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Executive summary 

This review is a summary of the aeronautical fatigue and structural integrity 

investigations carried out in the United Kingdom during the period April 2017 to April 

2019. The review has been compiled for presentation at the 36th Conference of the 

International Committee on Aeronautical Fatigue and Structural Integrity (ICAF), to be 

held in Krakow, Poland in June 2019.  

The contributions generously provided by colleagues from within the aerospace 

industry and universities are gratefully acknowledged. The names of contributors and 

their affiliation are shown below the title of each item.   
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1 Introduction 

This review is a summary of the aeronautical fatigue and structural integrity 

investigations carried out in the United Kingdom during the period April 2017 to April 

2019. The review has been compiled for presentation at the 36th Conference of the 

International Committee on Aeronautical Fatigue and Structural Integrity (ICAF), to be 

held in Krakow, Poland in June 2019. 

The contributions generously provided by colleagues from within the aerospace 

industry and universities are gratefully acknowledged. The names of contributors and 

their affiliation are shown below the title of each item. 

The format of the paper is similar to that of recent UK ICAF reviews; the topics 

covered include: 

¶ Non-destructive evaluation 

¶ Developments in structural health and usage monitoring 

¶ Enhancing fatigue performance 

¶ Guidance and fatigue performance of novel manufacturing methods 

¶ Corrosion management and sensing activities 

¶ Developments in fatigue analysis and fracture assessment tools 

References are annotated at the end of each contribution and are self-contained 

within the contribution. Figure and table numbers are also self-contained within the 

contribution. 
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2 Non-destructive evaluation  

2.1 Development of a protocol for model-assisted qualification (MAQ) 

M. Wall, ESR Technology  

2.1.1 Introduction 

The high cost and long duration of experimental Probability Of Detection (POD) trials 

for Non Destructive Testing (NDT) technique qualification has made them impractical. 

Model-assisted Qualification offers a potential cost benefit by replacing certain 

aspects of the POD trials with theoretical models. 

TWI is leading an investigation into development of a new protocol for acceptance of 

new NDT methods. Based on recommendations from the Military Aircraft Structures 

Airworthiness Advisory Group (MASAAG) this work is being carried out in conjunction 

with DSTL who are the project monitors and the University of Bristol who are 

providing aerospace NDT expertise for technical oversight of the project. 

The focus of this work is to create, draft, and demonstrate a protocol for model-

assisted NDT technique validation for military air-domain applications.  Currently in 

the final year of the project, a draft release of the protocol has been developed. 

Figure 1 shows the condensed version.  The protocol approach is primarily being 

demonstrated for ultrasonic inspection for metallic aerospace materials. Human 

factors are also being considered with a view to the final protocol providing guidance 

on human factors for model assisted qualification.  

 

Figure 1: Current MAQ protocol - condensed version - for the air domain. 
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2.1.2 Approach (A specific case study for manual linear scan PAUT) 

The protocol is being applied to the detection of cracks from fastener holes using 

angle-probe ultrasonic inspection, such as manual óswivelô scanning, manual phased 

array sector scan and linear scans with operator-based analysis. 

A specific demonstration of the protocol has been applied to manual linear scan 

Phased Array Ultrasound Testing (PAUT). Response data were available from 

previous trials at QinetiQ on a 73-notch Tornado wing section reference sample with 

EDM notches machined into the back of the first layer at fastener positions. For each 

fastener position, the corresponding rivet hole contained notches of different length 

and skew orientation. A case study was generated following through the steps of the 

protocol. A model was created in the well-established CIVA to represent the 

inspections carried out by QinetiQ on the 73-notch sample. 

Specifically for the manual phased array linear scan, phased array delay laws were 

used to electronically scan along the length of the array in the same manner as was 

used in the experiments. A 64-element probe was modelled with pitch of 1.051mm. 

The probe was mounted on a wedge that was created in CIVA aiming to represent 

the real standoff and dimensions of the wedge that was used in the QinetiQ trials. 

