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Introduction
The approach currently used in aeronautics for the dimensioning of structures and the
definition of their maintainability considers that a defect exists from the beginning of the life of
an aircraft. The size of this initial defect must be minimized to not penalize the aircraft
structure weight. Critical defects are detected using NDT (Non-Destructive Testing) methods
throughout the entire life of the aircraft (from the production phase to the end of its life in
service). The reliability of these NDT methods is therefore a very important element in the
safety process.
The detectability reliability of these critical defects must be demonstrated to the airworthiness
authorities (i.e. FAA, EASA) through statistical studies called PoD (Probability of Detection)
curves. The realization of PoD studies is governed by various normative documents [1]
produced by the Airbus engineering NDT department for every specific structural component.
In order to have a sufficient statistical basis many NDT laboratory tests are performed. The
specimens use to make the statistical test contain the type of defect to be characterized
depending on the application case. The results of these inspections will be used to build the
statistical bases. These statistical bases are analysed to determine the PoD distributions.
These PoD distributions relate the probability of detection to a defect length during NDT
checks. Generally, a statistical value, called “minimum detectable defect length”, is used by
the Design Office to size the aircraft structure and to define maintenance inspection intervals.
The experimental determination of PoD curves is challenging due to large number of tests
which must be performed in order to determine reliable results. The recommendations are to
use at least 60 specimen defects to obtain a robust PoD curve for a NDT application case
[2]. This high quantity of experimental specimens and the time invested in building a PoD
curve induce both high cost and cycle time. The PoD is designed in laboratory conditions
which means that the current PoD studies are not taking into account the different aircraft
environments, for example, being in the central wing box or in the cargo fuselage. These
environments (laboratory and aircraft) are different in terms of specimen visibility, equipment
proximity and human position. Therefore, it is needed to do a statistical studies (PoD curves)
taking into consideration the different human and environmental factors.
Due cost and time, it is in practice impossible to obtain significant data that include the
human and environmental factors. Then, to overcome this problem, it is possible to resort to
numerical simulation of NDT process [3, 4, 5]. This approach has been called MAPOD for
“Model Assisted Probability of Detection” [6, 7, 8, 9]. The determination of this “numerical
PoD” is based on a four-step approach: identify the set of parameters, attribute the
probability distributions, propagate the input uncertainties and build the PoD curve. The
MAPOD approach can be directly related to the uncertainty management methodology in
numerical simulation [10, 11]. One of the challenges of these simulation models dedicated to
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the PoD study is the possibility of modelling and integrating human and environmental
factors [12, 13, 14, 15].
Otherwise, several statistical methods can be used to built POD curve. Le Gratiet et al. [16]
presented four different techniques valuable over a wide range of NDT procedures: the
classical Berens method [1], a binomial-Berens method and two methods (polynomial chaos
[17] and kriging [18, 19]) based on the metamodeling of model outputs. Other techniques as
the quantile regression used in Dominguez et al. [11] to relax Berens’ hypotheses on the
residual distribution, Bayesian methods [20, 21, 22, 23, 24, 25] or others [26] have also been
explored. All of these proposed methods are based on mathematical assumptions such as
linearity, normality, homoscedasticity, etc. The main drawbacks of these methods are due to
the fact that mathematical assumptions are not generally fully demonstrated by experimental
data or by the physical laws associated to the NDT.
This thesis is developed in cooperation between the aircraft’s manufacturer Airbus and the
Institute Clement Ader (ICA) laboratory. Moreover, this thesis collaborated in the FOEHN
(“Facteurs Organisationnels Et Humains pour l’évaluation des méthodes d’évaluation Nondestructive”) [27, 28] and the operational simulator [29] projects which study the
organizational and human factors in the NDT field.
In this thesis, a new construction method for PoDs integrating operational human and
environmental factors will be proposed using numerical simulations. The challenge is to
create a simulation model that can reproduce with great reliability the in-service experimental
campaign conducted by different inspectors under different environment. The simulated
database will be created based on the MAPOD concept in different conditions (laboratory
and aircraft). This approach integrates different uncertainty sources from the NDT application
case. These uncertainty sources will be identified and quantified as statistical distributions by
the specimen and defects’ suppliers report and video observation of experimental
inspections. The uncertainty sources are principally linked to the defect, material and
operational human and environmental parameters. After, the Monte Carlo sampling method
(propagation of uncertainties) will be used to build the simulated database composed of high
quantity of simulated signal amplitudes. This new proposed methodology makes it possible
to acquire the probabilities of detecting the defect lengths by using the simulated signal
amplitudes based on the physical laws and not having recourse to any of the strong
mathematical assumptions such as linearity, homocedasticity and residual normality. The
robustness and reliability of this method will be validated in the case of two NDT methods
(eddy current and ultrasound).
This thesis is organised in six chapters. A summary of each chapter is presented below.
Chapter 1 gives a brief overview of the NDT industrial context highlighting the interest of the
numerical simulation and its current limitations. First, the principal NDT methods are
presented. The Eddy current Testing (ET) and Ultrasounds Testing (UT) are described for a
better understanding of the industrial application cases. The use of the numerical simulation
is introduced and some CIVA (NDT simulation software developed by the CEA, French
Atomic Energy Office [30]) validation models are described. Then, the statistical study (PoD
curve) is explained using different theories. Finally, the MAPOD (Model Assisted PoD)
concept is presented. The key elements are addressed to close the chapter.
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In Chapter 2, the High Frequency Eddy Current (HFEC) in-service inspection procedure is
presented including the calibration, inspection and results interpretation steps. Then, the
elements to generate the experimental database are described: the specimen defects, the
inspectors and the environments. The experimental database is built from the inspectors’
results in several scenarios (laboratory, A321 and A400M aircraft conditions) to finally take
into account the device, human and environment factors. Finally, the PoD curve is built to
∗
∗
∗
obtain the statistical values (𝑎50
, 𝑎90
and 𝑎90/95
) in the different scenarios. This experimental
chapter allows to create the NDT model in the next chapter using the numerical simulation.
In Chapter 3 a thorough analysis of the proposed numerical HFEC model inspired by the
experimental campaign is described. The analysis is developed in three steps. The first step
consists in the analysis of the probe, material, defect and calibration. In the second step, the
uncertain parameters identification and quantification of the material, defect, human and
environmental factors are performed using the MAPOD approach. This step deals with the
analysis of the videos recorded during the experimental campaign to obtain accurate
operational inspector statistical distributions. This chapter models the operational human
factors with the introduction of the operators’ trajectory and gestures in the numerical
simulation. Finally, the comparison of the experimental and the numerical PoD curves is
performed in order to check the simulation accuracy.
In Chapter 4 similar experimental campaign is structured as the Chapter 2 but for the Shear
Wave Ultrasounds (Shear Wave UT). All the details for this study are described including
control system, in-service procedure, materials, defects and inspectors. Two environments
are analysed, laboratory and A380 aircraft conditions, to study the influence of these
∗
∗
∗
and 𝑎90/95
of the PoD
changes in the inspectors’ results and the statistical values 𝑎50
, 𝑎90
curves.
In Chapter 5, Shear Wave UT experimental data are used to build the numerical Shear
Wave UT model. For the numerical simulation, the objective is to be able to simulate the
signal amplitude due to a defect according to its geometrical parameters when an inspector
is scanning the zone. The model parameters (probe, material and defect) are carefully
detailed. Then, the MAPOD approach is applied dealing with the uncertain parameters for
this NDT method as in Chapter 3. Finally, the simulated PoD curves are compared to the
experimental PoD curves.
Chapter 6 proposed a new construction method for PoDs integrating operational human
and environmental factors using numerical simulations. The challenge is to create a
simulation model that can reproduce with great reliability the in-service experimental
campaign conducted by different inspectors (Chapters 3 and 5). This methodology makes it
possible to acquire the probabilities of detecting the defect lengths by not having recourse to
any of the strong mathematical assumption (e.g. linearity, homocedasticity, residual
normality). Compared to the existing one, this new methodology allows a reduction of cost
and cycle and an improvement of the relevance of the PoDs by integration of the operational
human and environmental factors and minimizing the number of experimental test.
This thesis concludes with a recapitulation of the work presented, and some
perspectives for future improvements.

Chapter 1

1 State of the Art
Abstract: In this chapter, the Non-Destructive Testing (NDT) field is introduced to give the context
where this PhD thesis is immersed. Then, the innovative NDT simulation approach is described for
different NDT methods. After, the essential role of the NDT in the aeronautical structure reliability is
discussed. The NDT reliability is assessed into a probabilistic method, called Probability Of Detection
(PoD) curve. In parallel, a new concept, called Model Assisted POD (MAPOD) and based on
numerical simulation, is getting more and more used due to the need of inspection data. A
bibliographic review is made to extract the general structure and strategies for implementing this
technique. The existing strategies are presented through two NDT techniques used in 80% of the
aeronautic controls (High Frequency Eddy Current and Shear Wave Ultrasounds).
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1.1 Introduction
In the aeronautic industry, the engineering structural design is based on the implementation
of the damage tolerance criteria. This criterion assumes the presence of non-critical defects
(without any safety problem) during part manufacture and their life-cycle between the
maintenance operations [31, 32]. Computing procedures of the periodicity of these aircraft
maintenance inspections, during in-service life, are based on Non-Destructive Test (NDT)
methods. These techniques try to detect the defects which have an impact on safety. These
NDT methods are a key step for each part, determining a detection capability to meet the
specific requirements. The reliability of these NDT methods is, therefore, strictly needed in
aeronautics [33]. This chapter defines the NDT methods most used in aeronautics; Eddy
Currents and Ultrasounds methods, and the statistical techniques used to make these
methods more reliable.
This chapter is organized as follows; in the first section, the eddy currents and ultrasounds
NDT methods are carefully described. The second section presents the NDT simulation tool,
CIVA software, and the principal NDT simulation methods including the material, probes,
inspection and defects modelization. The third section describes the reliability concepts and
the sources of variability in the studied NDT methods. Concretely, the human and
environmental factors are analysed and how they affect the in-service NDT inspections.
Then, the Probability Of Detection (PoD), and the main statistical tools used to determine the
PoD curves, are presented in the next section. The last section provides an overview of the
MAPOD (Model Assisted Probability of Detection) approach. The experimental and
simulation approaches to build a PoD curve, described in this chapter, will be used in further
chapters for each of the industrial application cases developed.

1.2

Non-Destructive Test (NDT)

NDT are usually used in aeronautics, nuclear, medical and automotive industries. Nowadays,
the Non-Destructive Testing (NDT) field is a very broad, interdisciplinary field that plays a
critical role in assuring that structural components and systems perform their function in a
reliable and cost effective approach. In aeronautic, NDT operators define and implement
tests that locate and characterize defects that might be fatal for aircraft safety. These tests
are performed in a manner that does not affect the material properties of the part. NDT
provides an excellent balance between quality control and cost-effectiveness. The NDT
methods can be performed on metals, plastics, ceramics, composites and coatings in order
to detect cracks, internal voids, surface cavities, delamination, incomplete welds and any
type of defect which could lead to part failure. As a general view, most of the NDT methods
are presented in Table 1.1.
Table 1.1. Non-Destructive Testing Methods including capabilities and limitations
Technique

Capabilities

Visual Testing (VT)

Macroscopic surface defects

Eddy Current Testing (ET)

Surface and near surface
defects

Ultrasonic Testing (UT)

Subsurface defects

Limitations
Small defects are difficult to
detect,
no
subsurface
defects.
Difficult to interpret in some
applications;
only
for
conductive metals.
Material must be good
conductor of sound.
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Smallest defect detectable is
2% of the thickness; radiation
protection. No subsurface
defects not for porous
materials
Similar to X-Ray test but in
3D view. Not applicable to
big structures.
No subsurface defects not for
porous materials
Limited
subsurface
capability,
only
for
ferromagnetic materials.
Difficult
to
interpret,
expensive devices.

Radiography Testing (RT)

Subsurface defects

Computed Tomography (CT)

Subsurface defects

Penetrant liquid Testing (PT)

Surface defects

Magnetic particle Testing
(MT)

Surface / near surface and
layer defects

Acoustic Emission (AE)

Can analyse entire structure

Infrared Testing (IT)

Inspect inaccessible areas to
detect subsurface defects
from entire structure

Images difficult to interpret,
high price devices.

Microscopy

Small surface defects

Not applicable to larger
structures; no subsurface
defects.

In the following the two NDT methods used in this work are detailed: eddy currents and
ultrasonic methods.

1.2.1 Eddy currents method
The Eddy currents Testing (ET) method consists in the generation of electrical currents using
electromagnetic induction. These eddy currents flow in circles at and just below the surface
of the material (Figure 1.1a). The electromagnetic field is generated applying a current to the
conductor (copper coil). These currents are influenced and modified by the nature of the
material such as voids, cracks, changes in grain size, as well as physical distance between
coil and material (Figure 1.1b). The currents field varies the impedance on a second coil
which is connected to a probe. In an experimental inspection, a probe is placed on the
surface to be inspected, and electronic device monitors the eddy current in the work piece
through the same probe [34, 35, 36].
a)

b)

Figure 1.1. (a) Induction of eddy currents and (b) changes in the magnetic field during
passage of a crack [35]
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1.2.1.1 Devices and transducers
Eddy current device can be found in a large variety of configurations. Instruments are
commonly classified by the type of display used to present the data. The common display
types are analogy meter, digital readout, impedance plane and time versus signal amplitude.
The NDT control system is constituted; first, by an eddy current generator capable of
operating with an eddy current probe at a specific frequency. Second, the eddy current
probes are available in a wide variety of shapes and sizes. Actually, one of the advantages of
this method is that probes can be adapted for different applications. This classification
depends on their configuration and the operation mode. The configuration is referring to the
way the coils are packaged to provide the best answer in the interest area. The operation
mode refers to the way of the coils are wired and interfaced with the test device. There are
four categories: absolute, differential, reflection and hybrid.
Table 1.2. Existing ET probes for different inspection modes
Transducers mode
Absolute
Differential

Reflection

Hybrid

Coil type
Single
Two in opposition
Two, one is used to
excite the EC and the
other to sense material
changes
Three coils working as
the differential and the
reflection

Detection
Defects, conductivity, lift-off and
thickness measurements
Sensitive to defects. No gradual
dimension or temperature variation
Specific purpose, because coils work
independently
Specific
inspection
application,
because is a merge between both
modes (differential and reflection)

1.2.1.2 Standard reference
The NDT field is a comparative technique which needs a standard reference to be calibrated
and then, detect the inspection defect. There exists different calibration blocks depending on
the defect sought.
An eddy current system (generator, cable and probe) must be calibrated with an appropriate
reference standard at the beginning of the inspection. This process involves identifying the
baseline display from a given test piece and observing how it changes under the conditions
that the test is intended to identify. In defect detection applications, this calibration process
typically involves the use of reference standards of the same material, shape, and size as the
test specimen, containing artificial defects such as saw cuts, drilled holes, or milled walls to
simulate defects. In thickness measurement applications the reference standards would
consist of various specimens of known thicknesses. The operator observes the response
from the reference standards and then, compares the indications from test pieces to these
reference patterns to categorize parts. Proper calibration with appropriate reference
standards is an essential step of any eddy current test procedure.
1.2.1.3 Data representation
Several data representation results exist in the eddy current NDT method, as the A-Scan, CScan, amplitude vs time of flight, etc. However the most used is the “A-Scan” representation,
the standard format is an impedance plane plot that graphs coil resistance (𝑅/𝐿0 𝜔) on the X-
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axis versus inductive reactance (𝐿𝜔/𝐿0 𝜔) on the Y-axis. The signal differences in the plot
correspond to changes in the structural part. For example, Figure 1.2 shows a setup for
surface crack inspections. The red top curve represents 1 mm deep surface infinite length
crack, the middle curve is 0.5 mm deep crack, and the smallest curve is 0.2 mm deep crack.
The green horizontal line is the lift-off in which the probe has been balanced on this material
and when it is lifted in the air, the signal moves directly to the left. This inspection is done
with a standard pencil probe.

