 81: Test set-up and dimensions 

 
Figure 82: Test set-up 
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The stringer was manually torn off in three stages (Figure 83). The interface was scanned 

by ultrasound between each stage to keep record of the actual debonding progress. AE was 

recorded during the test and all events were located using the three sensor array. Sensor 4-7 

were only used for comparison by linear location in case of inconclusive results. The results 

are not shown in this thesis since the linear location did not give further or differing 

information about the actual location compared to the location determined by the triangular 

sensor array and the ultrasonic scan in most cases. 

 
Figure 84: Ultrasonic C-scan of plate and stringer interface 
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The C-scan of the whole plate is shown in Figure 84. The sensor positions and the 

stringer to plate interface are clearly visible. The glue line on the plate after the stringer has 

been removed is shown in Figure 85. It shows a very good correlation with the C-scan image. 

 
Figure 85: Glue line after stringer debonding 

6.1.2 Results 

The recording of the AE events was triggered by sensor 2. A few recorded events had 

also been removed when at the beginning of the event the signal was still higher than the 

noise level (1 event in stage 1; 7 events in stage 2 and 9 events in stage 3). This meant that the 

previous event was still in progress and the beginning of the new event was hidden by that 

event. This happened especially during the last stage when the stringer rapidly debonded. All 

together 58 events were used for source location: 17 events in stage 1; 26 events in stage 2 

and 35 events in stage 3. This relative small number of events can be explained by the 

relatively weak interface and small strain energy release that formed the AE and the high 

attenuation in composites. The minimum distance between sensor 2 and the stringer was 

about 77 mm and the longest distance about 238 mm. 

The mode arrival was measured for every event using the automated modal analysis 

algorithm. The S0 mode was measured at 300 kHz and triggered by a threshold of 20% of the 

maximum Gabor Transform coefficient at this frequency. The A0 mode was measured at 

100 kHz and a threshold of 70% of the respective GT coefficient. The result was then stored 

on the hard drive. Afterwards the origins of all events were calculated using these results and 

the proposed source location method. 

 
Figure 86: C-scan before stringer debonding 
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Figure 86 shows the ultrasonic C-scan image of the interface between stringer and plate. 

The sensor positions of the four sensors next to the stringer are highlighted for orientation. It 

is clearly visible that only the end of the stringer is proper bonded (left side). The rest of the 

stringer was just bonded on the edge of the stringer. This was intended to allow a gradual 

stringer debonding. 

Figure 87 shows the location of the events recorded during the first stage of the stringer 

debonding test. The plate, stringer and sensors are also shown. These are the results as they 

were calculated with the wave mode measurement and source location algorithm as 

introduced in previous chapters. As mentioned earlier, accurate wave mode arrival 

measurement is essential for every source location method. The modal analysis used in this 

thesis is just the proposed one. The source location method could also be used in combination 

with a different modal analysis. 

 
Figure 87: Stringer debonding Stage 1 

The stringer interface was scanned after the stage and the C-scan is shown in Figure 88. 

The calculated locations of most events show a good correlation with the actual bonded area 
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identified by the C-scan. Two events were located in the right direction to the stringer but at 

incorrect distances. In both cases the S0 arrival was prematurely triggered by noise which 

increased the wave mode separation. One other event was located in an area of the stringer 

which was not debonded at this stage. In this case the A0 mode threshold was too high at one 

sensor signal to trigger the actual mode arrival. 

 
Figure 88: C-scan between Stage 1 and Stage 2 

All events which were located outside of the debonded area at this test stage were 

identified and the mode arrivals of those events were manually measured.  

 
              Figure 89: Events of stage 1 in chronological order 
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A close-up of all calculated event locations is shown in Figure 89 and the events are 

labelled in chronological order. It can be seen that the first events are located at the bottom 

half of the picture the following events are located further up the stringer. This correlated with 

the actual damage progress.  

 
Figure 90: Stringer debonding Stage 2 

The source location results of stage 2 and 3 are shown in Figure 90 and Figure 92 

respectively. Figure 91 shows the C-scan between stage 2 and 3. The stringer was completely 

debonded at the end of stage 3 and no C-scan was performed. 

 
Figure 91: C-scan between Stage 2 and Stage 3 
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Figure 92: Stringer debonding Stage 3 

It can be seen that the majority of all events generated in stage 1 and 2 are in good 

correlation to the stringer position. On the other hand a number of events at the final stage of 

the test (Figure 92) were located in areas which can be ruled out as AE source or in areas 

which were already completely debonded during this stage. This can be explained with the 

fact that the stringer debonded rapidly during the last stage. It is therefore likely that recorded 

events were corrupted by the superposition of at least two separate events or by the artefacts 

of a previous event. 

In general events which are located in the correct direction but in a wrong distance from 

the sensor array (for instance the three red results at the top of the plot outside the plate 

boundaries) were corrupted by noise which triggered the S0 mode measurement pre-maturely. 

Other events are located in the wrong direction from the sensor array. This was caused when 

the A0 mode arrival was falsely triggered (e.g. all events located to the left hand side of the 

array). Reasons for this could be either that the S0 mode triggered the A0 arrival or the A0 
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mode threshold was set too high for this particular event so that it was triggered after the real 

arrival. 

All events which were not within the area of stringer debonding were again identified 

and manually reassessed. In most cases the false source location was caused by a measuring 

error of the mode arrival although a few events could still not brought into close 

approximation of the debonded area. The chronological order of the events of stage 2 also 

shows some correlation with the actual damage propagation (Figure 93). The chronological 

order of the events of stage 3 could only partly confirm the debonding propagation. This can 

be explained by the rapid debonding during this stage and the small debonding area where 

small measuring errors in the source location have a relatively high impact when comparing 

successive events with similar origin. 

   
Figure 93: Events in chronological order (left: stage 2; right: stage 3) 

The source location results of all three stages are plotted in Figure 94. All events of stage 

1 are plotted in green, events of the second stage in blue and events of the last stage are 

plotted in red. It can be seen that the majority of all events was allocated to or near the 

stringer location.  
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Figure 94: Source location results of all three stages (adjusted) 

When comparing the location of the events of stage 2 and 3 with the C-scan (Figure 91), 

it can be seen that there was an area of stringer debonding at the end of stage 2 and the 

beginning of stage 3 which did not emit any recorded AE events (Figure 94, red circle). A 

plausible explanation for this could not be found other than that the interface bonding was 

relatively weak and all emitted AE events were low energy and therefore not detectable at 

sensor 2. A linear source location between sensor 6 and 7 confirmed this gap in emitted 

events. 

6.2 AE Source Location of Fracture in CFRP 

Stringer debonding, which is expected to generate similar AE waves as delamination, 

was already successfully located in the first part of this chapter. Both modes, which are 

essential for the source location using the method here presented, were detected in almost 

every recorded event. An additional test was performed to study the wave mode behaviour of 

the other damage types in composites, namely matrix cracking and fibre breakage. Therefore 
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a composite plate was stressed under tensile load until failure. AE events were recorded with 

three sensors in a triangular array and the origin of each event was calculated using the 

proposed source location method. The calculated source location was then compared to the 

actual fracture of the plate.  