See Figure 2. 

  

Figure 2: CIVA simulation of the probe and wedge to represent the real standoff and 

dimensions of the wedge that was used. 

There were several stages of the modelling, and as it progressed it was found 

necessary to make certain changes to the model as per the protocol steps. The main 

changes were: the method of defining the geometry, the shape of flaws possible, the 

accuracy settings to use, and the manner in which to account for the angles between 

the layers, fastener and flaw. The results from the models of specific fastener 

geometries were compared with the relevant experimental results from the QinetiQ 

trials. The model was validated in the sense of being a valid computational model of 

the physical set-up and inspection process. 

With the model being fit for purpose, the next step, was to set it up with the variable 

parameters being randomly sampled according to probability distributions, and to run 

it as a POD study instead of the deterministic models that had been run (of specific 

notches in the sample). The  POD analysis results could have been used to support 

validation and acceptance of the technique however it was determined that 

significantly more model calculations were required than collected in order to provide 
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a statistically meaningful POD analysis or a POD curve, for example for a range of 

defect sizes. 

2.1.3 Conclusion 

An MAQ model was successfully developed using CIVA for a specific case study 

demonstrating the suitability of the MAQ protocol for the manual linear PAUT 

inspection of cracks in fastener holes in the aluminium layer of the Tornado wing 

section. The model software was verified, and the model then validated against 

experimental peak amplitude data determined by QinetiQ from prior scans of the 73-

notch reference sample. 

The specific case study for manual phased array linear scan presented an 

assessment of the suitability of the current MAQ protocol. The main numbered boxes 

in the condensed MAQ protocol worked well and no changes are suggested. 

However, some refinement is necessary to the sub steps of the protocol in Boxes 5, 6 

and 14. 

2.1.4 Future work 

In the coming months the protocol development will be extended to Full Matrix 

Capture and automated phased-array scanning with automated analysis. With the 

protocol refined for metals the intention is also to extend and demonstrate the 

suitability of the protocol for large-area composite inspection. It is expected that some 

revision to the protocol will be necessary to take account of the considerable 

differences in the material and flaw morphology encountered in damaged 

composites. In order to ensure acceptance of the developed protocol by industry, 

stakeholders and interested bodies have been involved from the outset of the project. 

The project results will be disseminated to a wide range of stakeholders with the 

eventual goal to build a case for creation of a Standard. 
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2.2 Model Assisted Qualification of Non-Destructive Inspections 

A Ballisat, Centre for Modelling & Simulation (CFMS) 

The most common method of qualifying non-destructive inspections currently in use 

is through experimental trials to demonstrate that the technique is capable of 

repeatably finding defects of a given size. This is a costly and time-consuming 

process, requiring several operators and many specimens of realistic defects. The 

latter requirement is especially onerous ï manufacturing realistic defects is 

notoriously difficult and obtaining examples from in-service equipment is often not 

possible. The increase in available desktop computing power coupled with the advent 

of accurate and fast models of inspections presents the opportunity to replace a 

significant proportion of these experimental trials with simulated results. This can 

significantly reduce the time and cost of qualifying an inspection. 

 

The most common metric of inspection capability is the Probability of Detection (PoD) 

and the most common method of calculating this is the â vs a method. This uses a 

plot of the response of the inspection (â) as a function of the parameter of interest (a) 

to perform a linear regression and estimate the PoD. This method however assumes 

a linear relationship between â and a, the response has constant normally distributed 

variance and that the response is not saturated. These restraints can be relaxed if a 

more general integral form of metric calculation is used as follows. Consider the 

parameter space W which describes all possible combinations of all parameters that 

affect the inspection. Any point in this space is described by the vector x. The 

response of the inspection given a set of parameter values is given by the function 