Figure 1.2. A-Scan representation of an ET inspection [37]
This display would be considered the calibration of the instrument. The parameters were set
based on a previous analysis of the material characteristics. In the eddy current test, the
principal parameter is the material conductivity. Depending on this property, the frequency
and then, the eddy current penetration depth are established.
1.2.1.4 Applications
The eddy current technique has a wide application. This method can be used for crack
detection include in the aircraft structure parts (i.e. fuselage line rivets, wing external
surfaces), material thickness measurements, coating thickness measurements, conductivity
measurements for material identification, heat damage detection, defect depth determination,
heat treatment monitoring in conductive materials, etc [38]. Figure 1.3 illustrates different
defects and cracks in aeronautical parts capable of being inspected by eddy current
technique.
The main advantages are; sensitivity to small cracks in the surface or close to it, immediate
results, portable device, suitability for many different applications, minimum part preparation,
ability to inspect complex geometry shapes and sizes of conductive materials.
However, the limitations of eddy current inspection; applicability just on conductive materials,
necessity for an accessible surface to the probe, experience inspectors, possible interference
of surface finish and roughness, necessity of reference standards for setup, limited
penetration depth, incapability to detect defects lying parallel to the probe coil and probe
scan direction.
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Figure 1.3. Possible defects in the metal line rivets of an aircraft structure [36]

1.2.2 Ultrasounds method
The Ultrasonic Testing (UT) technique uses the high frequency sound energy to perform
tests. This technique is used for defect detection and evaluation, dimensional measurement,
material characterization, etc. The inspection principle consists in a typical pulse/echo
inspection configuration. This system is composed by several functional units, such as the
pulse/receiver, transducer and display device. A high voltage electrical pulse is produced by
the pulse/receiver and conducted by the transducer generating the high frequency ultrasonic
energy. In the end, this energy will be propagated through the material in the form of waves.
During a defect inspection, part of the energy will be reflected back from the defect surface
(Figure 1.4). This reflection is transformed into an electrical signal by the transducer and is
displayed on the screen device. From the signal, information can be obtained as defect
location, orientation, size due to the signal travel time and a previous calibration [39, 40, 41].

Figure 1.4. Ultrasonic device performing a NDT inspection [41]
1.2.2.1 Devices and Transducers
In the UT inspections, the conversion of electrical pulses to mechanical vibrations, and the
conversion of returned mechanical vibrations back into electrical energy are required. This
function is provided by the UT transducer incorporates a piezoelectric element (Figure 1.5),
which converts electrical signals into mechanical vibrations (transmit mode) and mechanical
vibrations into electrical signals (receive mode). Many factors as material, mechanical and
electrical construction, and external mechanical and electrical load conditions influence the
transducer behaviour. Mechanical construction includes parameters such as the radiation
surface area, mechanical damping, housing, connector type and other variables.
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Figure 1.5. Ultrasonic transducer for NDT inspection [41]
The UT transducers can be manufactured for a variety of applications. The material factors
as the acoustic wavelength affects the defect detectability (Appendix A). From the material
properties, the corresponding transducers are decided with the desired frequency, bandwidth
and focusing to optimize inspection capability. Most often the transducer is chosen either to
enhance the sensitivity or resolution of the system. Transducers are classified into three
groups according to their functionality (Table 1.3).
Table 1.3. UT Transducers groups depending on their functionality
Transducers type
Contact
Angle beam
Immersion

Functionality
Direct
contact
inspection,
manually manipulated
Refracted shear wave with a
variety of refracted angles
No contact, typically used inside
water
tank
with
planar,
cylindrically or spherical

Detection
Insider defects and thickness
measurement
Surface and corner defects,
normally used in metals
High sensitivity,
used in composite

normally

1.2.2.2 Standard reference
The calibration step is an important step of NDT operation to interpret correctly the inspection
results. Reference calibration blocks are used depending on the defect that is going to be
identified. An example is presented for an accurate detection and measurement of corner
cracks. The calibration block has certain dimensions and material specifications similar to the
inspection area in maintenance. In this example, the calibration block contains a corner crack
in a specific thickness with the corresponding fix diameter (Figure 1.6).
a)

b)

Figure 1.6. (a) Corner crack view from a section cut and (b) a profile cut
The coupling or “couplant” is a material (usually liquid) that facilitates the transmission of
ultrasonic energy from the transducer into the test specimen (Figure 1.7). The coupling is
used to displace the air between the probe and the plate to get more ultrasound energy into
the test specimen so that a usable ultrasonic signal can be obtained. In ultrasonic contact
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testing, a thin film of oil, glycerine or water is generally used between the transducer and the
test surface.

Figure 1.7. Ultrasonic coupling representation with contact transducer [41]
To set the correct calibration parameters, the material characteristics (longitudinal, shear
velocity and acoustic impedance) must be taken as well into consideration.
1.2.2.3 Data representation
The Ultrasonic results can be obtained and displayed in different formats. The three most
common formats are known in the NDT field as A-scan, B-scan and C-scan representations
(Figure 1.8). Each representation mode provides different information and evaluating the
region of material being inspected.

Figure 1.8. A-Scan, B-Scan and C-Scan examples of UT signal acquisitions [29]
-

-

-

A-scan representation displays the amount of received ultrasonic energy as a
function of time. The relative amount of received energy is plotted along the vertical
axis and the elapsed time is displayed along the horizontal axis. In the A-scan
representation, relative discontinuity size can be estimated by comparing the signal
amplitude obtained from an unknown reflector to that from a known reflector.
Reflector depth can be determined by the position of the signal on the horizontal
sweep.
B-scan representations are a profile (cross-sectional) view of the test specimen. In
the B-scan, the time-of-flight (travel time) of the sound energy is displayed along the
horizontal axis and the linear position of the transducer is displayed along the vertical
axis. From the B-scan, the depth of the reflector and its approximate linear
dimensions in the scan direction can be determined.
C-scan representation provides a plan-type view of the location and size of test
specimen features. The plane of the image is parallel to the scan pattern of the
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transducer. C-scan representations are produced with an automated data acquisition
system, such as a computer controlled immersion scanning system.
1.2.2.4 Applications
Ultrasonic inspection can be used for defect detection (i.e. aircraft fuselage frames and
engine pylon), dimensional measurements (i.e. aircraft fuselage panels), material
characterization, etc. Nowadays, most inspections are performed in the frequency range of 1
to 25 MHz. The UT technique is a very useful and versatile NDT method. The ultrasonic
inspection method has the following advantages; sensitivity to both surface and subsurface
discontinuities, penetration depth for defect detections or measurements, ability to singlesided access for pulse-echo technique, high accuracy in determining reflector position and
estimating size and shape, minimal part preparation, instantaneous results with electronic
device, detailed imaging with automated systems, possibility for other uses such as thickness
measurements.
The UT limitations are the necessity for an accessible surface to transmit ultrasound energy,
extensive skill and trained people, requirement for a coupling medium to promote the transfer
of sound energy into test specimen, limits for roughness, shape irregularity, thickness or not
homogeneity, necessity for the linear defects to be oriented parallel to the sound beam,
necessity of reference standards for both device calibration, and characterization of defects.

1.3 Numerical simulation in NDT
NDT numerical modelling is a really good approach to provide the first results and analyse
the improvement areas in each application case. The main advantage is the reduction on the
time required for on-site testing and the increase of the reliability of the tests. The numerical
modelling can be principally used for:
-

Prediction and visualisation of NDT results (fundamental physics)
Calculation of focal points for a correct detection
Feasibility studies concerning access, probe positions, space, etc.
Prediction of the NDT methods interaction with different defect types
Verification of the NDT behaviour in components of complex geometry (e.g. aircraft
inspection ribs or pylon structures)
Knowledge about the detection probabilities concerning different defect sizes
Integration of the NDT in the design phase (aircraft conception)
Knowledge about some unknown phenomenons or even NDT supports to remove
influential parameters

Several softwares for the NDT simulation field exist. Table 1.4 summarises most of the
available NDT softwares used to prepare procedures, qualifications, trainings of NDT
methods for different application cases.
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Table 1.4. Existing NDT simulation software different to CIVA
Collaborators
and customers
e.g. Airbus,
EDF, Welding
Institute, Paris
Saclay
University
e.g. Areva,
General
Electric,
Olympus,
Cambridge,
Oxford
universities
e.g. Sonatest,
AEND,
Politecnico di
Milano
university

Software

Objective

NDT method

Developer

CIVA

Expertise platform for nondestructive testing, consisting
of simulation, imaging and
analysis modules

EC, UT, RT,
CT, GW,
PAEC and
PAUT

CEA and
Extende

PZFlex

Run accurate multi-physics
UT simulations in short timeframes

UT and PAUT

Weidlinger

Studio
SIMULA

NDT training courses

VT, EC, UT,
RT, MT, PT,
PAUT

Simula

UT and PAUT

Eclipse Scientific

ISO certification

UT and PAUT

TNO

Delft university

Beam Tool 9

UMASIS

Effective and profitable
execution of the UT
inspections
Developing and optimizing
UT inspection with FEM
(Finite Element Method)

Image 3D

UT training and technique
development

UT and PAUT

UTEX
Scientific

e.g. UniWest,
Olympus,
Tecnatom

TechView

Scanner motion control, data
acquisition and data analysis
[42] for automated NDT

UT, EC, Bond
testing

TecScan

Aerospace
partners

CIVA software is one of the most used NDT simulation platforms [30]. This tool allows
designing and optimizing NDT inspection methods. The use of CIVA software for this thesis
is the consequence of the active collaboration between Airbus and the CEA for the software
implementation and validation. Concretely in CIVA, the EC and UT NDT methods are the
most developed NDT methods. These two NDT methods, used in this PhD thesis, are
present in around 80% of the aerospace in-service inspections.

1.3.1 Eddy currents modelling
The ET simulation modules allow predicting the induced electric field in a material, to
calculate the impedance diagram of the ET probe. This module calculates the defect result
inspected by the ET probes. The ET platform offers a library of different probe geometries:
-

Cylindrical or rectangular point coil on riveted plates and structures,
Spherical or rectangular, axial, encircling or sectoral spool for tubes,
Multi-element probes.

Concerning defects, different types can be defined in the test piece:
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-

Parallelepiped defects in planar or fastened pieces,
Semi-elliptical or quarter-elliptical notches in plates or fastened pieces.
Flat Bottomed Holes (FBH) in tubes and planar components,
Longitudinal or transverse notches in tubes,
Internal or external grooves in tubes.

The defects defined into the part can be voids, metallic inclusions or partially filled with
materials (“bridge contacts” defect type).
The CIVA ET simulation tool has three different modules; the “Field computation” which
allows predicting ET density and electric field induced by an ET probe in a conductive part;
the “3D simulated inspection” in order to predict the inspection of work pieces that include
various types of defects and the “2D simulated inspection” in order to predict the inspection
of an axisymmetric component including axisymmetric defects [43, 44, 45]. Then, some
application cases in different industries [46, 47, 48, 49].
In literature, few simulation studies, using CIVA eddy current simulation module, are
presented to reproduce the experimental results [50, 51, 52]. The first validation case is a
benchmark containing through defects [53]. The inspected part is a thick plate, in Inconel.
The results using two frequencies (100 and 300 kHz) are encouraging because the
experimental test and the CIVA model signals are similar (Figure 1.9).

Figure 1.9. Experimental and simulation comparison of ET inspections using 100 and 300
kHz frequencies [53]
Table 1.5 also shows correspondences between the experimental test and the simulation
model with a maximum gap of 8,50% in amplitude and 3,5° in phase.
Table 1.5. Experimental and simulated results of ET using 100 and 300 kHz frequencies [53]
Amplitude (mV)

Δ Amplitude

Phase (°)

Δ Phase

100 kHz
Experiment
CIVA

0,38
0,364

--4,20%

142,7
140

--2,7

300 kHz
Experiment
CIVA

1,822
1,667

--8,50%

113,2
109,7

--3,5

The second validation case is an aluminium thick flat plate. This inspection was performed
with a standard eddy current probe to detect semi-elliptical notches emerging on the surface,
non-through [53]. The Lissajous curves (horizontal and vertical impedance plans) are
presented with close results between the experimental test and the simulation model.
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Figure 1.10. Lissajous curves in the impedance plane, horizontal (left) and vertical (right) cut
[53]
Finally, Table 1.6 lists the amplitude and phase values and confirms the small difference
between experience and simulation, of the order of less than 10%.
Table 1.6. Maximum values of amplitudes, corresponding phases, and differences between
CIVA and experiments (references: experimental values) [53]
Semi-elliptical
defect
CIVA
Experiment
Gap
1.3.2

Horizontal
Amplitude (mV)
25,77
23,65
8,99%

Vertical
Amplitude (mV)
25,77
25,70
0,28%

Horizontal
Phase (°)
152,72
151,24
1,48

Vertical
(°)
152,72
154,47
-1,75

Phase

Ultrasounds testing modelling and analysis module

The UT simulation platform includes the propagation of ultrasonic beams and their
interactions with defects or the geometry parts. This tool is able to simulate the different UT
inspections (pulse/echo, tandem or TOFD) with a wide variety of probes, parts and defects.
CIVA offers a wide range of ultrasonic probes:
-

Contact, immersion,
Rectangular or circular emission patch,
Focusing pad or with a focusing lens,
Planar or cylindrical, spherical, bifocal, trifocal or Fermat emission surface,
Separate transmitter/receiver, in symmetrical or non-symmetrical configurations,
Encircling or encircled strips for tube inspection,
Single or multi-element probes,
Flexible multi-element probes, linear or matrix.