6.2.1 Test set-up 

Since a tensile test on a wide plate would introduce a broad area of damage which was 

not suitable to validate a source location method, the specimen was cut as shown in Figure 95. 

This introduced a stress concentration and a well defined damage development. The crack 

width was predetermined by the width of the cutting blade (1.7 mm). The test specimen was 

cut from the carbon plate with 2.5 mm thickness. The fibre lay-up was in 0° and 90° with 

respect to the applied tensile load.  

 
Figure 95: Specimen dimensions, loads direction and sensor position 
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The sensor arrangement was the same as used in previous tests (sensor-to-sensor distance 

45 mm) and the location was as shown in Figure 96. The distance between the sensor array 

and the jaws of the Instron tensile test machine were sufficient enough to rule out the 

triggering of the recording by friction noise or other machinery noise. A sensor array position 

was chosen which was not too close to the predetermined breaking point to allow 

discrimination between source angles (the calculated angle to a source located in close 

approximation to the array could have a relatively big error but still point close to the actual 

source), but also not too far from the AE source so that a relatively large number of AE events 

could be recorded (attenuation of signals). The sensors were mounted using hot glue. 

 
Figure 96: Test set-up 
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The load was linearly increased by 5 kN/min until failure. The AE recording was 

threshold triggered by sensor 1 (top sensor) at a threshold of 0.05 V. It is expected that most 

events originate from matrix cracking and fibre breakage but the woven fibre lay-up could 

also cause local delamination and shear stresses. 

 

6.2.2 Tensile test result 

The specimen failed after 218 seconds at an ultimate load of 17.6 kN and a movement of 

the jaws of 5.5 mm. The stress and strain measured by the Instron test machine is plotted in 

Figure 97. In contrast to the tensile test on the narrow specimen (chapter 5), the strain 

measured during this test did not increase linearly with the load. This was due to the 

asymmetrical loading of the specimen caused by the introduced crack. This caused the 

specimen to deflect slightly out of plane and a crack opened as shown in Figure 98. The 

displacement plotted in Figure 97 is therefore not the strain of the specimen (e.g. fibres) but 

the relative movement of the clamp jaws. It is expected that the real strain of the fibres was 

relatively small and the highest strain in the specimen around the predetermined breaking 

point. Changes of the relative distance between the sensor array centre point and the damage 

location was though to be insignificant and therefore did not affect the source location.   

 
Figure 97: Load and strain during tensile test 
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Figure 98: Deflection of specimen during tensile test 

177 AE events were recorded for source location. The event count compared to the 

displacement is shown in Figure 99. No AE event was strong enough to trigger the recording 

in the first half of the test. It was believed that the displacement at the beginning of the test 

was mainly the elastic deformation of the specimen due to the deflection. Therefore damage 

did not initiate and no recordable AE was detected. The event rate rapidly increased towards 

the end of the test. 

 
Figure 99: Displacement and event count 
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Figure 100 shows the damage of the specimen. The damage propagated mainly as an 

extension of the introduced crack and along the 90° fibres. 

 
Figure 100: Fractured specimen 

 

6.2.3 Source location results 

The mode arrival was measured for all events at all three sensors. The S0 mode was 

measured at the frequency of 300 kHz with a threshold at 20% of the maximum amplitude of 

the signal at this frequency respectively. The A0 mode threshold was set at 100 kHz to 70% of 

the maximum signal amplitude. Then the source location was calculated for all events using 

the novel source location method. 

All source location results are plotted in Figure 101. These are the results as they were 

calculated from the mode arrival times at the set thresholds. There was a clear indication of a 

higher AE activity around the breaking point, although the highest activity was located a few 

millimetres from the real location. The distance between the centre point of the array and the 

damage was relatively accurate. A number of events were scattered around the sensor array. 
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Figure 101: Source location results (raw) 

 

A 70x80 mm area around the centre point of the predetermined breaking point was set up 

(green dashed line) and all event locations which were outside of the area were identified and 

the modal analysis for these events repeated manually. The new results are shown in Figure 

102. All together 62 of the 177 events were manually reassessed. 

Most events which were previously located outside of the area could be allocated to 

within the area. In most cases only one sensor signal per event did differ when comparing the 

automatically and manually measured mode arrival times. Still a number of events could not 

be brought to a close approximation to the actual damage location. 
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Figure 102: Source location results (partly manually reassessed) 

 

6.2.4 Discussion of the results 

Figure 103 shows a close up of the area around the predetermined breaking area. Most 

events accumulate in the area marked by the blue ellipse. The actual breaking point is 

highlighted by the red ellipse. The distance between the centre points of both ellipses is about 

15 mm in x-direction and 15 mm in y-direction. It is believed that this is a systematic error. 

Previous test using pencil lead breaks did not give any indication of a significant systematic 

error which was caused by the algorithm itself. Therefore the error was believed to be mainly 

caused by the specimen and test set-up or the actual mounting of the sensors. 
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Figure 103: Enlargement of located sources close to damage 

Pencil lead breaks were performed prior to the test to check the sensor coupling. These 

events were investigated to compare the signals with those from the actual damage. The 

source location results are plotted in Figure 104. Two events were generated in the middle of 

the remaining composite strip (marked by the red triangle) and one was generated at the end 

of the crack (blue triangle). The corresponding calculated source locations are indicated by a 

“+” in red and blue respectively. The angular source location shows a similar error as 

compared to the test data previously shown. The calculated distance on the other hand was not 

significantly different to the real distance. The reason for this error is not fully understood. 

The angle of all events originated in the area of the predetermined breaking point should 

be calculated with sensor pair 1-3 (top and bottom left sensor). In theory this pair should have 

the smallest ΔT, since it was located close to a right angle to the damage. The sensor location 

was marked before installation and the sensors were mounted carefully. Nevertheless slight 

errors in the positioning of the sensors cannot be ruled out. If the sensor pair 1-3 had a slight 

offset of just 1 mm, this could cause an error of about 4 mm at the location of the damage.  

The angle was actually calculated between the two sensors and not at the centre point of 

the sensor array. Although this error was considered to be small in comparison with the 

measurement uncertainties, it could have added to the error found in this test. Furthermore the 

actual wave velocity was not measured prior the test, but taken from the previous test with 
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this composite specimen. Also any effects of the tensile loading regarding the specimen 

dimension and wave propagation was not considered. All these small effects could 

accumulate in the error found during this test. 

 
Figure 104: Reference AE events (HN-source): Δ real location; + calculated locaiton 

Despite the discrepancy between the real damage location and the calculated, the test was 

not repeated. The location was close enough to the real location to allocate the events to the 

failure progress. 

The source location results in this example could further be improved, if the events 

generated by the HN-source prior the test was used for calibration of the set-up. 

6.3 Summary of Chapter 6 

This chapter showed the application of the novel source location method during 

simulated stringer debonding and a propagating crack in a composite structure. 