R(x) and the probability of this set of parameter values occurring is given by the 

function P(x). The PoD for a parameter xj equal to some value Ŭ with a decision 

threshold on the response T can be calculated as 
 

ὖέὈὼ 

᷿ ὖὀ Ὠὀ

᷿ ὖὀ Ὠὀ
ȿ

 ȟ 

where 

Ὕὖ Ṓɱȿὼ ȟ Ὑὀ Ὕ Ȣ 

 

This approach can be generalised to any metric by redefining the condition TP to 

cover any decision system. This formulation requires knowledge of all possible 

responses of the inspection. As the number of parameters increases, the volume of 

the parameter space increases and it quickly becomes impractical to evaluate R(x) 

throughout W. The use of sampling and interpolation has been shown to accurately 

map R(x) using of the order of hundreds of model evaluations. Latin hypercube 

sampling or sparse grid sampling coupled with an interpolator such as linear, radial 

basis function or multivariate adaptive regression splines, has been demonstrated to 

work well. The use of quantitative sensitivity analysis allows the relative importance of 

parameters to be evaluated, discounting those which have negligible impact on the 

response. In this work, Sobol indices are used which estimates the fraction of the 

total variance of the response that can be attributed to variations in each parameter 

and the interaction between them. This can also be used as a single, unitless metric 

of the reliability of the inspection as it incorporates information about the PoD and the 
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probability of false alarm (PFA), thus acting as a useful metric to compare disparate 

inspections. As this process requires knowledge of every possible outcome of the 

inspection, optimisation of the inspection becomes trivial and is a very beneficial by-

product of this method. 

 

These tools are best demonstrated on a canonical inspection in the aerospace 

domain, the inspection of cracks emanating from fastener holes in an aircraft wing 

skin, as shown in Fig. 1. This was modelled using Pogo FEA, an explicit time domain 

finite element code that uses GPUs for acceleration. Using the sampling and 

interpolation algorithm, a complete response map was constructed with a mean 

predictive error of less than 4%. This allows the metrics such as PoD and PFA to be 

calculated with a definition of the probability function. The sensitivity indices are 

summarised in Fig. 2 which shows that the position and rotation of the probe, the 

human factors of the inspection, are the dominant factors and that the parameter of 

interest, the crack length, has very little impact on the response. This shows that this 

inspection is very poor for inspecting fastener holes as it is very insensitive to the 

parameter of interest. This process required of the order of weeks to complete 

including model evaluation time which is a significant improvement on experiment-

based qualification. 

 

This methodology is being developed into a usable protocol for model-based 

qualification of inspections. This should allow these methods to become more widely 

used in industry, allowing novel techniques to be introduced into service faster and 

with reduced cost. Future work is applying these techniques to corrosion monitoring 

and investigating ways of encapsulating the information generated in these 

processes into a knowledgebase to aid future design and maintenance. 

 

 

Figure 1: Diagram of the inspection of cracks emanating from a fastener hole in a wing skin. 
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Figure 2: The sensitivity indices for the parameters of the inspection. The first order effect is a 

parameterôs direct contribution to the variance of the response, the total index includes all 

interaction with other parameters.  
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2.3 Non-Contact Quantitative Delamination Assessment using Scanning Laser 
Vibrometery and Wavenumber Analysis 

F. Purcell, M. Eaton, M. Pearson and R. Pullin, Cardiff University 

2.3.1 Introduction 

The challenges surrounding quickly and effectively detecting damage in composite 

structures are ever present. While techniques such as C-scan and phased array 

ultrasonic testing provide a good ability to resolve and quantify damage such as 

delamination they face challenges when inspection of large areas or complex 

geometries is required. Manually driving an ultrasonic probe over a surface requires 

time and a trained user. Complex geometries also call on flexible or custom probes to 

make good contact with the structure, further complicating the process. While the 

development of other NDT techniques such as thermal pulse tomography and 

acousto-ultrasonics have shown promise, none offer quantitative results to spatial 

and depth resolution on the required scale.  