Concerning defects, different types can be defined in the specimen:
-

Rectangular defects in planar or fastened pieces,
Semi-elliptical or quarter-elliptical notches in plates or fastened pieces.
Flat Bottomed Holes (FBH) in tubes and planar components,
Side Drilled Holes (SDH) notches in tubes and planar components,
Cylindrical and ellipsoidal inclusions.

Chapter 1: State of the Art
17
__________________________________________________________________________
This UT tool contains an analysis module which displays the results. The analysis allows
extracting the important information. Ultrasonic results are displayed as classical UT data (AScan, echo-dynamic curves) and more advanced images (B-Scan, C-Scan, etc). In addition,
different specimen images can be displayed (Front, top, side sections or full views) and the
results can be exported in the 3D or 2D view. Then, some application cases showing the this
useful software [54, 55, 56, 57].
As for the eddy current, some ultrasounds method validation cases are presented in
literature [58, 59]. For example, the shear wave UT validation case are illustrated in [53], it
consists in a standard flat plate configuration using corner echoes associated with two
rectangular defects (40 mm long x 10 and 3,2 mm depth). The inspection was carried out
with Ø 6,35 mm circular contact probe generating T45° waves (shear 45° waves). The input
signal has a frequency of 2,25 MHz. The results were calibrated link to a side drilled hole
(SDH) of Ø 2 mm and 40 mm long at 28 mm of depth. The experience-simulation
comparison shows a good agreement, where the maximum difference is 1,5 dB. Good
agreement is observed between experimental and simulated results on shear wave corner
cracks.
Table 1.7. Experimental and simulation results from the ET inspection [53]
SDH of Ø2mm
(28 mm depth)
Defect of 10 mm
Defect of 3,2
mm

Experience (dB)

Simulation (dB)

Gap (dB)

0

0

0

14,0

15,0

+1,0

12,0

13,5

+1,5

1.4 NDT reliability
Firstly, the NDT techniques [60] require, generally, considerable operator performances and
accurate inspections interpretations. The results can therefore be subjective. The signal
interpretation depends on a lot of different parameters but the most relevant parameter is the
inspector experience which can take a different decision for the same defect. To evaluate the
NDT reliability [61, 62, 63, 64], it is necessary to evaluate the detection performance of the
method taking into account the sources of variability [65], in particular, human and
environmental factors. In the aviation industry, a study of aircraft accidents was conducted in
1940. It was found that 70% of accidents were assigned to human performance [66]. This is
the reason why the human factors must be studied.
Human perception and interpretation become more relevant when defect measurements are
involved in an NDT evaluation task [67, 68, 69, 70]. In an experimental campaign,
inspections not only depend on defect variability, material heterogeneity but also on the level
of expertise of the inspector. This impact, which may affect the human operation part of the
inspection, is indirectly linked with the inspector’s qualitative skills (experience, certification
level, mechanical expertise, etc). Thus, in order to control the impact of these human factors,
companies require personnel specific qualifications to their inspectors [71, 72, 73]. In the
previous papers [74, 73, 75] the NDT human performances were considered but only using
few experimental detections and artificial defects.
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Moreover, environmental conditions, time stress and organizational structure can affect the
inspector’s performance having an indirect impact on the reliability [74, 14]. Another
variability source hails from the device used in the NDT inspection and the signal response it
generates. There are rarely studies in the literature which analyse the quantitative impact of
human factors and equipment on the reliability of the NDT process.
To study the NDT technique reliability, the detectability of a defect must be statistically
analysed taking into account all the sources of variability affecting this detectability and in
particular the human and environmental factors. Otherwise, it is a question of determining a
minimum detectable defect with a probability close to unity and a sufficiently large confidence
interval. This probability is the probability of detection; it will be defined in the following
paragraph.
In the aerospace field, this qualification work is based on the Probability of Detection (PoD)
studies. The aim is to evaluate the probability of detecting a defect according to one of its
characteristic dimensions. Normally, this characteristic parameter is the defect length. The
result of this PoD study is a cumulative distribution function (Appendix A). The key statistical
value inside this PoD curve is called 𝑎90/95 which is the minimum defect length detected with
90% of probability and 95% of confidence level for a material, structure part, defect type,
procedure and equipment. This defect size is used by the designer to size an aircraft and to
define inspection intervals for each structural part based on the damage tolerance approach
(Figure 1.11) [76, 77]. This statistical parameter is certified by the aeronautical authorities
EASA (European Aviation Safety Agency) and FAA (Federal Aviation Administration). In this
context, the PoD studies are indispensable but their concrete implementation is not easy [78,
79].

Figure 1.11. Plot based on the damage propagation approach to establish the aircraft interval
inspections [80]
The current approach tries to reproduce the in-service experimental inspections to compute
the probability of detection [33]. This process requires; first, design of the experimental
specimens containing the defects [81] that we want to detect and characterize; second,
several inspectors representing the population of inspectors working in NDT department and
third, a statistical method to build the PoD curve and to compute the minimum detectable
defect (Figure 1.12) [82].
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Figure 1.12. PoD curve construction
The aeronautics PoD curves are currently produced by the Airbus Engineering department
for every specific application case. In order to have a sufficient statistical basis many NDT
inspections are performed using between 40 and 120 specimens depending on the
application case. It has to be known that the PoD curve field is normally confidential because
contains sensible data for the industries. However, some PoD examples for industrial
applications were published for a better understanding and implementation [83, 84, 85, 86,
87, 88, 89].
Different statistical methods have been proposed to quantify inspection reliability from the
experimental database [90]. The basis of the PoD computation is the selection of the
statistical method to build the PoD curve [33, 91]. There are several possible methods to
perform a PoD analysis depending on the inspection data [92, 93, 94]. The exiting statistical
methods in the industrial field are presented below;
-

Berens Signal Response method [1] uses the signal amplitudes data [% Full Screen
Height (FSH)] from the device screen.
Berens Hit/Miss method [1], which is an adaptation of Cheng and Iles [95, 96]. This
method uses the binary inspection data (defected or non-detected).
29/29 Method based on the binomial model [97, 98]. This method use also binary
inspection data as the Berens Hit/Miss method.

The Berens Hit/Miss method and the 29/29 Method are mainly used in visual inspection,
penetrant test, magnetic particle test or X-Ray test. These statistical methods can be also
used by the ET or UT with a transformation of the signal amplitude data into binary
responses. The Berens Signal Response method uses more information than one or zero
which is normally obtained in eddy currents or ultrasounds. This method takes into account
the signal amplitude “𝑎̂” caused by the defect size “𝑎”. These statistical methods are
described and discussed in detail in the paragraphs below for a better understanding of the
mathematical theory and application into the NDT field.

1.4.1 Berens Signal Response Method
The PoD curve construction was computed through parametric regression using maximum
likelihood method, as a function of the data nature [1, 95, 96]. The statistical database
composed of signal amplitudes (𝑎̂𝑖 ) must respect the Berens assumptions:
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1. Data linearity: linear correlation between the defect detection (𝑎̂) and the defect size
(𝑎). In order to accept the PoD results, this correlation must follow the straight line
defined by 𝑎̂𝑖 = 𝛽0 + 𝛽1 𝑎𝑖 + 𝛿𝑖 (Figure 1.13).
2. Homoscedasticity: signal deviation gaps have to be the same for all sizes according
to their average defect signal size. The scatter must me uniform all along the straight
line defined by 𝑎̂ 𝑣𝑠 𝑎 (Figure 1.13).
3. Residuals normality: residuals have to converge to their average signal following a
Gaussian distribution. The errors must be (approximately) normal. This condition is
always met due to the Central Limit Theorem [99]. Exceptions may occur when
logarithmic transformation is needed to adjust the 𝑎̂ 𝑣𝑠 𝑎 relationship to 𝑎̂𝑖 = 𝛽0 +
𝛽1 𝑎𝑖 + 𝛿𝑖 (Figure 1.13).
4. The observations must be uncorrelated. There should not be any influence on 𝑎̂
except the size, caused by, for example, changing device settings (e.g. ET probes).

Figure 1.13. Inspection Data for a statistical analysis following the Berens hypotheses [1]
The Berens statistical methods rely on a number of assumptions that the data has to follow.
These assumptions are not always fulfilled. Then, we have to take care when interpreting the
results. In some cases to properly follow these assumptions some data transformations
(logarithmic, exponential, square root, etc.) are performed. After implementing the right
transformation, the statistical process has to be pursued with the Berens equation. This
equation is presented in the following:
𝑎̂ = 𝛽0 + 𝛽1 ∗ 𝑎 + 𝛿

(1.1)

Where, 𝛽0 and 𝛽1 are regression parameters and 𝛿 is the error term normally distributed
with constant standard deviation 𝜎𝛿 . Actually, it is considered that a defect is detected when
the signal 𝑎̂ exceeds the decision value 𝑎̂𝑡ℎ (signal amplitude threshold), which enables the
definition of the Probability of Detection as:
𝑃𝑜𝐷(𝑎) = 𝑝(𝑎̂ > 𝑎̂𝑡ℎ )

(1.2)

For example, the log-log Berens model [1] gives:
𝑃𝑜𝐷(𝑎) = 𝛷 (

𝑙𝑜𝑔 𝑎 − µ
)
𝜎

Where 𝛷 is the cumulative distribution function of the standard normal distribution,

(1.3)
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𝜇=

𝑙𝑜𝑔 𝑎̂𝑡ℎ − 𝛽0
𝛽1
𝜎𝛿
𝜎=
𝛽1

(1.4)
(1.5)

µ is the location parameter and 𝜎 is the scale parameter of the cumulative log-normal model.
In practice, β0, β1 and 𝜎𝛿 are unknown and have to be estimated from experimental data.
These estimations can be obtained by maximizing the likelihood function 𝐿 of 𝑛 independents
experiments (See Appendix A).
The likelihood function is given by the product of the probabilities of each observation (𝑎i , 𝑎̂i )
in the data set and for signal amplitude data may be expressed as,
𝑁
𝑎̂

𝐿(𝜃; {(𝑎𝑖 , 𝑎̂𝑖 )}) = ∏ 𝑃𝑖 𝑖 (1 − 𝑃𝑖 )(1−𝑎̂𝑖)

(1.6)

𝑖=1

where 𝑃𝑖 = 𝑃𝑜𝐷(𝑎𝑖 ; 𝜃) and the parameter vector θ = (µ, σ). In practice, it is computationally
simpler to determine θ̂ = (µ̂, σ
̂) by maximising the logarithm of the likelihood function, since
this converts the product to a summation:
𝑛
𝑎̂

𝑙𝑛𝐿(𝜃; {(𝑎𝑖 , 𝑎̂𝑖 )}) = ∑ ln[𝑃𝑖 𝑖 ] + ln[(1 − 𝑃𝑖 )(1−𝑎̂𝑖) ]

(1.7)

𝑖=1

Nevertheless, these estimates are subject to variations due to the experiment 𝑛-sample.
Therefore, we have to generate the PoD computation with unacceptable confidence level
(e.g. 95%). Then, the observed Fischer matrix information 𝐼 (𝜇̂ , 𝜎̂) is deduced and has the
following form:
𝐼 (𝜇̂ , 𝜎̂) =

𝑛 𝑘0
[
𝜎̂ 2 −𝑘1

−𝑘1
]
𝑘2

(1.8)

Using 𝐼 (𝜇̂ , 𝜎̂) a 95% confidence band on PoD(𝑎) can be computed for a given defect size 𝑎.
More precisely, we have:
𝑃(𝑃𝑜𝐷 (𝑎)𝜇̂,𝜎̂ ≥ 𝑃𝑜𝐷𝜇̂,𝜎̂ (𝑎 − ℎ) | 𝑛 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑠 ) = 95%

(1.9)

This lead to define,
𝑃𝑜𝐷 (𝑎)95% = 𝑃𝑜𝐷 (𝑎 − ℎ) = 𝛷 (

𝑙𝑜𝑔𝑎 − 𝜇̂
− ℎ)
𝜎̂

(1.10)

Where,
0.5

(𝑘0 ∗ 𝑧̂ + 𝑘1 )2
𝛾
ℎ= {
(1 +
)}
(𝑘0 ∗ 𝑘2 − 𝑘1 )2
𝑛𝑘0
𝑧̂ =

𝑙𝑜𝑔𝑎 − 𝜇̂
𝜎̂

(1.11)
(1.12)

𝛾 is the solution of the following non-linear equation,
1
(𝑃 (𝑥22 ≤ 𝛾) + 2 ∗ 𝛷 (√𝛾) − 1)
2
𝑘0 , 𝑘1 and 𝑘2 are deduced from the 𝐼 = (𝛽̂0 , 𝛽̂1 , 𝜎̂𝛿 ) observed matrix.

(1.13)
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Remark, let 𝑎90/95 the defect size such that,
𝑃𝑜𝐷 (𝑎90/95 )

̂ ,𝜎
̂
𝜇

= 90%

(1.14)

Let 𝑎90 be the unknown defect size such that,
𝑃𝑜𝐷 (𝑎90 )𝜇̂,𝜎̂ = 90%

(1.15)

𝑃 (𝑎90/95 ≥ 𝑎90 | 𝑛 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡) = 95%

(1.16)

Then,

In other words, there is only 5% chance that the calculated 𝑎90/95 is non-conservative
compared to the unknown true value defect size 𝑎90 if Berens’ assumptions are respected.