These tests were performed to investigate the performance of the modal analysis and 

source location when applied to real Acoustic Emission. The performance of the algorithm 

was previously tested with artificial AE events generated by pencil lead fractures. These 

signals are highly repeatable. In comparison, AE generated by propagating damage in a 

structure generates a number of AE events where each event is unique. The appearance of the 

signal in time and frequency domain is not only dependent on the material and test equipment 
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but also on the actual damage location and progression. The source depth and failure 

mechanism affects the mode ratio in each event. The stringer debonding test generates AE 

with a relatively large out-of-plane wave component (similar to a HN-source) where most AE 

events from the tensile test show a stronger S0 mode.  

The automated wave mode analysis was successfully used for most events of both 

damage type and the accuracy of the source location was believed to be sufficient enough for 

most NDT or SHM applications. The source location results during the stringer debonding 

were accurate enough to correlate the calculated locations with the actual damage 

propagation. Nevertheless the following tensile test suggested that the error could be further 

decreased when a calibration is performed prior the test. 
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CHAPTER 7. Comparison of Source Location Methods 

Previous test results showed that the proposed source location method is able to 

determine the location with a good accuracy, but since there is already a vast variety of AE 

source location techniques available and successfully in use, the benefits of this new method 

are yet to be tested. A critical analysis of a number of selected methods was given in the 

literature review of the thesis. 

This study does not aim to compare the accuracy of different methods, since in general 

the biggest error with all source location methods is caused by the determination of the actual 

event and the measured wave arrival time. This study is to compare the overall performance 

of this new method with conventional arrays which monitor the area inside of the array. 

Many of the source location methods which are specifically developed for anisotropic 

materials are either iterative approaches or need to be trained and rely on reference maps 

generated by artificial AE or theoretical arrival times [64,71]. Most triangulation algorithms 

are developed for isotropic materials. The benefit of these triangulation algorithms is that only 

the event arrival times are needed as well as sensor position and wave velocities. No training 

data is needed. Although Paget et al. [12] developed an algorithm for anisotropic materials, it 

was for materials with an elliptic wave propagation pattern and therefore not suitable for the 

plate used in this test. 

The source location algorithm developed by Tobias [66] was chosen for comparison. 

This algorithm was for an isotropic material; nevertheless it could be used for anisotropic 

materials if the A0 mode is used instead of the raw wave arrival (usually triggered by the S0 

mode). The Tobias algorithm is usually used with a threshold trigger to measure the onset of 

the event at each sensor signal. The A0 mode propagation is similar to the wave propagation 

in isotropic materials. The wave velocity has to be chosen according to the used mode 

velocity. 

7.1 Test Set-up and Procedure 

For the purpose of this comparison the test presented in chapter 4 had been repeated and 

modified by an additional three sensors for comparison source location. The sensors were 

mounted as shown in Figure 105, where sensor 1-3 are used as a closely arranged array and 

sensor 4-6 are used as a widely spread array.  
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The equipment used in this test was the same as in previous tests, except for the pre-

amplifiers. These amplifiers are manufactured by Physical Acoustics Corporation (model 

2/4/6) which have a selectable gain of 20/40/60 dB respectively. This modification was to try 

different gain settings for the best coverage. A high amplification could saturate the signal of 

sources close to the sensor, whereas a small amplification might not be sufficient enough for 

further travelled highly attenuated signals. Nevertheless, in the end a gain setting of 40 dB 

was chosen for all sensors because the effects on the arrival time measurement of different 

gains for different sensors in the same test have not been investigated. The chosen gain setting 

was the same as in previous tests. 

One pencil lead fracture was performed on every grid point and the S0 and A0 mode 

arrival was measured for all signals of all sensors. The mode arrival was measured 

automatically and measuring errors identified and manually reassessed when a result differed 

from neighbouring grid point results. Especially highly attenuated signals at some distance to 

the sensor had to be investigated manually, since the A0 was much weaker than the S0 even at 

low frequencies. Then each event was located using two different source location methods. 

 
Figure 105: Test set-up 
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The mode arrival for sensors 1-3 is not shown since they essentially match the results of 

similar tests already shown in previous chapters. The mathematical source location algorithm 

was used with the closely arranged sensor array located in the middle of the plate and the 

mode velocities, sensor spacing and the arrival times of each event as the only inputs. The 

results of this data set are shown in Figure 106 and corresponded to previously presented 

results using the same algorithm. The direction error increased for events in far distances from 

the array. The distance from source to array centre point was determined correctly for almost 

all events. 

 
Figure 106: Proposed source location result 

The arrival time difference (ΔTS0) for all three sensor pairs of the widely spread sensor 

array is shown in Figure 107. Sensor pair 4-5 is plotted on the left hand side, sensor pair 4-6 

in the middle and sensor pair 5-6 on the right hand side. The sensor position of every sensor 
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of the pair is also marked by a small black dot. The maximum measured time delay was about 

±220 μs. The delay gradually changed between the sensors. The area of equal ΔTS0 (same 

colour shade in Figure 107) could be described as more or less hyperbola shaped although this 

is not clearly visible for sensor pair 4-6 in the graph in the middle and the S0 mode 

propagation was affected by the fibre orientation.   

 
Figure 107: ΔTS0 for all three sensor pairs 

 
Figure 108: ΔTA0 for all three sensor pairs 

The arrival time differences of the A0 mode are plotted in Figure 108 for all sensor pairs 

respectively. The maximum measured ΔTA0 was about ±650 μs and therefore much greater 

than the ΔTS0 values. It can be seen that in the top right and bottom right corner of the plate 

were areas where ΔTA0 shows some discontinuity. These are events where the A0 mode had 

completely vanished and therefore no accurate arrival time can be determined. The arrival 
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time for these events was the time (incorrectly) determined by the automated modal analysis 

algorithm. So for example, ΔTA0 for sensor pair 4-5 in the right bottom corner of the plate was 

affected by the arrival time at sensor 4 (top left corner). The distance between this sensor and 

the source was too large and the A0 mode attenuated to a degree where it was impossible to 

distinguish it from the rest of the signal.  

Figure 108 shows also the limitation for all widely spread sensor array using the wave 

separation (modal analysis) for source location. Since one mode can not be detected due to the 

high attenuation, source location would not be possible. The positioning of the three sensors 

in a close arrangement in the middle of the plate reduces the maximum possible distance 

between all three sensors and an event located near the corner of the plate. On the other hand 

the maximum distance between the sensor and the point where the A0 completely attenuates 

represents roughly the maximum radius of coverage for the closely arrange sensor array. 

Hence the maximum covered area for this source location method and this test set-up 

configuration (material, sensors, AE strength) would be about four times the size of the plate 

used in this test where the wave travels slightly further along the fibre as compared to the 45° 

direction. 

The source location for all events was calculated using the Tobias algorithm. The 

locations were calculated firstly by using the S0 mode and then the A0 mode afterwards for 

comparison. The Scilab code which was used for source location is attached in the appendix. 

 
Figure 109: Source location result for whole plate (left: S0 mode, right: A0 mode) 
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The results of all events are shown in Figure 109, where the left graph shows the results 

calculated using the S0 mode and the right graph those of the A0 mode. Since the S0 mode is 

direction dependent, the S0 mode velocity was averaged to 5.3 mm/μs, which is the middle 

between the maximum (5.8 mm/μs) and minimum (4.8 mm/μs) mode velocity of this plate. 