As guided ultrasonic waves travel through plate like structures their wavelength can 

be related to the frequency of the wave, material properties, wave mode and 

thickness. In these structures, damage such as a delamination or a disbond of a 

stiffner can be thought of as an effective thickness change. By pulsing a single 

frequency signal into a complex structure, the resulting ultrasonic waves can be 

captured using a laser vibrometer (LV). The captured data, which is analogous to a 

video of a wave passing through the structure can then be interrogated to identify 

changes in wavelength signifying changes in part thickness [1ï3]. 

2.3.2 Experimental Procedure  

To further the ability to detect damage a new approach is proposed of using mode 

filters in the frequency and wavenumber domain. For this technique to be used on 

structures of greater geometric complexity a 3D Scanning Laser Vibrometer (3DSLV) 

was used. To reduce scan time, improve signal to noise ratio and ensure a broad 

range of thicknesses were excited by a steady state frequency modulated signal 

ranging from 200kHz to 600kHz. A phantom was created out of 3mm thick aluminium 

plate with three thickness changes on the rear face of the plate as shown in Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: (a) scan surface and driving PZT sensor (b) Back face of test specimen with thinning 
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A lead zirconate titanate (PZT) based acoustic sensor was attached to the plate and 

a guided ultrasonic wave was excited. Using a 3DSLV the response to the excitation 

signal was then recorded at a number of spatial sampling points separated by 1mm.  

2.3.3 Results and Discussion 

As wavelength changes with frequency for the same thickness with in a given 

material filtering by wavelength would no longer give an estimation on thickness. As 

such a mode-based filter is proposed. Using Rayleigh-Lamb equations, which 

describe the relationship between plate thickness, wavelength, frequency, and 

material properties, a filter can be devised in the temporal and spatial frequency 

domain to filter the data to a specific mode and thickness. Filters were calculated at 

different thicknesses and applied to the data in the frequency domain. Using 

Monogenic signal analysis, it was then possible to determine the instantaneous 

amplitude at each measurement point after filtering to a specific mode. The thickness 

of the filter which maximised this gave the most likely thickness at each point. A 

thickness map for the test specimen is shown in Figure 2. The location of the 

thickness reductions are outlined with dashed lines. 

 

 
Figure 2: Thickness map based on mode filtering 

 

The use of a 3DSLV allows this work to be expanded to more complex geometries. 

This approach has been demonstrated in an aluminium structure but can be applied 

to composite aerospace plate like panels. Such an approach would allow a rapid 

inspection of large-scale structures, such as wings or fuselage panels, identifying any 

areas of delamination or disbond, reducing inspection times and expense whilst 

improving safety.  

 

References: 

 

[1] E. B. Flynn, J. Lee, G. Jarmer, and G. Park, ñFrequency-wavenumber 

processing of laser-excited guided waves for imaging structural features and 

defects,ò 6th Eur. Work. Struct. Heal. Monit., pp. 1ï8, 2012. 

[2] P. D. Juarez and C. A. C. Leckey, ñMulti-frequency local wavenumber analysis 

and ply correlation of delamination damage,ò Ultrasonics, vol. 62, pp. 56ï65, 

2015. 
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3 Developments in structural health and usage monitoring 

3.1 The development of a practical wireless sensor based aircraft structural health 
monitoring system 

S. Grigg, R. Pullin & C. Featherston, Cardiff University 

 

SENTIENT was an Innovate UK project with a consortium of eight companies 

involved, Cardiff University, the University of Exeter, HW Communications, Airbus, 

BAE Systems, TWI, NEDEAS and Ultra Electronics, each working on a certain 

element of the project. The aim of SENTIENT was to develop a low power wireless 

system capable of detecting fatigue damage growth in aircraft structures through the 

monitoring of Acoustic Emission.  