1.4.2 Berens Hit/Miss Method
The Berens Hit/Miss Method is the other existing possibility for the PoD construction [33,
100, 101, 102]. In this method the same hypotheses have to be followed but the data will be
different to the previous method. The obtained data have the form {(𝑎𝑖 , 𝑥𝑖 )}, where 𝑎𝑖 and 𝑥𝑖
are the defect size and inspection result respectively for the 𝑖 𝑡ℎ inspection in a trial
comprising a total of 𝑁 inspections. Then, 𝑥𝑖 = 1 for a hit (defect detected) and 𝑥𝑖 = 0 for a
missed defect. In this method, two models are used: the logit model (log odds) and the probit
model (cumulative log normal) shown in equation (1.17) and (1.18). The logit and probit
models have different tail behavior. The chosen model will fit with the tail behavior for large
defect sizes, determining the best model in the study case,
𝑃𝑜𝐷(𝑎) =

exp(𝑏0 + 𝑏1 ln(𝑎))
1 + exp(𝑏0 + 𝑏1 ln(𝑎))

𝑃𝑜𝐷(𝑎) = 𝛷(𝑏0 + 𝑏1 ln(𝑎))

(𝑙𝑜𝑔𝑖𝑡)

(1.17)

(𝑝𝑟𝑜𝑏𝑖𝑡)

(1.18)

Where, 𝛷 is the cumulative normal distribution function. The maximum likelihood estimation
(MLE's) allows to obtain the observed data as a function of the parameter vector 𝜃 (See
Appendix A). The likelihood function is given by the product of the probabilities of each
observation (𝑎𝑖 , 𝑥𝑖 ) in the data set and for hit/miss data may be expressed as,
𝑁
𝑥

𝐿(𝜃; {(𝑎𝑖 , 𝑥𝑖 )}) = ∏ 𝑃𝑖 𝑖 (1 − 𝑃𝑖 )(1−𝑥𝑖)

(1.19)

𝑖=1

where 𝑃𝑖 = 𝑃𝑜𝐷(𝑎𝑖 ; 𝜃) and the parameter vector 𝜃 = (𝜇, 𝜎). In practice, it is computationally
simpler to determine 𝜃̂ = (𝜇̂ , 𝜎̂) by maximising the logarithm of the likelihood function, since
this converts the product to a summation:
𝑛
𝑥

𝑙𝑛𝐿(𝜃; {(𝑎𝑖 , 𝑥𝑖 )}) = ∑ ln[𝑃𝑖 𝑖 ] + ln[(1 − 𝑃𝑖 )(1−𝑥𝑖) ]

(1.20)

𝑖=1

The method used for computing confidence limits on the 𝑃𝑜𝐷(𝑎) curve is the Fisher matrix as
the previous Berens Signal Response Method for defining confidence limits on cumulative
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distribution functions. In the PoD analysis application, only the lower confidence limit curve
on 𝑃𝑜𝐷(𝑎) is required [95, 96]. Another alternative to compute the confidence interval is
showed in the following references [103, 104].

1.4.3 29/29 Method
The 29/29 method is a property of the Binomial model described in Appendix A. This method
can be applied to confirm a hypothetical defect length which is going to be called the
minimum detectable defect length “𝑎90/95 ”. This method presents the advantage to be
implemented in an easy way. A PoD for all inspected defects of a given size (𝑎) can be
modelled. The proportion of defects detected in a random sample is an estimate of the PoD
for that size. The below equation represents the simplified case for the 29/29 method,
𝑃𝑜𝐷 = 1 −

1
1+

𝑛−𝑑
∗𝐹
𝑑 + 1 1−𝐶𝑈 ;2𝑛−2𝑑;2𝑑+2

(1.21)

where,
𝑛 is the number of inspections (hits and misses) of a given defect length,
𝑑 is the number of misses of defect of a certain defect length,
𝐶𝑈 is the desired confidence interval,
𝐹 is the quantile of the F-distribution (i.e. Fisher distribution) for a given confidence
level of 𝐶𝑈
For 𝐶𝑈 = 95%, 𝑃𝑂𝐷 = 90%, and 𝑑 = 0, 𝑛 must be 29; this explains the name of the method.
For the same parameters but 𝑑 = 1, 𝑛 must be 46. Further figures will build the below Table
1.8.
Table 1.8. Pairs of minimum inspections (n) and maximum defect misses (d) for which PoD is
minimum 90% at a confidence level of 95%
n
29
46
61
76
89
103
116
129
142
154
167

d
0
1
2
3
4
5
6
7
8
9
10

n
179
191
203
215
227
239
251
263
275
285
298

d
11
12
13
14
15
16
17
18
19
20
21

n
310
321
333
345
356
368
379
391
402
413
424

d
22
23
24
25
26
27
28
29
30
31
32

n
436
447
459
470
481
492
504
515
526
537
549

d
33
34
35
36
37
38
39
40
41
42
43

It is entirely correct to conclude that if 29 successes out of 29 inspections of identical crack
sizes are obtained in an experiment test, the lower bound on the true value of 𝑝 is above 0,9
with 95% confidence. Then, it has demonstrated 90% 𝑃𝑜𝐷 with 95% confidence for that
crack size, which is typically called 𝑎90/95. We can state that the 𝑃𝑂𝐷 of any length 𝑎 ≥ 𝑎90/95
is 90%.
In the NDT field, the 29/29 method requires the lowest calculation effort but in comparison to
the Berens methods, is more conservative with respect to “𝑎90/95”. The Berens methods are
one of the most common approaches to be applied for computing PoD curves. However, the
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Berens methods might not be applicable in some cases because the algorithms are likely to
fail. For example, the defect sizes in the PoD specimens are not sufficiently different, and/or
the results of the experimental verification comprise not enough misses of defects. In these
cases, the 29/29 method is applied to validate one defect size in an easy way.

1.5 Model Assisted Probability of Detection (MAPOD)
Nowadays, the experimental campaign to generate a PoD curve is expensive; therefore, the
simulation has been investigated as a possibility to replace partially or totally the
experimental tests. The simulation applied to the PoD curve is called “Model-Assisted
Probability of Detection (MAPOD) approach (first publications come from 2003 [6, 105, 7]
and a short view [106]). To establish a PoD study applying this concept, two European
projects called SISTAE [107] and PICASSO [108] were launched in 2007 and 2009
respectively. Another project was launched in 2013, called ByPASS [109, 110], and
constituting a continuity of the previous projects. In this project some MAPOD
recommendations were accomplished concerning the evaluation of the associated
confidence to the PoD curve and the numerical simulation used in industrial cases (software
validation, user expert level) including their advantages and limitations. These projects were
financed by the ANRT (Association Nationale Recherche Technologie) in collaboration with
several industries (Airbus, EDF, CEDRAT, MTU Aero Engines, SAFRAN, Rolls-Royce,
Volvo). Currently, most of these industries use the MAPOD approach to improve the
reliability in their NDT methods, being cost and time efficient.
This approach is based on the idea to replace partially the experimental results with
numerical ones obtained from suitable physical models. However, the MAPOD approach still
needs few experimental tests to validate and calibrate the simulated results. This concept is
implemented using the CIVA simulation modules described previously in section 1.3.
The MAPOD concept consists in a methodology which can be split in four steps (Figure
1.14):
-

Definition of the inspection setup using simulation models. The inspection set up
must be fully characterized in terms of geometry, material properties, probe behavior,
calibration, etc. so that comparisons can be performed.

-

Identification and quantification of the sources of variability which implies each
application case. The variability sources in the MAPOD approach are called
uncertain parameters (UP). These uncertainties are going to be set as input
parameters inside the simulation approach. For example, in an ultrasound inspection
the excitation frequency of the probe is fixed by the procedure and can be considered
stable, therefore is not a variability source; on the other hand, the probe position held
by the inspector will tend to fluctuate. Then, when a parameter is identified as
influential and variable (probe position) during the inspection, its behavior must be
characterized by a probability density function (PDF). In this case, the incident probe
angle varies according to a given Gaussian distribution with a certain mean and
standard deviation. These operational uncertain parameters are especially due to the
human and environmental factors.

-

Propagation of uncertainties by numerical simulation applying the Monte Carlo
method. The inspection results can vary depending on material, defect or the
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inspection parameters variation. The statistical behavior (variability) of the results can
be estimated in the numerical models introducing the probability density functions of
the uncertain parameters. The Monte Carlo method uses the uncertain parameters
distributions (statistical approach) by selecting concrete values to compute the
inspection results (deterministic approach). This process is an iterative loop to
compute the results variability.
-

Evaluation of the probabilistic criteria such as the PoD curve using Berens signal
response method or other.

Several application cases using the MAPOD approach were performed in the industry field.
Then, some articles were published by the Airbus Company as the ET NDT method applied
in titanium alloy containing fatigue defects [111], the PAUT inspecting rotating parts [11] and
a complex titanium geometry [112]. Also, some application cases in other industries as for
railways axles [113], welded pipelines [114], fastener sites [115] and others [116, 117, 118,
119, 120]. Moreover, the long experience by NDT experts in the field has made it possible to
compile a certain number of good practices which are detailed by Calmon et al. [121].

Figure 1.14. MAPOD Approach with the propagation of uncertainties
Finally, it can be concluded that looking through the NDT future, the MAPOD concept will be
integrated as a simulation methodology based on the inspection physics. This approach will
provide PoD curves in application cases where relying on specimens alone is either too
costly, too time consuming, or both.
The difficult step in the MAPOD approach is how to model the human behavior and
environmental factors. Another question concerns the correct definition of the probability
density function for the existing uncertain parameters reflecting some sources of variability.
Several authors have tried to answer these questions [12, 13, 14, 15]. The current studies
are based on inspector surveys, engineering judgment and sometimes some qualitative
measures but these are complex and expensive. Thus, the chosen probability densities are
sometimes unreliable. These issues will be discussed in the next chapters of this document.

1.6 Conclusion
After the definition of the different NDT techniques and in particular eddy currents and
ultrasounds methods, the NDT numerical simulation is presented using CIVA software. The
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two studied NDT methods; eddy currents and ultrasounds, are described in detail for the
further application in next chapters.
Afterward, this first chapter has summarized the state-of-the-art of the statistical analysis of
NDT data, starting with a review of the Probability of Detection curves. The different statistic
methods currently used to obtain these PoD curves have also been described.
Finally, the PoD studies measure the reliability and the performances of the NDT methods
using a statistical study taking into consideration the variability sources linked to inspection,
material properties and defect characteristics. Then, the PoD study requires a high quantity
of NDT results (experimental database) obtained under conditions that are representative of
real in-service inspection and taking into account all the factors influencing the inspection.
The current discomfort points of the PoD studies are:
-

-

Experimental campaigns have to be performed using a large number of specimens
and inspectors under similar conditions, which is translated into high cost and time
consumption.
Only laboratory conditions integrated in the current PoD studies. There is a necessity
to do statistical studies taking into account the environmental factors impact (aircraft
conditions).

To conclude, this thesis aims to answer several questions which nowadays are still open as
the long experimental campaigns, integration of human and environmental factors and
Berens hypotheses. This project proposes to build reliable PoD curves trying to integrate the
operational human and environmental factors. This new methodology is based on the
MAPOD approach using the numerical simulation models. The industrial application cases
are the High Frequency Eddy Currents (HFEC) and the Shear Wave Ultrasounds (Shear
Wave UT). The next chapter is dedicated to analyse experimentally the PoD building for the
High Frequency Eddy Current from an extended experimental campaign.
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Synthesis of this chapter:
-

Long experimental campaigns have to be performed, which is translated into high
cost and time consumption for the PoD study. Then, the numerical simulation in NDT
is used to be more effective.
- PoD studies only take into account the laboratory conditions but in-service
inspections are performed in the aircraft conditions. Therefore, the PoD inspections
have to be done in the corresponding in-service scenarios (aircraft conditions).
- There are several existing PoD curves determination methods which have to followed
several hypotheses, if not the results can be interpreted in a wrong way.
- The industrial application cases for this thesis are the High Frequency Eddy Currents
(HFEC) in flat plates of TA6V β-phase and the Shear Wave Ultrasounds (Shear Wave
UT) in drill holes of Al2024.
__________________________________________________________________________

Chapter 2

2 Experimental HFEC PoD
curve building
Abstract:

The High Frequency Eddy Current NDT method is studied in this chapter in two
scenarios: laboratory and different aircrafts structure parts. An experimental database is generated to
simulate the real in-service NDT inspections and build the PoD curve. First, the experimental control
system and the in-service NDT procedure are described including the calibration, inspection scanning
and results interpretation steps. The specimens are designed containing representative defects
produced by fatigue tests. Then, a set of specimens are inspected to evaluate the potential damage
using the corresponding NDT inspection procedure. The database is composed by the inspectors’
results. In addition, this study takes into account the influence of different devices used during the
inspection. Finally, a qualitative and statistical comparison is performed using the signal amplitudes
and the statistical PoD values for each particular environmental case (Laboratory, laboratory device
switch, A321 aircraft and A400M aircraft).
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2.1 Introduction
In this Chapter, The experimental PoD curve will be builded through a statistical analysis of
an experimental campaign. This experimental compaign will be performed using the High
Frequency Eddy Current technique (HFEC) NDT method applied to titanium beta specimens
containing artificial fatigue cracks. One of the main challenges of this Chapter is to
experimentally demonstrate, the effects of the device and the environment on the minimum
detectable defect length value obtained from the PoD using Berens signal response method.
This chapter is organized as follows; the first section describes the experimental NDT
conditions associated to eddy currents, concretely for high frequency. Furthermore, the
experimental control system is described in detail for this type of inspection. Section two
defines the in-service eddy current inspection procedure step by step using the calibration
method. Then, the inspection development of the NDT method is explained to better
understand the NDT test. Once this inspection is performed the results have to be interpreted
by the inspector for a correct analysis. The inspector has to judge if the received eddy
current signal represents a defect. In the third section, we show how to generate the signal
amplitudes database from experimental specimens trying to simulate real in-service
conditions. These tests are carried out taking into account the variability due to specimen
crack lengths, inspector skills and devices. The next section presents a qualitative and
statistical analysis of the in-service experimental campaign. This analysis will quantify the
impact of device, human and environmental factors. These quantifications are performed by
∗
comparing different inspectors’ signal amplitudes and probabilities of detectable lengths 𝑎50
,
∗
∗
𝑎90 and 𝑎90/95 under different scenarios (laboratory and aircraft conditions) using the Berens
assumptions. Each scenario permits to exhibit human and environmental variations as
specimen visibility, screen proximity, human inspection position, etc. Finally, the last section
opens a discussion to determine the quantity of specimens and inspectors required to obtain
a unique and stable POD curve.