It is obvious that most events which were located outside of the array had a big error. 

Many events were even located in a completely different area of the plate. Events located 

outside of the plate were not even plotted in this graph to not further complicate the plot. 

Although only the A0 mode was affected by attenuation to a point where the mode was no 

longer detectable, the location calculated with the S0 mode show similar errors in the area 

outside of the array. It is therefore believed that this was caused by the location method itself. 

To clarify the plot, all events outside of the triangular array were removed for the source 

location. The remaining results are plotted in Figure 110 and Figure 111 for the S0 mode and 

A0 mode respectively. The removed event locations are marked by a green x for orientation.  

 
Figure 110: Tobias source location result calculated with the S0 mode 
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The results in the top and bottom corner of the triangle as well as the left column of 

events in Figure 110 are all located along a curved line which further reduces the area for 

accurate source location. This is probably caused by the sensor positioning. The shape of the 

triangle affects the size and shape of the coverage area of the array [93]. For example, some 

arrangements would allow accurate enough results slightly beyond the array boundaries. 

 
Figure 111: Tobias source location result calculated with A0 mode 

Figure 111 shows the result of the same algorithm but calculated with the A0 mode 

arrival times. The A0 mode propagates isotropically with the same velocity in all direction. As 

expected, the source location results were more accurate as compared to those calculated with 

the S0 wave velocities. Again, the left column shows a systematic error which was caused by 

the shape of the array. The results inside of the array were accurate with the exception of a 

few events where the error was most likely caused by measuring errors of the mode arrival. 
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7.2 Result Discussion 

This test shows that triangulation gives good results within the boundaries of the array 

and the use of the asymmetrical wave mode increases the accuracy of this algorithm due to its 

isotropic nature of wave propagation. On the other hand it can be seen that source location 

outside of the array is problematic. This problem could be addressed by additional sensors. 

For instance, an array of four sensors with one sensor in each corner of the plate or even an 

additional fifth sensor located in the middle of the plate. Thereby triangulation would be 

possible for all areas of the plate. Another approach would be to use training data to find the 

source location by matching ΔT’s. 

In some SHM and NDT applications accurate source location near the edge of a plate like 

structure could particularly be of interest. This is when there are any types of fasteners where 

fatigue cracks could initiate from. This is the major advantage of the here presented novel 

source location method which locates AE sources outside of the array. Also a smaller sensor 

number reduces costs for equipment and simplifies mounting and wiring of the system. 

7.3 Summary of Chapter 7 

This chapter compared the here presented novel source location method with a traditional 

triangulation method using a widely spread sensor array and pointed out the benefit of a 

source location method which is able to locate AE sources outside of the array. This could 

lead to a better coverage of the structure as well as a reduction of sensors as compared to most 

other arrays. 

  



 

CHAPTER 8. Discussion 

Dirk Aljets  134 

PhD Thesis 

CHAPTER 8. Discussion 

A new source location method has been introduced using a unique sensor arrangement. A 

number of different tests were conducted to validate the method and results were presented in 

previous chapters. As already shown in the literature review many different AE source 

location methods have been developed before. This chapter addresses the advantages and 

disadvantages of the new method in comparison to others in detail as well as discussing the 

accuracy and potential applications. 

8.1 Advantages and Disadvantages of the Novel Source Location 

Method 

The source location method presented in this thesis has a few limitations compared to 

conventional distributed sensor arrays. Nevertheless it is believed by the author that for some 

applications the drawbacks can be outweighed by the advantages of this technique. The 

advantages and disadvantages in comparison to other methods are listed below and explained 

in detail later in the text: 

Table 5: Advantages vs. disadvantages overview 

Advantages Disadvantages 

Sensor reduction  

Easier installation 

Simple event recognition 

Self diagnostic 

Reduction of edge reflection effects 

Only for large plate like structures 

Not suitable for more complicated structures 

Reduced accuracy of source location 

8.1.1 Drawbacks 

The drawbacks will be discussed first, since they set the scenario in which this method 

could be applied. 

Only for large plate like structures 

This set-up can just be used in plate-like structures and cannot be extended into the third 

dimension, since AE has to propagate as Lamb waves. At least three sensors are needed 

for the location method to pinpoint the source on a plate. Most other methods could at 

least theoretically be used in voluminous structures by adding more sensors to evaluate 

the depth of the source.  
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Not suitable for more complicated structures 

Obstacles like for example holes in the plate or flanges on the structure would change 

the wave propagation path. This would cause an error in the location. Critical are 

obstacles which are positioned between the AE source and the sensors, as shown in 

Figure 112. Some obstacles could be partly incorporated by generating a reference map 

with a number of teaching points around the obstacle. In other cases a second triangular 

array could be used to have at least one direct wave path which is not affected by the 

obstacle. Nevertheless this might increase the sensor number unnecessarily as compared 

to other arrays.  

 

 

 

 

 

Reduced accuracy of source location with distance 

Another drawback of this source location technique is its accuracy which decreases with 

increasing distance between source and array. Although the distance can be determined 

relatively accurately even at a far distance, the direction is more a representation in 

degrees from the array and source location band would theoretically increase with the 

radius. It should be mentioned that the source location result in these tests were more 

limited due to attenuation than to the accuracy of the method. 

Compulsory modal analysis 

A drawback of any source location method which uses the wave mode separation to 

determine the distance travelled by the wave is that the determination of the mode 

arrival is relatively complicated and increases the error possibility. 

In most AE application a relatively large number of events are recorded and areas with 

higher AE activity are interpreted as propagating damage for instance. One event alone 

is usually not considered a risk for the structural integrity. This is due to the fact the AE 

can be generated by many different activities, such as micro damage, friction or particle 

impact. 

Figure 112: Source location with obstacle 
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A manual modal analysis of all recorded event of one test would be very time 

consuming, therefore an automated modal analysis is needed for the practical field 

application of this method. The automated modal analysis used in this thesis was 

applied successfully for HN-sources, fibre and matrix fracture and stringer debonding. 

Nevertheless a number of mode arrivals were wrongly determined due to the threshold 

setting. In other events the mode arrival could not be determined even when manually 

assessed. It was known from the literature that depending on different factors the mode 

ratio can vary or events can be emitted which consist of just one mode type. 

Furthermore one mode could attenuate to a degree where it is not detectable anymore. 

Considering these facts, any source location method which relies on the detection of 

both modes would not be able to locate every event. But the higher the number of 

events, the higher is the likelihood of identifying areas of elevated AE activity. This 

could be explained with the tensile test result presented earlier in this thesis: It is 

believed that all AE events recorded originated in the area around the predetermined 

breaking point. A number of events were scattered around the sensor array but the 

majority of all events were located close to the actual breaking point. 

8.1.2 Advantages 

When the sensor array is installed on a large and simple plate-like structure, for instance 

large skin sections of aircrafts, wind turbine blades or pressure vessels, most drawbacks are 

eliminated. A SHM system would be able to locate damage using this array and long and 

expensive inspection times could be avoided. A number of benefits makes this method very 

suitable for SHM and NDT applications. 