Impact and fatigue amongst other mechanisms have the potential to cause the 

initiation and growth of damage during an aircraft structuresô life. When this occurs 

energy is released in the form of ultrasonic stress waves, known as Acoustic 

Emission (AE). These waves propagate within the boundaries of the structure and 

can be detected using piezoelectric sensors (PZTôs). The detection of these waves 

indicates the potential presence of this damage. Combining a number of these 

sensors in a time correlated network allows the localisation of the source of these 

waves through time of arrival based localisation. A large number of events coming 

from the same point is an indication that damage is growing in that area. In a low 

power system such as that being developed for SENTIENT however, accurate time 

correlation between sensors cannot be achieved, due to limitations in wireless clocks. 

A new approach has therefore been taken in which three sensors in a small triangular 

array which allows them to be connected to the same sensor node without excessive 

wiring. This triangle is able to approximate the angle of arrival of the incoming wave 

using trigonometry. The distance the wave has travelled can be found by using 

analogue frequency filtering to remove the high frequency component (S0 mode) 

leaving only the lower frequency, and slower, A0 mode. The difference in the arrival 

of these two modes is used with the known velocities to predict the distance. The 

developed hardware and sensor array are shown in Figure 1. A number of iterations 

of hardware were developed to do this and the final system consisted included data 

acquisition, analysis and RF comms. The power during operation was around 17mW 

whilst waiting for events and 40mW when transmitting data. A sleep mode of 0.33mW 

was also achieved. 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 1: Wireless sensor and Nano-30 sensors on composite panel 
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This approach was tested with artificial fracture sources using the industry standard 

Hsu-Nielson (H-N) pencil lead breaks which replicate an AE wave originating from a 

fatigue crack. These tests were performed on a range of aluminium and composite 

structures of increasing complexity including A320 and A350 wings. A regular 100mm 

grid was drawn each the structure and five H-N sources created at each point. The 

waves were recorded using three Nano-30 sensors bonded 75mm apart and 

connected to the wireless sensor node which processed the received data and send 

the predicted location wirelessly to a laptop. The predicted error was then compared 

to the actual location and the error between the locations two found. Figure 1 shows 

the average errors for such a test on 900x900x3mm 16 ply quasi-isotropic composite 

panel with four óLô stiffeners bonded to its surface.  

 

 

 
 

Figure 2 ï Average error map of H-N testing on a complex quasi-isotropic composite pane. 

Sensors indicated by red marks and stiffeners outlined in red. 

 

The results in Figure 2 are representative of the accuracy seen in the testing on the 

other panels and aircraft structures tested on. The testing highlights the presence of 

some significant errors however improvements can be made with further 

enhancements and refinement in hardware, a number of which have been identified. 

The results presented are precise, with a high level of repeatability which would allow 

maintenance engineers to target inspection areas effectively and efficiently.  

 

For more information regarding the results of the SENTIENT project please see the 

thesis of S. Grigg entitled óDevelopment of a Wireless Structural Health Monitoring 

System for Aerospace Applicationô. 
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3.2 Structural HEalth Monitoring, Manufacturing and Repair Technologies for Life 
Management Of Composite Fuselage (SHERLOC) 

F. Aliabadi, Imperial College London 

 

SHERLOC is a core-partnership 7 year (2015-2022) project 10Mú funded by 

Cleansky II, ITD Airframe coordinated by Prof. Ferri M H Aliabadi involving 7 partners 

(Imperial College, Hellenic Aerospace Industry SA, Universidad Politécnica Madrid, 

Vrije Universiteit Brussel, Barcelona Supercomputing Centre, University of Sheffield, 

Element and FIDAMC). The main four objectives of the project SHERLOC are: 

 

The design, manufacture and test of composite structures, following a building block 

approach, and of structures with bonded repairs which are equipped with a set of 

dedicated SHM sensors giving reliable information on the health of the structure. 

The achievement of this objective is to be assessed by comparison of SHM damage 

detection with that detected by other well-established NDE techniques and the 

evidence of destructive examinations across the full range of the testing to be 

conducted in the building block approach. 