2.2 Experimental eddy current control system
The concrete implementation of a method relies on common elements whatever the NDT
technique is considered. Actually, the US-European working group on the reliability of NDT
methods identifies three essential elements [122]: the procedure, the equipment and the
operator.
In 2007, Airbus worked in the development of an adequate internal procedure [123]
describing the rules to determine an experimental PoD curve for each NDT method and
application case. This procedure was developed in such a way to be representative of an inservice procedure focused on every instrument and material. For the HFEC method, the
procedure [124] provides the standard requirements to inspect surface breaking cracks in
different non-ferrous metals/alloys and glare material. In this application case, the
experimental NDT procedure is used for possible damage detection (fatigue surface cracks)
in a titanium β-phase flat plate. This inspection is performed using a standard absolute
mono-coil probe as the procedure specifies. This probe is connected directly to the device
and the inspector tries to optimize the defect signal amplitude in the device screen. The NDT
control system is constituted as follows:
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-

a)

An absolute probe of a fixed diameter (Ø 3,30 mm) with a standard shape for a
suitable detection following the HFEC NDT procedure (Figure 2.1a).
An eddy current generator operating with an absolute probe at a frequency of 2 MHz
(Figure 2.1b) [125].
b)

Figure 2.1. (a) HFEC absolute probe and (b) HFEC device called Mentor EM Portable Eddy
Current Tester/Flaw Detector [124]
In order to have a better understanding of the inspections context, the different NDT devices
should be described. All devices have to be internally verified (annual calibration) in order to
follow the standards. This verification is important to perform a correct NDT inspection which
enables reliable comparisons without discrepancies.
The devices used during all High Frequency Eddy Currents (HFEC) tests in the laboratory,
A321 and A400M scenarios were always the D6 (Figure 2.2) and the “GE 310P24” probe.
Actually, an additional test in the laboratory scenario using different devices, called
laboratory device switch scenario, was carried out to analyse the device influence in a PoD
study (Figure 2.2).
Device 1 (D1) AeroCheck – Device 2 (D2) Nortec 600 – Device 3 (D3) Elotest M2Sofranel
Olympus
Rohman GmbH

Device 4 (D4) Elotest M3 - Device 5 (D5) Phasec 2d – Device 6 (D6) Mentor EMRohmann GmbH
Hocking
General Electric

Figure 2.2. All inspection devices used during the HFEC test
It is worth mentioning that during the HFEC inspections, each inspector chose the probe to
be used, depending on his degree of familiarity with it. However, in general lines, inspectors
tended to use standard probes in accordance to the general procedure.
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2.3 In-service eddy current Inspection procedure
Inspection procedures and instructions are key information in the daily working life of an NDT
inspector [126]. The NDT general procedure for the HFEC inspection [124] begins describing
the component and the inspection area of the specimens containing fatigue defect. The
procedure provides a description of the possible damages as fatigue defects starting on the
top surface of the fatigue test specimen. Moreover, the specific device and materials needed
for inspection are detailed (e.g. instrument, probe, standard calibration, etc). In addition,
some documents concerning the crack evaluation and certification of personnel are included
for a better understanding of the NDT inspection.

2.3.1 Calibration step
Before starting the real in-service control, inspectors have to check the calibration of the NDT
control system in order to perform a correct evaluation of the NDT results in each application
case. In this case, the calibration steps have to be followed by the inspectors in the order
below:
-

Check the calibration date and conformity of the device;
Identify the area on the fatigue test specimen to be inspected and check if it is clean
and smooth;
Carried out an inspection in order to check the lack of visible damages or
discontinuities.
The inspector has to regulate the sensitivity to the lift-off effect [127, 128], where
variation of the distance between the probe and the test sample changes the mutualinductance between the excitation coil and the test specimen (Figure 2.3a). The lift-off
variations can be caused by varying coating thickness, irregular sample surface or
operators' movement. This effect can mask defects or generate a false alarm. The liftoff signal has to be set in the horizontal plane of the HFEC device screen applying a
phase calibration (See Figure 2.3b). After, the inspector has to adjust the instrument
parameters of the device to obtain a 100 %FSH (Full Screen Height) of the NDT
device screen for the infinite defect at 1 mm depth on the calibration block (Figure
2.4, slot C). The two other slots (slot A and B) are used to check the correct defect
response after the calibration performed in slot C. Then, this calibration value (infinite
defect at 1 mm depth) is used to set up the 100 %FSH in the PoD process which
corresponds to the saturation threshold (𝑎̂𝑠 ). The other important parameter is the
detection threshold (𝑎̂𝑡ℎ ) or acceptance criteria as indicates the NDT HFEC
procedure. Actually, this 𝑎̂𝑡ℎ is fixed once a signal to noise ratio study has been
previously carried out. This signal to noise ratio study allows inspectors to make the
distinction between structure noise and defects (acceptance criterion). In this
application case 10 %FSH is the threshold value (Figure 2.3b).

Chapter 2: Experimental HFEC PoD curve building
33
__________________________________________________________________________
a)

b)

Figure 2.3. (a) Calibration step in the reference block and (b) HFEC screen for an evaluation
of the indications [124]
2.3.1.1 Standard calibration
The standard calibration is performed with the standard calibration block for the HFEC
industrial application case. This calibration block is used for an accurate detection of surface
cracks. The calibration block has certain dimensions and material specifications similar to the
real inspection area. This block is made in titanium β-phase with a size of 30 x 10 x 5 mm.
The calibration block contains three different types of defects. Each defect consists of an
“open” surface and an infinite sleeve with three different depths (0,2; 0,5 and 1 mm),
machined by EDM (Electrical Discharged Machining) (Figure 2.4).

Figure 2.4. The standard calibration block used during the HFEC inspection [124]
2.3.1.2 Proposed calibration
For the calibration step, we decided to build a new calibration block to analyse the different
EDM defect signal amplitudes. Then, this proposed calibration block is used for an accurate
measurement of more than one specific surface crack. This calibration block has certain
dimensions (150 x 50 x 5 mm) and material specifications (titanium β-phase) similar to the
inspected area in maintenance. In this NDT calibration block there are seven different defect
types to measure the device performances. First, similar defects are contained consisting of
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an infinite "open" sleeve with two different depths at 0,5mm and 1mm (defect G and F,
respectively) machined by EDM. In addition, five extra defects with different lengths (2 mm, 3
mm, 4 mm, 5 mm and 6 mm) per 1 mm depth are added in this proposed calibration block
(see Figure 2.5).

Figure 2.5. The extra calibration block to accurately measure the device performances

2.3.2 Inspection step
Once the instrument is calibrated using the standard probe and the calibration block
specified in the inspection requirements, the inspector slides the probe slowly along the area
to inspect and make sure that the coil scans the whole surface (Figure 2.6). It has to be
known that in the instrument parameters section (NDT procedure) is noted an orientation to
start a correct inspection (Figure 2.6). Then, the scanning path has to be at least 1 x 1 mm in
X and Y axis which corresponds to a value close to half of the probe diameter. All indications,
which are vertical in the HFEC device screen and which exceeds 𝑎̂𝑡ℎ (signal amplitude
threshold), in this case, 10 %FSH shall be marked as defects. This in-service inspection
follows the standard NDT procedure used by the aerospace industry.

Figure 2.6. Probe scanning for defect detection in flat plates [124]
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2.3.3 Result interpretation step
The results interpretation in the NDT field is performed by the certified inspectors of the
appropriate NDT method. This evaluation is a key phase in the evaluation of in-service
defects. The inspector has to properly follow the standard procedure including the calibration
step to judge if in the structure part there is a defect. Human perception and interpretation
are significant when defect detections are involved in an NDT evaluation task.
For the HFEC application case, the inspector uses the received signal amplitudes in the ET
device screen to evaluate where the defects are located. Then, as it was remarked before in
the calibration step, all signal amplitudes in the ET device screen higher to 10 %FSH shall be
marked as defects.

2.4 Experimental simulation of device, human and environment effect
To generate this representative experimental database of the HFEC method, the in-service
defects, inspectors, devices and environments are needed. Then, these elements are
presented below.

2.4.1 Defect database generation
To create the experimental defect database, the experimental specimens containing the
defects have to be generated. Around 80 % of the PoD budget is spent in the specimen
design and defect propagation due to the high quantity of specimens and the difficulty to
generate a specimen fatigue defect. The specimen defect generation in this application case
will carefully describe and analyse. The defect shape and size are identified depending on
the surface length measurement after the fatigue test (Figure 2.7).
The sample defect lengths were identified with high technology binoculars and special led
lights. The defect depth is obtained using a depth-length ratio (𝐷/𝐿 = 0,23). This ratio was
obtained thanks to a previous fracture analysis and damage propagation study of several
specimens containing different defect lengths. The Table 2.1 indicates the surface defect
length 𝐿 and the defect depth 𝐷 which have several defects after the surface thickness
machining of 0,6 mm. Additionally, this table contains important defect measurements, such
as the surface length 𝐿’ or depth 𝐷’ before the surface machining. This ratio is independent of
the defect length. This process is explained in Figure 2.8. In unclear identification defect
cases, another verification using X-Ray and tomography is performed to obtain the exact
fatigue defect shape, length and depth.
These defects are performed following a standard process consisting of:
1.
2.
3.

The generation of an EDM (artificial defect) in the specimen surface.
Propagation of the generated EDM defect through the three points bending
fatigue test.
When the surface side of the defect has the desired length (surface inspection),
the artificial damage is removed from the specimen surface (Figure 2.7, dashed
line).

Finally, the fatigue defect is representative of a real in-service case and ready for the
inspection.
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Figure 2.7. Flat plate in titanium β-phase containing the EDM defect to initiate the fatigue
crack
Table 2.1. Defect size of the experimental specimens tested to analysed their morphology
Control propagation with the
binocular G X 100
𝐿’ [mm]
𝐷’ [mm]
2,86
1,12
2,94
0,84
3,13
1,24
4,49
1,6
5,91
2,27
7,2
2,17

Defect size after the 0,6 mm
machining
𝐿 [mm]
𝐷 [mm]
2,2
0,52
1,85
0,24
2,62
0,64
4,3
1
5,84
1,67
6,95
1,57

ratio 𝐷/𝐿
0,23
0,23
0,24
0,24
0,13
0,29

Where,
𝐷: Fatigue crack depth after machining EDM crack
𝐿: Fatigue crack length after machining EDM crack
𝐷’: EDM crack depth
𝐿’: Fatigue crack length including the EDM crack

Figure 2.8. PoD process sequence to build and analyse the specimens
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The NDT experiment campaign is composed by 70 specimens containing surface fatigue
cracks, non-crossing thickness of a normalized length between 0,38 mm and 2,67 mm and
variable depth depending on the defect length. A size distribution should be considered
depending on the NDT method and the POD scope. For this analysis, the rule is to provide
the majority of defects containing sizes compromised between a lower limit (defect size
which can be detected with a very low occurrence) and an upper limit (defect size which is a
priori considered as always detected). Notice that specimens with defects which are never
detected and defects which are always detected are also needed for the POD study. Figure
2.9 provides the normalized lengths of all real defects used during the PoD study. These
values are normalized because of confidential reasons.

Figure 2.9. Sampling data classified per defect type (length (ls) and depth (ds))
Among the 70 specimens, 11 are free from defects in order to prevent false calls [129].
According to the PoD theory [1], a wide range of defect lengths is needed during the
experimental campaign. In this study, four different defect groups can be identified:
-

Defects type A (normalized defect length from 0,71 mm to 1,02 mm): small defects
with low probability of detection.
Defects type B (normalized defect length from 1,02 mm to 1,57 mm): small defects
with higher than type A probability of detection.
Defects type C (normalized defect length from 1,57 mm to 1,98 mm): standard
defects with high probability of detection.
Defects type D (normalized defect length from 1,98 mm to 2,72 mm): big defects with
a probability of detection following the standard NDT procedure near to the 100
%FSH.

Regarding the material characteristics, the titanium β-phase material contains structural
noises due to the alloys heterogeneity in the solid crystal structure. Actually, in the HFEC
application, there is a noticeable difference between aluminum and titanium elements. It is
possible to appreciate a clear difference of element concentration in the boundaries of the
solid crystals where the material encloses less aluminum, inducing a local modification of the
eddy current signal. Thus, there may be some difficulties in adapting the different device
parameters to optimize the interpretation of the inspection.
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Note that, the titanium β-phase material can generate higher variation than the titanium alpha
beta and aluminum because of the big grains and the influence of the aluminum in the
boundaries. Nevertheless, the noise measured in this material is between 5 and 8 %FSH
which is not high in the ET device screen.

2.4.2 Inspectors database description
The PoD study needs different inspectors to successfully achieve the objective of generating
the database and then, finding the minimum detectable length (𝑎90/95). To perform a correct
PoD analysis, the definition of clear roles during the study is important. These roles are the
following:
-

Personnel in charge for PoD analysis shall have a comprehensive statistical background
and a good knowledge of the mathematics used. Experience in NDT (Research &
Development or engineering department) and in experimental inspections development
are required. In addition, experience must be enough to choose the sample distribution to
satisfy the predefined model hypotheses. The PoD engineer is in charge to collect, posttreat and write each part of the PoD analysis. Concretely, the PoD in charge must
guarantee some key points in the PoD analysis:
1) The same inspection procedure is applied. Check that each inspector is
following the procedure and point if there are any discrepancies for a posttreatment.
2) Similar inspection conditions than in-service tasks (scenarios).
3) Define the inspection time to perform the complete task. This inspection time
has to be in accordance with a real in-service inspection time.

-

The inspectors performing the NDT inspection for the PoD study have to be certified as
inspectors performing in-service works. Before the inspection, they were informed about
the key inspection points as in a real in-service process. Between inspectors the
communication is not allowed in order to simulate a blind test.

In this study, six or seven inspectors carried out the experimental campaign in different
scenarios. To build a reliable experimental database, different inspectors have to be used
representing as close as possible the NDT inspector variability of a company. Table 2.2
presents some human traits of the inspectors who participated in the study. The selected
human traits are based on criterions analysed in other studies [130, 131, 73] affecting the
NDT activity:
-

-

Experience, being an important parameter.
Their ET certification level directly implies experience and knowledge on the
fundamental parts of the NDT technique for this application case.
Their mechanical expertise implies a better understanding of each NDT inspection
process. Note that the marks assigned to each inspector were set up with a survey for
this study.
Right or left handed has an influence in the probe angles due to the view position
during this concrete inspection.