Sensor reduction 

The maximum distance between the source and the sensor is limited due to the 

attenuation of the wave. A small damage can be related to a certain energy release, 

although it is dependent on the actual failure type as well [50]. Assuming there is a 

minimum crack size which has to be recognised by the SHM system, the expected 

energy released from this damage, the attenuation factor of the structure and the 

smallest tolerable signal-to-noise ratio can be used to determine the maximum distance 

between sensors. If the structure to be monitored is larger than this maximum distance, 

one or more sets of sensor arrays could reduce the number of sensors needed in 

comparison to an equally distributed sensor array. 
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Sundaresan et al.[97] assumed that cost and weight of AE sensors, amplifiers and the 

large number of signal processing channels might be a reason why AE is not extensively 

used as a SHM application in large structures. Figure 113 shows the two different 

methods, one with a widely spread array and the other with the here proposed closely 

arranged array. The circles represent the maximum distance between sensor and source 

for a low energy event (smallest detectable damage). An exact source location in a 

plate-like structure is only possible if at least three sensors pick up the same signal. 

Weak signals close to the recognition threshold can only be located in the red area. The 

yellow area can only be used for approximate location. Although the left array covers a 

bigger area in total, the method on the right side can locate the source in almost all areas 

it covers. This method can locate stronger signals at further distances if both wave 

modes can be identified. Conventional source location methods can only locate events 

inside or near the array [85]. In this particular example below the closely arranged 

sensor array covers an about 7 times bigger area as compared to the conventional 

method. 

 
Figure 113: Comparison of covered area for source location 

The array could also reduce the number of sensors if the structure is relatively small in 

comparison to the critical wave attenuation distance but the shape of the structure can 

not be covered by one triangular array alone (for instance rectangular shaped specimen, 

see chapter 7). 

Easier installation 

The close set-up of this array simplifies the wiring of the system. The triangular sensor 

array could be preinstalled in one housing and then be mounted onto the structure as a 

single unit. If a wireless application is desired, this clustering can also make the power 

supply and signal transmission easier. In addition the small footprint of the array could 

simplify the installation on structures which are hard to access. 
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Simple event recognition 

Since the sensors are so close together, all three sensors are likely to pick up a very 

similar signal. If the sensors are far apart, the signal changes due to attenuation, 

reflections and separation of wave modes. In most cases it was possible to identify 

corrupted modal analysis by comparing the results of all three sensors. If one arrival 

time varies significantly from those of the other sensors it is very likely that the source 

location will be wrong and the signal should be reassessed manually. Furthermore it is 

possible in structures with high AE activity that the order in which the events arrive at 

each sensor in a widely spread array varies due to different travel times and if signals 

are emitted from different locations in a short time. It is then more likely that the system 

fails to identify the same event in the different sensor signals.  

Self diagnostic 

Since the sensors are in such a close array, all three sensors should pick up the same 

events. If one sensor (repeatedly) fails to pick up a signal it is likely that there is a 

problem with the sensor or sensor coupling. With other arrays it has to be evaluated if 

the signal could not been picked up due to attenuation. 

Reduction of edge reflection effects 

If a sensor is installed too close to the specimen edge, the reflected wave from the edge 

can interfere with the wave which took the direct path to the sensor. Source location can 

be corrupted when wave features are hidden or altered due to overlapping wave packets 

[83]. This method allows the installation of the array in the middle of the specimen or at 

least in a distance from the specimen edge. 

 
Figure 114: Array application 

A large number of engineering applications consist of panels which are fixed by for 

instance bolts, rivets or glue around or near the edge of the specimen. In many cases, 
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fatigue damage would initiate at these joints. If source location outside of the sensor 

array is not possible or limited, a comprehensive evaluation of the damage initiation and 

development can be compromised by this limitation. A source location method, which is 

able to locate damage outside of the array in comparison, could be installed in the centre 

point of the panel and the output would point to the AE source, for instance a bolt 

(Figure 114). 

8.2 Potential Application of the Sensor Array 

The here presented source location method and sensor configuration could be used for 

any thin composite or aluminium aircraft structure in particular wing skin and fuselage 

sections. The system could monitor the two major threats for these structures; impact damage 

and stiffener debonding. Lamb waves can follow the structure through bends and would 

therefore allow the use of an AE system installed near the leading edge of the wing which is 

in particular prone to impact damage. The system would benefit from the potential weight and 

cost saving due to a reduced sensor number and easier wiring. The unique small sized array 

would also simplify subsequent installation of an AE system on older aircrafts. 

Other than the here discussed aircraft applications, the array could also be used for SHM 

systems in wind turbine blades or thin walled pressure vessels. Furthermore it is believed that 

NDT applications would in particular benefit from this array configuration since mounting 

and dismounting as well as the whole installation process would be simpler and quicker. It is 

known from many NDT applications that the installation of the system and de-installation 

afterwards can consume more time than the actual test itself for conventional widely spaced 

sensor arrays. 

The actual wave propagation pattern in anisotropic materials varies significantly with for 

instance different fibre lay-ups and has an impact on the accuracy of most source location 

methods. The algorithm has been tested for isotropic material and anisotropic materials with a 

symmetrical fibre lay-up in 0°/90° direction. Since the small sensor array size causes a similar 

wave path from the source to each sensor, the algorithm can be easily adapted to different 

wave propagation pattern just by changing the wave velocities. The formula presented earlier 

to determine the actual S0 mode velocity depending on the source-sensor direction is shown 

again below but the factor 4 which has been used for the composite material is replaced by x.  
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The factor x and the minimum and maximum measured S0 mode velocity can be changed 

for different materials. The three most common wave propagation patterns are shown in the 

Table 6, where the first represents a symmetrical fibre reinforced composite with a 0°/90° 

fibre lay-up, the second represents an asymmetrical fibre lay-up of unidirectional fibre 

reinforced composite and the last example shows an isotropic material. Obviously, the 

accuracy of the source location method depends on how well this formula represents the 

actual wave propagation pattern of the material to be investigated. This can only be evaluated 

by measuring the actual wave mode velocities in different directions and comparison with the 

theoretical pattern shown in the table below. 

Table 6: S0 mode velocity pattern 

 Factor x Smax Smin 

 

4 Smax Smin 

 

2 Smax Smin 

 

(any) Smax = Smin 

 

The mode arrival measurement is probably the Achilles’ heel of this method. Therefore 

the method should be used when the AE type is known to generate both modes in a 

measurable manner. Although the method has been tested successfully for fibre breakage, 

modal analysis was more reliable for delamination and other out of plane sources when using 

the automated mode measurement tool. The method is unsuitable for continuous Acoustic 

Emission. 
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8.3 Error Discussion  

The distance from stringer to stringer in an aircraft wing varies depending on the location 

in the wing. It was reported by Hajzargerbashi et al. [73] that stiffeners attached to a plate had 

only a small and negligible effect on the time of flight from the source to different sensors. 

The error could not clearly be separated from other errors related to the time of flight 

measurement itself. A second stringer between the debonding stringer and the sensor array 

would therefore not affect the source location significantly. Nevertheless the real effect on the 

wave propagation should be tested when the specific configuration of the structure to be 

monitored is known. This should also address the effect of wave attenuation due to the 

stringer. 