 

The development of advanced technical capabilities for making the integration of 

sensors in modern composite structures practical and efficient so as to facilitate 

industrialization and certification. This will be achieved by means of optimization of 

sensor selection and positioning and by the development and evaluation of 

techniques for sensor placement during component manufacture. The 

achievement of this objective is to be measured by conducting a detailed cost 

assessment of the additional manufacturing costs associated with sensor integration 

including all aspects of the certification process. Sensor integration costs will be an 

important component in the full assessment of operative costs of the SHM-equipped 

aircraft.  

 

The development of a methodology that comprises of advanced large scale modelling 

tools, validated by structural testing, which use/process the sensor signals to predict 

the residual strength of a damaged structure at the fuselage scale of a regional 

aircraft. The achievement of this objective is to be assessed by evaluating the 

accuracy of predictions of these modelling tools through comparison with the 

experimental results of mechanical/structural testing across the full range of the 

planned building-block test programme. The verification will not only consider residual 

strength but also the damage mode and its progression during the failure process. 

 

The development and experimental validation of a probabilistic method to propose a 

robust design that leads to reduction of maintenance costs during service life 

and overall component cost. The achievement of this objective is to be assessed 

using the full operative cost model to simulate a range of damage event scenarios for 

varying fleet sizes of SHM-equipped aircraft using the developed condition based 

maintenance approach. These operative costs will then be compared to the operative 

costs of current non-SHM composite aircraft using planned inspection intervals. 
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Figure 1: SHERLOC Building Block approach for SHM enabled sub-components  
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Figure 2: Laboratory validation of SHM diagnostic layer and wireless Passive sensing unit for 

Impact detection.  
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3.3 Rotary-wing aircraft structural usage validation  

B.H.E. Perrett1 and S.C.Reed2, 1Helisac, 2Dstl 

The aim of this programme is to describe the usage of helicopters for comparison 

with Design Usage Spectra (DUS), primarily utilising a Flight Condition Recognition 

(FCR) approach.  The aim is to use this method for Statement of Operating Intent and 

Usage (SOIU) validation and to cover the vast majority of an Operational Data 

Recording (ODR) requirement, as detailed in Military Aviation Authority Regulatory 

Article 5720 ï Structural Integrity Management [1] and Military Aircraft Structural 

Airworthiness Advisory Group Paper 120 ï Operational Data Recording [2].  

3.3.1 Wildcat 

The main body of the work has been undertaken by Helisac in a collaborative 

programme with Leonardo Helicopters (LH) (formerly AgustaWestland), the Lynx-

Wildcat MOD Delivery Team and 1710 Naval Air Squadron.  Parametric data from the 

Health and Usage Monitoring System (HUMS)/ Flight Data Recorder (FDR), fitted to 

the Wildcat Flight Load Survey (FLS) aircraft and the entire service fleet, have been 

used to describe the flight conditions contained within the Wildcat (Figure 1) Design 

Usage Spectra (DUS).   

 

Figure 1:  Wildcat helicopter (© Lee Howard) 

Refinement of the Flight Condition Recognition (FCR) algorithms (example plot at 

Figure 2) has been undertaken in collaboration with LH, using their definitions of the 

entry and exit criteria for flight conditions.  A programme to use this approach to 

validate in-service usage of the fleet, by converting the SOI into an SOIU is 

underway.  Over 2000 flying hours of in-service data from across all aircraft in the 

fleet has been input into the programme and these data have been compared with 

the DUS.    
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Figure 2:  Wildcat example flight condition ï transition to forward flight 

3.3.2 Puma 

A similar approach is being run in parallel on the Puma Mk2 (Figure 3) fleet, in 

collaboration with the MOD Puma 2 Delivery Team and Airbus Helicopters (AH).   

 

Figure 3:  Puma helicopter (© UK Crown Copyright, Image by Cpl Connor Payne) 

3.3.3 Dauphin N2 

In addition, a collaborative programme has been completed by Dstl to validate the 

structural, using a FCR approach, on several of the MOD Special Projects helicopter 

fleets.   


































































