These factors can affect human performance in NDT inspections [132, 133, 134]. Table 2.2
was obtained from different qualification documents of each inspector and the questions
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answered by them. Their experience and certification level in eddy currents are based on
inspectors’ answers, however, they have been checked with the data stored in the NDT
database. The mechanical expertise was evaluated with annual tests with several specific
questions and evaluated over 10 points performed by Airbus to analyse what are their
competences concerning damage propagation and fracture analyses. This knowledge is
important for the correct interpretation of the signal and defect propagation during the NDT
inspection. These data are only for illustrative purposes, to show that the used inspectors’
pattern is a representative sample of a NDT maintenance company. These data are not used
in the calculation for the PoD curve. This clarification is important to well follow the
experimental campaign performed in the fourth scenarios (S1, S2, S3 and S4).
Table 2.2. Inspectors’ parameters in High Frequency Eddy Current inspection
Inspector number
Inspector 1
Inspector 2
Inspector 3
Inspector 4
Inspector 5
Inspector 6
Inspector 7
Inspector 8
Inspector 9
Inspector 10
Inspector 11
Inspector 12
Inspectors number

Exp.
Years
in ET
5
26
26
10
27
20
13
4
24
17
12
25

ET
Level
1
2
3
2
2
3
2
2
3
2
2
2

Mechanical
Expertise
0-10
5
9
9
7
7
7
6
5
10
10
5
8

Right /
Left
handed
R
R
R
R
R
L
R
R
R
R
R
R

S1
D6
D6
D6
D6
D6
D6
D6

7

S2

D4
D5

D1
D2
D3
D3
D1
7

S3

S4

D6
D6
D6
D6
D6
D6

D6
D6
D6
D6
D6
D6

6

6

The previous table (Table 2.2) shows inspectors taking part of the experimental campaign in
four scenarios (S1, S2, S3 and S4). This table also shows the corresponding devices (See
Figure 2.2 for details) used during the POD studies. In addition, this table presents who
performed the tests in each scenario. For each scenario, seven inspectors participated to
build each experimental database except for the S3 and S4 scenarios with six due to
availability problems with one inspector. The time average in each scenario to perform the
complete specimen inspection per inspector corresponds to:
-

S1 called Laboratory and S2 called Laboratory Decide Switch, three to five hours.

-

S3 called A321 Aircraft scenario, four to six hours.

-

S4 called A400M Aircraft scenario, five to seven hours.

As it can be observed, each inspector has different performances that can impact the PoD
curves. Additionally, the inspection time can also be an influential factor directly linked to the
fatigue. Then, in-service inspections should take into account human and environmental
factors to provide reliable PoD curves. The human factor which affects a PoD curve ranges
from a misunderstanding of the procedure to a perfect procedure application [13].
In addition, the NDT interpretation is a topic really important concerning aircraft inspections
[67]. This topic can be avoided by using a clear and unambiguous NDT procedure. For
example, the defect interpretation will be more accurate by setting an alarm in the detection
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threshold fixed by the NDT procedure. Another example, the maximum defect signal
amplitude observed by the NDT device screen can be highlighted with a long persistence or
with an instantaneously numerical cursor for a better signal interpretation.
Another significant inspector parameter to take into account is the stress, which is really
difficult to control and can make a difference between inspectors [71, 130]. Therefore, the
PoD engineer must simulate a real scenario where the inspector feels as an in-service
inspection [135]. To quantify the human and environmental effect, four inspection scenarios
have been established: the first is called the "laboratory scenario", the second “laboratory
device switch scenario” also developed in laboratory conditions and the third and the fourth
are called the "aircraft scenarios". These scenarios will be described in the next paragraph. It
has to be noted that, during the four scenarios:
-

The same NDT procedure was applied;
The identical 70 specimens were inspected;
The same 6 or 7 inspectors were employed, except in the laboratory device
switch scenario.
The unique device technology was used, except in the laboratory device switch
scenario.

2.4.3 Environments
This section describes the test scenarios used for the HFEC inspections in the PoD study.
The results from each scenario enable to generate the experimental database. These
scenarios will contribute to the human and environment assessment. Currently, this element
is a reality which has to be demonstrated with experimental tests and proper result analysis.
2.4.3.1 Laboratory same and switch device scenarios
Two scenarios were developed in the laboratory conditions; one, using the same device and
the other, using different devices. These scenarios are called “same device” and “device
switch” respectively. The different HFEC devices used during the device switch scenario
were described in section 2.2. This way to perform a PoD curve study is really common in
the aerospace sector, as it is the easiest and quickest process. Inspectors carry out the test
in a comfortable position, observing the inspection area and the screen close to the
specimen. In this condition there is no noise surrounding (laboratory environment) and the
temperature corresponds to the standard (see Figure 2.10a). Each inspector has to follow
the general procedure, in this case called “HFEC NDT Instruction for TA6V Beta”. This
document provides the standard requirements for specimen inspections in titanium beta alloy
for the PoD process, as it was explain before.
2.4.3.2 A321 aircraft scenario
Inside Airbus, a specific building stores all structures from dismantled aircrafts (Tear Down)
or even in-service aircraft pieces from airlines for expert assessments. This aircraft parts are
deeply investigated and analysed for a better understanding of the future misalignments. As
a result, a huge number of structures are available to perform any non-destructive
inspections. In the experimental campaign, the aircraft scenario was developed inside the
cargo part of the A321 (Figure 2.10b) with a change in the specimen orientation and human
position, quite different from the laboratory conditions.
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The experimental campaign consists in gripping each specimen in different frames of the
cargo side (Figure 2.10b). The goal is to change their accessibility, visibility and screen
proximity but using the same specimens. Therefore, inspectors hold the NDT device from
one specimen to another specimen being obliged to adapt their inspection position. The
specimen locations were selected from in-service inspection feedbacks and engineering
judgement of the Airbus NDT experts.
2.4.3.3 A400M aircraft scenario
In the third scenario, the test campaign was established inside the central wing box of an
A400M (Figure 2.10c). The PoD experimental campaign consists in gripping each specimen
inside the central wing box. Each specimen was located in different ribs. The difference
between A321 cargo and A400M central wing box scenario is the inspector position, the
specimen visibility and the screen proximity. This specific specimen place was also chosen
from different inspector feedbacks with different experiences in in-service inspections and the
engineering judgment.
a)

b)

c)

Figure 2.10. (a) A400M Aircraft Scenario and (b) inspector performing the NDT control in the
central wing box
Finally, the experimental database is generated thanks to the in-service defects, inspectors
and environments. This database is composed by simulated in-service inspections in the
HFEC NDT method in industrial application context. Each of these elements helps to build
reliable results and subsequently, a robust PoD curve in the below sections.
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2.5 Results
The NDT results which will be extracted from this study are the defect signal amplitudes
detected by the inspectors in % FSH (Full Screen Height). These results constitute the
experimental database in four different scenarios. In this section, a qualitative and a
statistical analysis are performed for a better understanding of the device, human and
environmental effects using the inspectors’ results and the statistical PoD values.

2.5.1 Qualitative analysis
The qualitative analysis is based on the inspectors’ amplitude results [% FSH]. The signal
amplitude communicated by the inspector is an important element for the final PoD
computation. First, a qualitative evaluation is performed comparing inspectors’ detections per
defect length; secondly, comparing inspectors’ detections using different devices and thirdly
comparing inspectors’ detections in different environments.
2.5.1.1 Human factors effect
In this analysis, the signal amplitudes are compared between inspectors for different defect
lengths (𝑎) using the same device in the laboratory conditions. The analysis is presented in
the graph is illustrated in Figure 2.11a. The inspectors’ signal amplitudes show a variation in
all the defect lengths. For small defect lengths (less than 2,5 mm), the signal amplitudes are
mainly between 10 %FSH and 50 %FSH. For big defects (5 till 7 mm), the signal amplitudes
are between 80 %FSH and 100 %FSH which means a lower interval variation than in small
defects. As a conclusion, for the small defects detections, the human factor effect is more
visible being less accurate and repeatable than for big defects. Then, the risk to perform an
error from one inspector to the other is higher. These results are also linked to the
operational human factor effect due to their different inpectors’ trajectories and gestures even
being in the laboratory conditions. These inspectors’ trajectories and gestures are probably
indirectly linked to their experience, certification level, mechanical expertise, etc.
2.5.1.2 Device switch effect
The device switch effect is extracted from the comparison between the two experimental
databses in the laboratory conditions; one using te same device and the other using different
devices per inspector in Figure 2.11. In this analysis, the effect device can be extracted in a
qualitative way.
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a)

b)

Figure 2.11. Inspectors signal amplitudes database using (a) the same device in the
laboratory conditions and (b) different devices in the laboratory conditions
As in the previous case, the signal amplitudes are observed in Figure 2.11 with a different
interval area. It has been remarked that for the device switch scenario the area is bigger due
to less repeatability and accuracy from the inspectors. In Figure 2.11b, for small defect
lengths (less than 2,5 mm), the signal amplitudes are between 10 %FSH and 80 %FSH. For
big defects (5 till 7 mm), the signal amplitudes are between 70 %FSH and 100 %FSH which
means a lower interval than in small defects, as in the previous case. This higher variability
for this scenario compared to the same device conditions is probably due to the use of a
different device combine with the human factors.
Moreover, the graphs (Figure 2.12) plot the signal amplitudes from two inspectors (e.g.
inspector 4 and inspector 5) obtained with two different devices (D4 and D6 for inspector 4
and D5 and D6 for inspector 5). These graphs show that using two different devices, they
obtained really different results especially for small defects. Additionally, in Figure 2.12b, we
observe that D5 device has a tendency to underestimate the signal amplitudes compared to
D6 device.
These values suggest that even being in the laboratory scenario and the same inspector (D4
or D5), results can be altered due to the device technology. The influence of changing the
device could have an impact in the growth of the signal amplitude interval range compared to
the same device scenario. Furthermore, it was observed during the experimental inspections
that the instrument calibration (setup) can also impact the signal amplitudes because each
inspection performed a different one even following the same procedure.
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a)

b)

Figure 2.12. Inspectors’ signal amplitude database for a) inspector 4 and b) inspector 5
obtained with different devices
2.5.1.3 Environment effect
As in the other two previous cases, the signal amplitudes are analysed per defect length to
quantify the environmental effect. To achieve this objective, three cases are analysed:
laboratory, A321 and A400M aircraft inspection conditions. During these three scenarios we
used the same device (D6) and the same operators. Only the inspection conditions are
different.
Each scenario shows different defect detection results which can be explained by the human
position, specimen visibility and screen proximity. Figure 2.13 represents the defect signal
amplitudes of the specimen set captured by the seven inspectors in the laboratory conditions
and by six inspectors in the aircraft conditions. In the optimum scenario, laboratory test,
defect signal amplitudes are higher than in Laboratory Device Switch, A321 Aircraft and
A400M Aircraft scenarios. Figure 2.13a (laboratory scenario) shows a smaller area due to
higher repeatability and better accuracy in inspector results. The A321 Aircraft scenario
(Figure 2.13b) allows inspectors to better identify the inspection area due to a better visibility
and better positioning of the inspection device next to the specimen compared to A400M
Aircraft scenario (Figure 2.13c). These aspects have an impact on the inspectors’ signal
amplitudes obtaining the largest area in A400M aircraft scenario due to a larger variability
and less accuracy compared to laboratory and A321 aircraft scenario. More in detail, 80
%FSH can be reached from one inspector to another for the two aircraft scenarios while for
laboratory scenario results are almost identical for big defects.
To conclude, the environmental effect can be extracted in a qualitative way due to the
increase of the areas of the signal amplitude database. Also, this analysis means that
perform a PoD study in the laboratory conditions, which is nowadays the case, is not reliable
because we are missing the effect of the environment.
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a)

b)

c)

Figure 2.13. Inspectors’ signal amplitude database for a) laboratory, (b) A321 and c) A400M
aircraft conditions

2.5.2 Statistical analysis: PoD study
Once the four scenarios are presented and the inspectors’ signal amplitudes databases are
compared, the statistical analysis can be performed for a deeper analysis using the PoD
statistical parameters.
The process to build a PoD curve consists in a certified statistical study [136]. The probability
of detection is used to determine the reliability and the performance of the inspection device
and the NDT method to detect defects according to their size. The NDT specification
establishes the method and requirements for the Probability of Detection analysis. This
process shall be applied with the relevant NDT procedure, material specification, inspector
requirements and defect type as it was deeply explained in the previous chapter.
For the four scenarios (Laboratory, Laboratory Device switch, A321 Aircraft and A400
Aircraft), the experimental inspectors’ amplitude databases (raw data) are not reported in this
manuscript because of confidential reasons. PoD data nature are signal amplitudes (𝑎̂
(%FSH)), therefore the well-known standard Berens Signal Response Method is applied to
determine the detection probability lengths [1]. Additionally, statistical best practices from the
European Network for Inspection and Qualification (ENIQ) [2] were followed.
2.5.2.1 The PoD curves and the studied statistical parameters
In the PoD curves, two curves (cumulative distribution functions) are identified (Figure 2.14):
the blue curve usually known as the empirical curve built using the inspectors’ amplitude
results and the dashed red curve known as the 95% of confidence level appliying the Berens
theory [33]. The red dashed curve shows a confidence band applied to the results as a
conservative approach. For the PoD curves, the selected parameters to analyse the reliability
of the NDT method and the procedure are the following (See Figure 2.14):
-

𝑎50 is the defect length for a 50% of probability of detection;
𝑎90 is the defect length for a 90% of probability of detection;
𝑎90/95 is the defect length for a 90% of probability of detection obtained with 95% of
confidence interval.

For confidential reasons, the PoD parameters are normalized by the K parameter. The
normalized value of a50 , a90 and a90/95 will be denominated, respectively, a∗50 , a∗90 and a∗90/95 .
This normalization is also applied in the PoD curve axis. An example:
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a∗90 =

a90
K

(2.1)

With, K = a90/95 (laboratory scenario), being the a90/95 obtained from the PoD curve
corresponding to the laboratory conditions using the same device.