The effect of changing structure thicknesses has not been investigated. In composites 

fibre layers can be added to address the changing strength and stiffness demands at different 

parts of the structure. For example the thickness of composite wing skins gradually increases 

from the wing tip to the wing root. Thickness changes do not only affect the attenuation of the 

signal (energy spreading) but also the wave velocity of shear waves (A0 mode). If the 

thickness changes are relatively small across the area to be monitored, it is expected that the 

affect can be neglected because velocity changes are expected to be small as well. Also when 

the source-to-array distance is relatively long compared to the sensor spacing, all wave signals 

at the different sensors should have experienced similar velocity changes. The algorithm 

would still be able to determine the correct direction to the source. The distance error could be 

minimised by taking the average velocity, by incorporating the velocity changes at different 

directions into the algorithm or by using training data (mapping). All integrated composite 

designs are potentially even more challenging when different fibre layer are separating to 

form for instance stiffeners and then join back together afterwards. 

8.3.1 Theoretical time of flight value source location 

The results presented in chapter 4 for an isotropic aluminium specimen showed a good 

correlation with the actual source location although a number of events showed a relatively 

large location error. The error source is not always unambiguously identified. A source 

location test was conducted with theoretical time of flight values to identify possible 

systematic error in the used source location algorithm and the influence of the actual modal 

analysis. The test should also show the theoretical accuracy of the method. 
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Theoretical time-of-flight values were calculated from each grid point to all three sensors 

and both wave modes respectively. Therefore the shortest distance between the grid points (= 

source location) and each sensor was calculated. The value was then divided by the A0 and S0 

wave mode velocity respectively to determine the theoretical time of flight. All ΔTA0 values 

(Figure 115) and wave mode separations (Figure 116) were calculated from these flight times 

and used as input for the source location algorithm. As in previous test on the aluminium 

specimen, the mode velocities were S0 = 5.08 mm/μs and A0 = 3.02 mm/μs and the sensor 

spacing was 45 mm. 

 
Figure 115: Theoretical A0 arrival delay (DeltaTA0) 

 
Figure 116: Theoretical wave mode separation 

This test assumes perfectly isotropic wave propagation and a precise wave mode velocity 

determination prior the test. Furthermore the position of the sensor and the AE source were 

very accurate. The sensor diameter is assumed to be very small so that signal averaging over 

the sensor diameter does not exist and since the arrival times were determined theoretically, 

the actual event recording and modal analysis did not affect the source location result. 
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The time of arrival was calculated to an accuracy of 0.1 μs which is equal to a sampling 

rate of 10 MS/s. The results are plotted in Figure 117. The calculated locations correspond to 

the actual AE source locations. The standard deviation for all events outside of the array was 

2.1 mm whereas the biggest error outside of the array was found to be 8.3 mm. 

 
Figure 117: Source location results with theoretical mode arrival values (10MS/s) 

 The event located in the centre of the sensor array shows the biggest source location 

error. This is due to the wave mode separation. All three sensors measure a mode separation 

correspondent to the actual sensors to source distance respectively; in this case 26 mm. The 

algorithm averages the distance of all sensors to determine the distance relatively to the centre 

point, which is then 26 mm. 

The systematic error of the algorithm can best be explained with two event groups. The 

first is all events generated at 0 mm x-direction. The angles to all these events were calculated 

with sensors pair 2-3, since this pair is located perpendicular to these events. The angular 

error was 0° for all events and hence the error in x-direction was 0 mm, too. The error in y-

direction varies from 4 mm close to the array to 0.5 mm at the biggest distance to the array. 



 

CHAPTER 8. Discussion 

Dirk Aljets  144 

PhD Thesis 

The error was entirely caused by the distance averaging of all three sensors. The other events 

group are all events outside of the array at 0 mm in y-direction. All calculated event on this 

line show an offset in negative y-direction. All angles of these events were calculated with 

sensor pair 1-2 or 1-3 (sensor pair closest of being perpendicular to the event location). The 

angle is calculated relative to the centre point of the sensor pair which has a slight offset to the 

actual centre point of the array (see Figure 31). The error for these events is further increased 

by the averaging error of the sensor-to-source distance. 

The distance from the array centre point to the source is calculated by averaging the 

evaluated distance for all three sensors which leads to a small error compared to the actual 

distance. The theoretical error versus distance is calculated and plotted in Figure 118 for all 

grid points in all directions from the sensor array.  

 
Figure 118: Error due to averaging sensor to source distance 

The greatest error is right in the centre point of the array where the distance to the sensors 

is about 26 mm for an array with a sensor spacing of 45 mm. The error rapidly decreases with 

distance. The error is below 1.8 mm for sources more than 100 mm away from the centre 

point and decreases below 1 mm for distances over 170 mm. This error could be compensated 

to improve the source location, but it is thought that, especially for longer distances where the 

error is already below 1 mm, this can be neglected. In comparison, the Standard Deviation of 

the wave mode separation measurements for HN-sources at the same location was about 4μs 

which is corresponded to an error of ±10 mm (the standard deviation was calculated for every 

grid point of all three data sets from the test on the composite plate using the wave separation 

measured by the automated wave mode detection tool). Also it was shown in previous tests on 
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the composite and aluminium specimen that the location of sources occurring very close or 

even inside the array can not be pinpointed more accurately when the distance between source 

and sensor was too short to develop a measurable wave mode separation (both modes arrive at 

the same time: separation = 0 μs). 

 
Figure 119: Angular error 

The angular error is shown in Figure 119. It can be seen that the error for the calculated 

angle between array and source is also angle dependent. As already shown in Figure 40 on 

page 70, the inverse cosine trigonometric function (cos
-1

) is more sensitive to Δt changes 

when the sensor pair is orientated in a right angle to the source. Therefore the error was 

almost zero at 30°, 210° (calculated with sensor pair 1-2), 90°, 270° (sensor pair 2-3) and 

150°, 330° (sensor pair 1-3). The error function can be described by –cos(3α). As explained 

earlier the biggest angular error was found at 0° and 180° due to the discrepancy between 

array centre point and sensor pair centre point. The error rapidly increases if the source is very 

close to the sensor. Nevertheless this error can be neglected since the wave mode separation 

for these events would not be detectable and hence the source location would be calculated to 

be at the centre of the sensor array. 

The biggest systematically angular error was found in areas where the sensor pairs used 

for the calculation are changing. This is at 0°, 60°, 120°, 180°, 240° and 300°. The systematic 

angular error in these areas was up to ±3.6° 



 

CHAPTER 8. Discussion 

Dirk Aljets  146 

PhD Thesis 

 
Figure 120: Theoretical source location results with a ToA accuracy of 1μs 

The theoretical source location has been repeated but this time with at wave mode arrival 

accuracy of 1 μs which corresponds to a sampling rate of 1 MS/s if no other error affects the 

measurement. The result is shown in Figure 120. An increased source location error as 

compared to earlier result was noticeable. The standard deviation was now 5.1 mm and the 

maximum error outside of the array was 20.9 mm. This result demonstrates how measurement 

errors can affect the accuracy of the method. 

The error map for this accuracy (1μs) is printed below. This shows the systematically 

source location error which is caused by distance averaging, angle calculation and also the 

controlled measuring uncertainty. 
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Figure 121: Error map 

It should be pointed out that this error is only due to the calculation and averaging 

process as well as the measurement accuracy but does not include errors occurring due to 

signal averaging over the sensor, mode arrival determination, signal variations or other 

influences. These can further influence the result. Non systematically errors such as 

measuring uncertainties affects the result more randomly and could change the result to the 

worse but could also improve some results by chance. 

8.4 Outlook and Future Work  

The novel source location method has been tested on different materials and damage 

scenarios. To complete the validation process, tests on real aircraft structures would be useful. 

Major airframe fatigue tests or destructive tests on for instance the wing would be ideal for 

this task, since these tests are conducted in a controlled environment and damage is likely to 

occur at some point which can be evaluated with other NDT techniques for comparison. 

Furthermore the method should be tested on more complex structures with changing wall 

thicknesses and complex shapes. This would help understanding the limitations of this method 

more clearly and could lead to a modified algorithm which improves the source location in 

these structures. Modifications could for example address changing wave velocities or guided 

wave paths due to changing material lay-ups and acoustic obstacles such as holes. 
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Due to the huge variety of aircraft structures with different sizes and complexities it is 

likely that an Acoustic Emission SHM system would use different sensor arrangements and 

source location methods to achieve a good coverage but minimise the number of sensor to 

keep costs, weight and complexity of the system down. Before a SHM system can be 

developed to suit a particular aircraft, monitoring points must be identified which are 

considered important for the aircraft integrity, are potential fatigue damage initiating points or 

have a higher risk of being damaged by impact damage. For each structural part a suitable 

sensor arrangement must be found to safeguard a reliable health monitoring. For instance 

small parts could be monitored by a single sensor (first hit method), very complex structures 

could be monitored using a widely spaced array, where as large wing or fuselage skins 

sections, fuel tanks or the wing box could be monitored by the here presented source location 

method. 

Today’s state of the art has advanced to a point where Acoustic Emission SHM systems 

are able to locate damage with high accuracy and down time due to aircraft maintenance 

could be reduced. Nevertheless advanced Structural Health Monitoring systems for composite 

structures should not only locate propagation damage but also identify the damage type. If the 

source location is evaluated to a satisfactory degree, future research should focus on damage 

type recognition. A number of promising research results were presented in recent years 

[59,60]. Nevertheless the majority of all tests were conducted under lab conditions and more 

tests have to be performed on real structures under realistic flight conditions to prove the 

reliability of these approaches. 

Future developments are hard to be foreseen. A significant impact on Structural Health 

Monitoring with Acoustic Emission could have the development of Fibre Bragg grating 

sensors for serial production. Fibre Bragg sensors are optical fibres with Bragg elements at 

certain distances which reflects a certain wavelength of a broadband light source. Every 

element reflects another wavelength. Therefore one fibre can incorporate a large number of 

sensors. A phase shift of the reflected light can be measured when the element is oscillating, 

for example due to AE. These sensors could be imbedded within the fibre lay-up and the 

sensor density could be increased without increasing the weight of the system or the necessity 

of additional energy supplies for the sensors. These sensors could have the potential to replace 

conventional sensors, such as those used for this thesis, in SHM application to some extent. 

Nevertheless they are very fragile and therefore not suitable for most NDT application. 
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8.5 Summary of Chapter 8 

This chapter highlights the benefits of the here presented source location method. Also 

the limitations are pointed out. The benefits of this method are summarised as followed: small 

footprint, potential of sensor reduction, source location outside of array, weight saving and 

faster installation. 

 Potential applications not only for the aircraft industry and SHM applications were 

suggested and also the accuracy of the method was discussed in detail where all systematic 

errors were highlighted and explained. In the end a brief outlook on future research tasks and 

developments was given. 
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CHAPTER 9. Conclusions 

In this thesis a novel source location has been introduced. The literature review 

highlighted the importance of accurate source location of Acoustic Emission based Non-

destructive Testing (NDT) and Structural Health Monitoring (SHM). The theory of wave 

propagation in anisotropic materials and its effects on source location is discussed.  

Two different source location methods have been developed using the same sensor 

arrangement. The method uses an array of three sensors in a triangular arrangement with a 

sensor to sensor spacing of just 45 mm. AE events can be located outside and inside of the 

array. The first method compares the arrival time of the A0 mode and the wave mode 

separation at each sensor with those of previously recorded training data. The point of best 

match is allocated as the source location. The second approach calculates the position of the 

wave origin using the wave mode arrival information and mode velocities. The coordinates of 

the AE source are then expressed relative to the centre point of the sensor array. 

A comprehensive study has been conducted to verify both methods on a large composite 

plate using artificial AE by a HN-source. During this study the mode and direction depended 

attenuation in the used specimen has been investigated and discussed.  These factors have a 

major impact on the performance of any source location method and have to be considered to 

guarantee the coverage of the whole structure. 

The numerical source location method was found to be more effective and easier to apply 

as compared to the best match approach due to higher accuracy and the fact that no training is 

necessary. This method was then successfully applied to locate actual damage in composite 

structures. This validation test confirmed the suitability of this method for NDT or SHM 

purposes. 

The unique sensor arrangement with a small footprint is believed to be beneficial for a 

number of AE applications. If the three sensor array is pre-installed in one housing, 

installation time could be reduced and power supply and signal transmission are simplified 

especially for wireless applications or for subsequent mounting on older aircraft. The fact that 

the algorithm monitors the area outside of the array suits applications where the damage 

initiation is likely to be near the edge of the panel. The method could potentially reduce the 

sensor number if a larger area is monitored and therefore reduce system weight and overall 

computational processing power. 
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In this thesis the systematic calculation error has also been investigated. The result of 

which could be used to further increase the source location accuracy. Nevertheless the biggest 

influence on the source location accuracy was found to be the mode arrival measurement. 

Every AE signal is different which makes the threshold setting for arrival measurement 

problematic. An automated mode arrival measuring tool has been developed and been 

successfully used for the majority of all events. The method used the Gabor transform to 

extract a narrow frequency band for modal analysis. The best results were achieved using two 

separate frequency bands to detect the S0 and A0 mode arrival respectively. For the here 

presented material and test set-up a frequency band around 100 kHz was used for the A0 mode 

arrival and another band around 300 kHz for the S0 mode arrival. The actual mode arrival 

time was measured by a threshold trigger and the first peak after the first threshold crossing 

was said to be the mode arrival. The peak detection lowers the influence of the actual 

threshold setting and attenuation of the signal.  

The automation of mode arrival measurements is problematic but at the same time 

unavoidable for an autonomous SHM system or large AE event counts. The here presented 

modal analysis showed relatively good results but other method could also be used to evaluate 

the mode separation and arrival for source location instead. It was also found that the modal 

analysis was mainly affected by the wave attenuation which makes the detection of the 

beginning of the signal problematic. Future developments in signal processing which make 

modal analysis more reliable and increase the accuracy would benefit the accuracy of any 

source location method. 