Figure 2.14. PoD curve with statistical parameters
Finally, to build an accurate PoD curve and extract the correct statistical parameters, the
Berens hypotheses have to be taken into account. The experimental database has to follow
the linearity hypothesis. If this linearity is not followed, different data transformations should
be applied (Appendix B). Then, the best linear correlation has to be chosen: the one which
better fits with the Berens linear hypothesis between 𝑎 (real defect lengths) and 𝑎̂ (defect
signal amplitudes). In the four scenarios, the linear-log model (𝑎̂ 𝑣𝑠 𝑙𝑜𝑔 𝑎) is the most
adapted option to respect the linearity hypothesis and build the PoD curves. With this
transformation, the obtained PoD curves for the different cases are illustrated in Figure 2.15.
a)

b)
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c)

d)

Figure 2.15. PoD curves corresponding to the (a) laboratory same device, (b) laboratory
device switch, (c) A321 aircraft and (d) A400M aircraft scenarios
2.5.2.2 Device switch effect
The previous qualitative analysis showed that the use of different devices can disturb the
NDT inspectors’ amplitude results and increase the uncertainty of the amplitudes obtained by
different inspectors. The statistical parameters 𝑎∗50 , 𝑎∗90 and 𝑎∗90/95 , show a differentiation
between scenarios of 7%, 5% and 6% respectively (See Table 2.3). The laboratory device
switch shows a device effect probably due to the electronic device variability, the calibration
setup and the human factors. This device impact supposes only few tenths of a millimetre
which is a priori not sufficient to demonstrate a high impact of the device. One of the main
reasons can be the similarity of the inspection conditions and the used standard devices.
Table 2.3. Statistical values in the laboratory conditions using the same device and different
devices
PoD Statistical
parameters
∗
𝑎50
∗
𝑎90
∗
𝑎90/95

Laboratory
PoD
0,63
0,95
1

Device Switch
PoD
0,56
1
1,06

Actually in this study, some cautions should be taken; this PoD study assumes that the
inspector is respecting the procedure, especially the calibration written in the document.
Furthermore, the procedure could be greatly enhanced by adding a simple guide tool to help
the positioning of the probe or by changing the probe for a better inspection performance.
2.5.2.3 Environment effect
The environmental effect has to be also analysed using the POD statistical parameters (𝑎∗50 ,
𝑎∗90 and 𝑎∗90/95 ) to confirm the previous observation in the qualitative study. The normalized
∗
POD parameters (𝑎∗50 , 𝑎∗90 𝑎𝑛𝑑 𝑎90/95
) obtained from POD curves in the A321 and A400M

aircraft scenarios (Figure 2.15c and Figure 2.15d) are presented in Table 2.4. These
statistical parameters will allow us to quantify the effect of the human and environmental
conditions.
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Table 2.4. Statistical values in laboratory, A321 and A400M aircraft scenarios
PoD Statistical
parameters
∗
𝑎50
∗
𝑎90
∗
𝑎90/95

Laboratory
PoD
0,63
0,95
1

A321 Aircraft
PoD
0,67
1
1,08

A400M Aircraft
PoD
0,71
1,13
1,18

∗
These 𝑎90/95
differentiations, 8% and 18% respectively, are sufficient to demonstrate an
impact of the human and environmental factors (inspector position, specimen visibility and
screen proximity). It can be observed that the experimental results from each aircraft
conditions are different because different degrees of environmental penalization were
established (Table 2.4). The environmental change suggests difficulties in the human
position, screen proximity and specimen visibility (Figure 2.16). The A321 aircraft scenario
allows inspector to correctly identify the inspection area and well allocate the NDT device,
better than in A400M Aircraft scenario. In addition, the A400M aircraft inspection time was
longer than in the other scenarios which generate more inspectors’ fatigue and penalizing the
inspectors’ results accuracy and the PoD statistical parameters.

Figure 2.16. Aircraft condition inspection considering the three aspects (human position,
inspection area and screen proximity)
These A321 and A400M PoD results have been carried out with six instead of seven
inspectors due to some availability problems. Therefore, these PoD curves could be less
robust than the laboratory ones. However, the amount of data collected is quite significant,
above 70 specimens, then, the result will not present major differences [2]. In addition, a PoD
convergence to identify the necessary quantity of specimens and inspectors was performed
to obtain a unique PoD curve in section 2.6.1.
To explain these impacts not linked to the device, some videos were recorded to analyse the
inspectors’ trajectories and gestures. These videos will help, in a qualitative way, to deeply
investigate what are the main reasons to obtain different inspector signal amplitudes for each
scenario. After a qualitative video analysis, it can be stated that inspector movements are
quite different in each scenario. Videos show higher trajectory deviations (displacements and
angle rotations of the ET probe) in A321 Aircraft scenario and even higher in A400M Aircraft
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scenario compared to the laboratory scenario. These deviations are due to the environment
of the specimen location and visibility. In addition, due to inspector fatigue the movements
between the first and the last specimen inspections are quite different especially in the
aircraft scenarios which are usually more uncomfortable and longer (See Figure 2.17).

Figure 2.17. ET probe movements recorded during the experimental campaign

2.5.3 Synthesis
A synthesis of the four scenarios is presented for a global view of all the results obtained. In
the laboratory scenario, signal amplitudes and defect length measurements were better than
in the three other scenarios due to the optimal conditions (specimen visibility, human position
and screen proximity). The laboratory device switch showed a device impact probably due to
the electronic device variability. Then, the A321 aircraft scenario was less penalizing than the
A400M because this last scenario was the most difficult environment in terms of specimen
visibility, screen proximity and human position. This is the reason why the inspectors’ signal
∗
∗
∗
are smaller in A321 aircraft scenario.
, 𝑎90
and 𝑎90/95
amplitudes and the PoD parameters 𝑎50
Figure 2.18a and Figure 2.18b quantify globally the impact of the device, human and
∗
∗
∗
𝑎𝑛𝑑 𝑎90/95
).
environmental factors on the PoD statistical parameters (𝑎50
, 𝑎90
a)

b)

Figure 2.18. (a) PoD curves and (b) satitistical parameters computed for the four different
scenarios.
To sum up, PoD results from the HFEC experimental database are analysed using the same
∗
device laboratory PoD curve as the reference. Therefore, the result (𝑎90/95
) is 6% higher for
the laboratory device switch; 8% higher for the A321 aircraft scenarios; and 18% higher for
the A400M aircraft scenario. Finally, this qualitative and statistical analysis confirms an
impact of the device, human and environmental factors in the HFEC application case.
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Until today, all PoDs are built in laboratory conditions and the impact of device has never
been treated. Therefore, this study demonstrated that the minimum detectable determined in
previous studies under laboratory conditions is underestimated.

2.6 Discussion
After the results analysis, the PoD convergence (sample size) are analysed and discussed
for a depth study of this applied statistical method. The PoD sample size is an important
point: the current statistical studies use around 60 specimens and between 5 and 7
inspectors to generate enough data. Gandossi et al. [2] mentioned that 60 specimens are
sufficient to build a reliable PoD curve using the Berens methods. Also, these authors
discussed about the influence of the sample size in the PoD studies [137, 138]. In this case,
the PoD convergence is performed to determine the quantity of specimens and inspectors
needed to obtain a unique PoD curve using the experimental database obtained from the
HFEC application case.

2.6.1 POD convergence
The previous conclusions stated that the sampling (experimental database) is representative
of the real inspections. Then, this sampling is used to study the stability and robustness of
∗
∗
∗
𝑎𝑛𝑑 𝑎90/95
). The objective is to determine the quantity of
the statistical parameters (𝑎50
, 𝑎90
specimens and inspectors needed to obtain a unique PoD curve. The PoD convergence
study is performed using the experimental database from the same device laboratory
scenario. In this case, the maximum quantity of signal amplitudes is 490 (7 x 70), which is
resulting from 70 specimens inspected by 7 inspectors. The PoD curve and statistical
∗
∗
∗
𝑎𝑛𝑑 𝑎90/95
) analysed in this section are obtained using the Berens
parameters (𝑎50
, 𝑎90
Signal Response Theory.
2.6.1.1 Inspector number effect
In this case we will determine the PoD curve which corresponds to 1, 3, 5 and 6 inspectors.
For each case, five different random tests were selected with the corresponding inspectors’
number (1, 3, 5 or 6). The objective is to define the number of inspectors which allow to
obtain an identical PoD curve.
The results of this analysis are illustrated in Figure 2.19. It was observed that the PoD curves
obtained from the random inspector selection (black curves) are variable and different to the
global PoD curves (red curves computed with the total data) for the cases where 4 inspectors
or less were considered. The convergence is reached for a quantity of inspectors equal to 5
inspectors (Figure 2.19c).
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a)

1 inspector / 70 samples

b)

3 inspectors / 70 samples

c)

5 inspectors / 70 samples

d)

6 inspectors / 70 samples

Figure 2.19. PoD curves using different number of inspectors compare to the global same
device PoD curve (7 inspectors, 70 samples)
∗
Figure 2.20 shows that the PoD process usually underestimated the 𝑎90
but give a
∗
conservative 𝑎90/95 when we used less inspectors than in the global PoD curve (490 data).

The results stability increases using 3, 4 and 5 inspectors respectively. Finally, it can be
affirmed that using 5 inspectors is already enough stable to obtain unique PoD parameters
for this HFEC application case (See Figure 2.20).
a)

b)

Figure 2.20. (a) 𝒂∗𝟗𝟎 and (b) 𝒂∗𝟗𝟎/𝟗𝟓 obtained from PoD curve computed with different number
of inspectors selected randomly from the 7 inspectors of the global study.
2.6.1.2 Samples number effect
Now, the PoD convergence was analysed also using random selection of defect sizes. This
part deals with five different random samples cases but well distributed, so that the PoD
curve can be correctly built. Each defect size was randomly selected over 70 samples
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inspected by the 7 inspectors. In Figure 2.21 different PoD curves were computed using 10,
20, 30 and 50 samples selection (black curves) for the comparison with the global PoD curve
(red curve). The step of 60 samples is not necessary because in the previous case, 50
samples case, the PoD curves of the random selections is already stable and identical to the
global PoD curve (See Figure 2.21d).
a)

10 samples / 7 inspectors

b)

20 samples / 7 inspectors

c)

30 samples / 7 inspectors

d)

50 samples / 7 inspectors

Figure 2.21. PoD curves using different number of samples compare to the global same
device PoD curve (7 inspectors, 70 samples).
∗
∗
Moreover, the 𝑎90
and 𝑎90/95
are mainly the same using 50 samples compared to the global

PoD curve. Then, it can be concluded that using 50 samples is already enough reliable to
evaluate the performances from a unique PoD curve (See Figure 2.22).
a)

b)

Figure 2.22. (a) 𝒂∗𝟗𝟎 and (b) 𝒂∗𝟗𝟎/𝟗𝟓 obtained from PoD curve computed with different number
of samples selected randomly from the 70 samples of this study.
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2.6.1.3 Optimal PoD data
Observing the results and using the same quantity of data (420 results), the samples quantity
has a higher impact than the inspectors’ quantity because there is a higher deviation of the
∗
∗
statistical values (𝑎90
and 𝑎90/95
). This conclusion can be also linked to the reduction of
different defect sizes to build the PoD curve which directly impacts the curve shape [137].
Finally, we can suggest that the number of inspectors can be reduced to 5 instead of 7 and
that the number of samples can be reduced from 70 to 50 in the global case. Furthermore,
we will test the possibility of using both reductions simultaneously. Therefore, a test is
performed to analyse the convergence of the statistical values for 50 samples inspected by 5
inspectors randomly selected in five cases. The results are illustrated in Figure 2.23a and
Figure 2.23b in similar graphs as the previous sections. From this graphs, some conclusions
∗
can be extracted concerning the statistical values. Hence, the 𝑎90
obtained is really close to
∗
the global (difference less than 4%). Additionally, the 𝑎90/95 has the same behavior as the
previous one, the difference is smaller than 3%.
a)

b)

Figure 2.23. (a) 𝒂∗𝟗𝟎 and (b) 𝒂∗𝟗𝟎/𝟗𝟓 obtained from PoD curve computed with different 50
samples and 5 inspectors selected randomly from the 70 samples and 7 inspectors.

2.7 Conclusions
The determination of the PoD curve under laboratory conditions does not allow to correctly
represents the conditions of in-service aircraft NDT inspections. It is necessary to make
PoDs under similar aircraft conditions (A321 and A400M aircraft scenarios). It involves
experimentally simulating in-service inspection conditions.
This chapter presents the current experimental methodology to quantify the effect of device,
human and environmental factors in the HFEC method using the PoD curves. The analysis
of the experimental database carried out for the different scenarios (laboratory and aircraft)
allows measuring their influence on the signal amplitudes and the statistical values
∗
∗
∗
(𝑎50
, 𝑎90
𝑎𝑛𝑑 𝑎90/95
) based on the Berens Theory.
∗
∗
∗
Indeed, statistical results (𝑎50
, 𝑎90
𝑎𝑛𝑑 𝑎90/95
) obtained from the experimental campaign

display an impact of 8% (A321 Aircraft) and 18% (A400M Aircraft) on the minimum
∗
detectable dermined from the PoD curve (𝑎90/95
) compared to the laboratory scenario. While,
using several devices has an impact of 6% on the minimum detectable. To explain these
impacts, some videos were recorded. These videos show the correlation between the
inspector results and the inspector trajectories and gestures. Actually, the three scenarios
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were filmed during the inspection of each specimen set. Concretely, first and last specimen
inspections were filmed with three different focal points in order to evaluate variation of
inspectors’ gestures and the fatigue effect in a qualitative mode. In the next chapter, the
videos will be post-treated for a deeper analysis in order to take reliable assumptions. In
addition, this analysis will help us to build reliable variability sources (inspectors’ trajectories
and gestures) for the simulation model. As a result, some additional advices affecting the
NDT procedure can be proposed by fixing the probe positions to reduce involuntary
inspectors’ movements. Another option will be changing the probe for better inspection
performances as phase array with higher resolution and sectorial scanning or setting an
alarm (𝑎̂𝑡ℎ ) in the device for a better signal interpretation.
Finally, the reliability of the PoD curves is evaluated. This aspect is a key element for further
∗
∗
∗
use of the PoD parameters (𝑎50
, 𝑎90
𝑎𝑛𝑑 𝑎90/95
). Reliability is directly linked to the quantity of
data. The PoD convergence study suggets that using 50 specimens and 5 inspectors
randomly selected (250 inspection results in total) is enough to obtain similar statistical
parameters.
In conclusion, the long and costly experimental campaign opens the door to perform PoD
studies using the numerical simulation in the next chapter being cost and time effective.
__________________________________________________________________________

Synthesis of this chapter:
-

-

Several HFEC PoD studies were performed in different scenarios (laboratory, device
switch, A321 and A400M aircraft conditions) to analyse the impact of the device,
human and environmental factors. Then, we conclude that the PoD studies in the
laboratory underestimate the PoDs in the aircraft conditions.
The PoD curve performed for the device switch which shows an impact was not
known before. This impact compared to the aircraft conditions is negligeable.
A HFEC PoD convergence study was conducted to suggest that 50 specimens and 5
inspectors are needed to obtain similar statistical parameters.