In comparison to most other source location methods the closely arranged sensor array 

further simplifies the modal analysis since the sensor signals are similar and changes in 

expected mode arrivals and separations are well defined. The source location algorithm could 

be extended to identify faulty modal analysis results by comparing the results of all three 

sensors. The events identified as not trustworthy could then be ignored if a high number of 

valid events were recorded or these events could then be investigated manually. 
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APPENDIX A: Sensor calibration graph 

 

 

 

APPENDIX B:  Scilab files 

Filter 

Filename=’d:\Tests\RawData\Test1.txt’;  //File path; Data stored in text file 

Channels=3;     //Number of Channels 

Data=read (Filename,-1,3);   //each column is one Channel 

 

hz=iir(8,'bp','butt',[.02 .2],[]);  //FILTER (band pass, Butterworth, 100-1000kHz at 5MS/s) 

 

for n= 1:Channels,    

CH = Data(:,n);      //extracting one Channel 

   P=flts(CH',hz);  //Filter 

P=P'; 

Filtered(:,n) = P; //writing in matrix (column = Channel) 

end; 

      

New_File=’d:\Tests\FilteredData\Test1.txt’; 

fprintfMat(New_File,Filtered,'%f');   // Writing to file 
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Source Location (with example input data): 

//////////////////////////////// INPUT (Example)////////////////////////////////////////// 

 

So0=5.8; So45=4.8;   //S0 Group velocities dependent on fibre orientation (0°,45°) [mm/μs] 

Ao=1.68;             //A0 Group velocities [mm/μs] 

D=45;                //Sensor-to-sensor distance [mm] 

 

t1=83.6; //Ao arrival time at Sensor 1 [μs] 

t2=100.8; //Ao arrival time at Sensor 2 [μs] 

t3=111.0; //Ao arrival time at Sensor 3 [μs] 

 

Sep1=83.6; //Wave mode separation (A0-S0) at Sensor 1 [μs] 

Sep2=95.3; //Wave mode separation (A0-S0) at Sensor 2 [μs] 

Sep3=102.9; //Wave mode separation (A0-S0) at Sensor 3 [μs] 

 

///////////////////////////// CALCULATION ////////////////////////////////////////////// 

 

T=D/Ao; //Maximal time between two Sensors 

FirstHit = find([t1 t2 t3]==min([t1 t2 t3]));  //Find first hit sensor 

 

dt12 = t2-t1; //ΔtA0 for Sensor 1-2 

dt13 = t3-t1;  //ΔtA0 for Sensor 1-3 

dt23 = t3-t2;  //ΔtA0 for Sensor 2-3 

 

t = [abs(dt12) abs(dt13) abs(dt23)]; 

dTmin = find(t==min(t));              //Find sensor pair with smallest ΔtA0 

 

if (dTmin ==1) then                    //Calculates angle 

    Wa = acosd(dt12/T)+120; 

    Wb = (360-acosd(dt12/T))+120; 

  elseif (dTmin ==2) then 

    Wa = acosd(dt13/T)+60; 

    Wb = (360-acosd(dt13/T))+60; 

  else 

    Wa = acosd(dt23/T); 

    Wb = 360-acosd(dt23/T); 

end; 

 

if Wa>=360 then 

  Wa=Wa-360;  

end; 

if Wb>=360 then 

  Wb=Wb-360;  

end; 

  

W = [Wa Wb];  //Two possible solutions of direction 

 

if (FirstHit==1) then //Discards solution which is not in search area (FirstHit) 

    Angle =W(find(W>25 & W<155)) //Search area slightly overlapping due to uncertainties 

 elseif (FirstHit ==2) then 

     Angle =W(find(W>265 | W<35)) 

 else 

     Angle =W(find(W>145 & W<275)) 

end; 

 

So= (cosd(Angle *4))*((So0-So45)/2)+So45+((So0-So45)/2);  //Actual wave velocity 

D1=(Sep1/(1/Ao-1/So));   //Calculates sensor-source distance for all three sensors 

D2=(Sep2/(1/Ao-1/So)); 

D3=(Sep3/(1/Ao-1/So)); 

Distance = (D1+D2+D3)/3 //Distance to Source from array centre point 

     

X=cosd(Angle)*Distance  //X coordinate of Source from array centre point 

Y=sind(Angle)*Distance  //Y coordinate of Source from array centre point 

 

/////////////////////////////// END ///////////////////////////////////////////////////// 
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Tobias Source Location algorithm (with example input data): 

//AE source location method by A.Tobias, NDT, 1976 

//Source location for isotropic materials using a three sensor array 

 

Sx1=-275; Sy1=550;  //Position of Sensor 1 [mm] 

Sx2=325; Sy2=0;     //Position of Sensor 2 [mm] 

Sx3=-275; Sy3=-550; //Position of Sensor 3 [mm] 

v=1.68;  //wave velocity [mm/us] 

 

t1=343.75;  //arrival time at sensor 1 [us] 

t2=276.93;  //arrival time at sensor 2 [us] 

t3=226.56;  //arrival time at sensor 3 [us] 

 

////////////////////////////Calculation//////////////////////////////////// 

 

FirstHit=find([t1 t2 t3]==min([t1 t2 t3])); //determines first hit sensor 

if FirstHit==1 then 

  x1=(Sx2-Sx1); y1=(Sy2-Sy1); 

  x2=(Sx3-Sx1); y2=(Sy3-Sy1); 

  g1=(t2-t1)*v; g2=(t3-t1)*v; 

elseif FirstHit==2 then 

  x1=(Sx1-Sx2); y1=(Sy1-Sy2); 

  x2=(Sx3-Sx2); y2=(Sy3-Sy2); 

  g1=(t1-t2)*v; g2=(t3-t2)*v; 

else 

  x1=(Sx1-Sx3); y1=(Sy1-Sy3); 

  x2=(Sx2-Sx3); y2=(Sy2-Sy3); 

  g1=(t1-t3)*v; g2=(t2-t3)*v; 

end; 

 

A1=x1^2+y1^2-g1^2; 

A2=x2^2+y2^2-g2^2; 

u=atand((A1*y2-A2*y1)/(A1*x2-A2*x1)); 

B=((A1*x2-A2-x1)^2+(A1*y2-A2*y1)^2)^0.5; 

P= A2*g1-A1*g2; 

K= P/B; 

if K<-1 then   // Remove ambiguity 

  K=-1; 

elseif K>1 then 

  K=1; 

end; 

 

b=acosd(abs(K)); 

Q=u+b;  //Angle from first hit sensor 

r=A1/(2*(x1*cosd(Q)+y1*sind(Q)+g1));//Radius distance from first hit sensor 

if r<0 then   // Remove ambiguity 

  Q=u-b;   

  r=A1/(2*(x1*cosd(Q)+y1*sind(Q)+g1)); 

end; 

 

Xs=cosd(Q)*r;  //Source location relative to first hit sensor 

Ys=sind(Q)*r; 

 

if FirstHit==1 then    //Source location relative to global coordinates 

  X=Xs+Sx1; Y=Ys+Sy1; 

elseif FirstHit==2 then 

  X=Xs+Sx2; Y=Ys+Sy2; 

else 

  X=Xs+Sx3; Y=Ys+Sy3; 

end; 
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