__________________________________________________________________________

Chapter 3

3 Numerical HFEC PoD
curve building
Abstract: The objective of this chapter is to define a methodology to build robust PoD curves from
numerical modelling. First, the simulation model of HFEC is defined based on the experimental
campaign developed in Chapter 2. The simulation control system, the geometry, the material
properties, the simulated defect and the simulation NDT procedure including the calibration step must
be fully characterized. Then, a simulated database has to be created in laboratory and aircraft
scenarios. To create this database, the MAPOD concept is used. This approach will integrate different
uncertainty sources from the NDT application case. These uncertainty sources were identified and
quantified as statistical distributions by the specimen and defects’ suppliers report and the video
observation of experimental inspections. The uncertainty sources are principally linked to the defect,
material and operational human and environmental parameters. After, the propagation of uncertainties
applying the Monte Carlo sampling method is performed to build the simulated database composed of
several simulated signal amplitudes. Finally, the simulated PoD curves are obtained for each scenario
(laboratory and aircraft) using the Berens method. To conclude, the simulated PoD curves are
compared to the experimental results. This comparison provides encouraging results to replace
experimental tests by simulation.
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3.1 Introduction
The experimental determination of POD curves is challenging due to the large number of
tests which must be performed in order to determine reliable results. In addition, each
experimental inspection has to be performed by a large number of inspectors under similar
conditions, which is translated into high cost and time consumption. However, the need of
POD data is becoming important since the use of probabilistic methods for safety
justifications is being widely accepted.
For these reasons, numerical modelling of NDT technique is the most appropriate solution for
the inspection process qualification, since it offers the capability to study a wide scope of
configurations, saving costs and time compared to a full experimental campaign. Today, due
to the pressure on cost and interval cycles, the aerospace industry is trying more and more
to replace the experimental data using the MAPOD approach for estimating POD curves.
The current simulation weak points are the difficulty to modelling and introducing of the
human and environmental conditions in the NDT numerical models. In an experimental
campaign, inspections depend on defect variability, material heterogeneity but also on the
inspector behavior. This impact, which may affect the human operational part of the
inspection, is indirectly linked with the inspectors’ qualitative skills (experience, certification
level, mechanical knowledge, etc).
In the approach hereafter presented, the simulation model proposes to integrate the human
behaviour by the modelling of inspectors’ trajectories and gestures (probe angles and
scanning displacements). This approach can be taken into consideration as an operational
integration of inspector skills and the human behaviour (experience, certification level,
mechanical expertise, fatigue, etc.). The inspectors’ trajectories are analysed with the videos
during the experimental campaign, as a result each gesture is tried to be included in the NDT
numerical model. The environmental factors are thus integrated in these models through the
change of the inspector behavior (trajectories and gestures) resulting from the change of the
conditions.
The objectives of this chapter are; first, establish a robust construction of a numerical model
based on the experimental campaign; second, identify and quantify the variability sources
using the specimen and defects’ suppliers report and the inspectors’ videos; third, define the
propagation of uncertainties (MAPOD approach) based on the Monte Carlo sampling to
obtain the simulated signal amplitudes and the simulated POD curves. Then, the extended
experimental database (laboratory, A321 and A400M aircrafts) is used to compare and
validate the numerical models using the signal amplitudes and the statistical parameters.
This chapter is organized as follows; the first section presents the simulated HFEC model
which is based on the experimental inspection including the specimens, defects and devices.
Also, the calibration procedure is described for a correct comparison between simulated and
experimental results. In second section, we describe the MAPOD approach more in detail.
Hence, we show how to construct the eddy current simulation database in each simulated
scenario (laboratory, A321 and A400M aircraft). These simulated scenarios are carried out
taking into account the variability sources due to the defect, specimen and inspector skills
(operational inspection) observed during the experimental campaign. The third section gives
the simulation statistical POD results of each scenario applying the Berens method following
the corresponding assumptions. Then to see if the simulation can replace the experimental
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tests, we compare the simulated and experimental databases and their POD curves. This
comparison is performed considering different signal amplitudes and probabilities of
∗
∗
∗
detectable lengths 𝑎50
, 𝑎90
and 𝑎90/95
.

3.2 Simulation model of High Frequency Eddy Current inspection
The proposed High Frequency Eddy Current inspection model is described in detail based on
the experimental tests. The material is titanium β-phase (TA6V β-phase). The simulation
geometry shape is a flat plate (250 x 40 x 5 mm) and a semi-elliptical defect shape was used
a priori to be representative of the application case.
The simulated HFEC probe is presented for a better understanding of the NDT numerical
inspection. In this case, the probe characteristics are measured from the physical probe
(Figure 3.1a) and the images obtained from the X-Ray tomography (Figure 3.1b). In addition,
the technical sheet published by the supplier is used to be more accurate in the CIVA probe
modelization.
a)

b)

Figure 3.1. (a) High Frequency Eddy Current probe used in experimental part and (b) his XRay tomography images
The probe used during the test corresponds to a HFEC probe with a diameter (Ø) of 3,30 mm
(cylindrical coil-ferrite) to perform a standard inspection for flat surfaces as the procedure
describes. The probe contains a copper coil and a ferrite which has a dual-function using at
the same time the transmission and reception mode. Figure 3.2 shows the design of the
standard probe in the simulation CIVA interface and Table 3.1 gives the principal probe
parameters corresponding to the physical and supplier measurements.
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a)

b)

Figure 3.2. (a) Simulated coil design and (b) ferrite material for the HFEC standard probe
Table 3.1. Simulation parameters for the simulated HFEC standard probe
Coil characteristics
Inner diameter (Dint)
0,95 mm
Outer diameter (Dext)
1,25 mm
Height (H)
0,9 mm
Turns
30

Ferrite characteristics
Internal diameter (Dint)
0 mm
External diameter (Dext)
0,8 mm
Height (H)
2,7 mm
d
0,2 mm

The TA6V β-phase material characteristics introduced in the numerical model are the
conductivity and the relative permeability which corresponds to 0,57 𝑀𝑠/𝑚 and 1
respectively. These values are the standard measures extracted from a conductivity
inspection on the real specimens. Additionally, the electromagnetic penetration of eddy
currents is studied for this application case [139]. The effective depth of penetration is the
point in the material where the eddy current strength has decreased to 37% of the strength at
the surface. The effectiveness of the electromagnetic field computed by the CIVA model is
0,25 mm (Figure 3.3) which is close to 0,3 mm as the theoretical depth penetration in
titanium using a frequency of 2000 kHz. Then, the simulation model can be considered close
to a HFEC inspection.

Figure 3.3. The electromagnetic field to detect surface defects
The simulated defect is finally modelled using the CIVA software as a rectangular defect
being one of the simplest ways using only the length, depth and width parameters. However,
the semi-elliptical shape needs more parameters to represent the defect as the two
interconnected radius, depth and width. In addition, this semi-elliptical modelization type is
harder to control in an efficient way all the defect parameters an their propagation using the
MAPOD approach; therefore, a rectangular shape will be modelled in a conservative way
considering only the insider part of the semi-elliptical defect (Figure 3.4). The rectangular
defect model is a conservative approach for an easier and quicker computation. The HFEC
simulation model uses the BEM (Boundary Element Method) defect mesh because it is one
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of the most representative approaches of the fatigue defects (narrow defects) as CIVA
recommends.

Figure 3.4. Semi-elliptical defect shape which contains the rectangular defect shape to be
modelled
The final model is represented in Figure 3.5. The inspection area is a flat surface specimen
which represents the in-service experimental campaign. Only the probe characteristics are
relevant to simulate the NDT case described in the previous section.
The simulated inspector scanning path established in the numerical model represents the
real in-service scanning set in the NDT procedure. This scanning path will cover the
complete inspection area to perform correct defect detections. The step of the scanning path
is equal to the half of the probe diameter which in this case is 1 mm in X and Y axis.
Concretely, this scanning path (120 mm x 40 mm) covers the defects generated normally in
the centre of the specimen by the fatigue bending test.

Figure 3.5. The HFEC inspection model with the scanning path
Table 3.2 summarizes the principal input parameters for the NDT simulation model in the
HFEC inspection. These input parameters are set for the test specimen and other important
parameters as the frequency.
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Table 3.2. Experimental inputs for the NDT simulation in the HFEC inspection
The test specimen
Conductivity (𝑐)
Relative permeability (𝜇𝑟 )
Thickness (𝑡)
Other parameters
Frequency
Skin effective depth at 2000 kHz

0,57 ± 0,02 x 107 S/m
1
5 ± 0,02 mm
2000 kHz
0,25 mm

An example with some results obtained with the HFEC simulation model using CIVA
software is illustrated in Figure 3.6. First, the impedance plan result is presented for an
evaluation of the imaginary value of the signal amplitude, as the NDT procedure describes
(Figure 3.6a). Figure 3.6b represents the 3D model with the imaginary B-scan. There are two
possible B-scans, one concerns the real results and the other, the imaginary results (Figure
3.6c and d).
a) Impedance plan

b) 3D representation of the B-scan

c) Real B-scan

d) Imaginary B-scan

Figure 3.6. Results example of the simulated HFEC model using CIVA software
A calibration step following the experimental procedure has to be performed for a correct
analysis of the results. Similar calibration block was modelled as in the experimental
inspection using the infinite defect length per 1 mm depth (Figure 3.7). Also, the appropriate

Chapter 3: Numerical HFEC PoD curve building
61
__________________________________________________________________________
device parameters (phase and gain) are set for the optimum detection of the calibration
defect before the simulated inspection.

Figure 3.7. Calibration block containing the infinite defect length per 1 mm of depth
The first step for the calibration is to set the correct phase of the lift-off to avoid false calls.
This step consist in bringing the lift-off signal amplitude through the left part of the horizontal
axis in the ET device screen (impedance plan). This lift-off has two points; one in the material
(Figure 3.8a) and one in the air (Figure 3.8b).
a)

b)

Figure 3.8. (a) Lift-off point in the titanium β-phase material and (b) lift-off point in the air
Then, the calibration phase is 58,11° because the lift-off signal has to be set in the left part of
the horizontal axis (180°-121,89° (Figure 3.8)). After this calibration phase, the gain
calibration has to be performed. The gain applied in Y axis is 12 dB higher than in the X axis
gain following the NDT experimental procedure (Figure 3.9).
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a)

b)

Figure 3.9. (a) Signal amplitude without gain and phase applied and (b) signal
amplitude with the gain and phase calibration
The signal amplitude of the infite defect per 1 mm depth corresponds to the saturation
amplitude (𝑎̂𝑠𝑎𝑡 ). This signal amplitude is also equivalent to the signal amplitude for an
identical or bigger defect than 6 mm length due to a saturation of the eddy currents field. This
behaviour was tested in the simulation model and in the proposed experimental calibration
block. Both tests give similar results.
Finally, the general calibration procedure consists in setting the infinite defect through 100
%FSH in the ET device screen which corresponds to 10,88 mV for the simulation model.
Then, the inspector sets the detection threshold value (𝑎̂𝑡ℎ ) in 10 %FSH (1,088 mV) for this
application case. These values are the most important parameters to decide if the signal
amplitude corresponds to an existing defect and subsequently, properly compute the PoD
curve.
In addition, the signal amplitude from the flat plate structure free of defects is simulated to
understand the complete HFEC inspection. The free defect signal amplitude corresponds to
a value close to 0 %FSH because no noise was introduced for this application case. In the
experimental tests, the signal noise of the TA6V β-phase material corresponds only to 5-8
%FSH. In this simulation case, the 𝑎̂𝑛𝑜𝑖𝑠𝑒 for the computation of the PoD curve using the
Berens Theory will be set in 8 %FSH (0,8 mV) as a conservative approach.

3.3 Numerical PoD building using HFEC simulation model: MAPOD
approach
Once the previous simulation model is built based on the experimental campaign, the
uncertain parameters have to be identified and quantified with their corresponding statistical
distributions. Then, these statistical distributions are used in the propagation of uncertainties
via CIVA software (MAPOD approach). In particular, the Monte Carlo sampling method takes
the uncertain parameters distributions (statistical approach) selecting concrete parameters
values to compute the simulated signal amplitudes (deterministic approach). This process is
an iterative loop to compute the real in-service results variability. This concept is called the
MAPOD (Model Assisted of Probability of Detection) approach. In the end, this simulated
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database (simulated signal amplitudes) enables the generation of the numerical PoD curve
applying the Berens Theory.
As already mentioned in the previous chapter, a PoD Curve is valid in a specific context: a
part specification (material, geometry), a defect nature (geometrical shape and orientation),
an inspection system and for an associated procedure. The modification of any of these
components requires the development of a new PoD study, which is translated into an
increase of the cost and time associated. The implementation of the PoD assisted by the
simulation (MAPOD) allows preventing this situation. This approach assumes that the
experimental variability of the signal amplitudes is the result of:
-

The different possible defect shapes represented in the simulation model by the
length, depth, width and skew parameters.

-

The material heterogeneity represented in the simulation model by conductivity and
relative permeability.

-

The human and environmental factors represented in the simulation model by the
operational inspection parameters (inspectors’ trajectories and gestures).

The implementation of the MAPOD approach requires taking into consideration the previous
uncertain parameters. This approach is illustrated in Figure 3.10. The input parameters
variabilities have to be modeled with statistical distributions using different methods and
based on the experimental campaign.

Figure 3.10. Inputs and outputs in the MAPOD approach to generate a simulated database
and a simulated PoD curve

3.3.1 Identification of uncertain parameters
The MAPOD approach is initiated with the identification of the inspection parameters that can
be a source of uncertainty and variability in the NDT context. These parameters could have a
priori influence on the inspection results (signal amplitudes) [140, 141]. Some of these
parameters may be seen as uncertain if there is insufficient knowledge related to them, if
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they are not well controlled during the inspection or if they imply physical phenomena with
inherent randomness [142].
The defect uncertain parameters were determined by a sensitivity analysis of the existing
experimental specimens and the proposed experimental calibration block which contain
different fatigue and EDM defects. The material uncertain parameters were identified using
experimental conductivity tests. Finally, the operational uncertain parameters were identified
using the experimental test observation accompanied with recorded inspectors’ videos.
This MAPOD modeling assumes that the NDT inspector strictly follows the NDT procedure.
The variability of the operators’ actions and gestures results in a variability of the influential
parameters techniques (such as the lift off or the orientation of the probe) in the acceptable
variability range by the procedure (Figure 3.11).

Figure 3.11. Graphical representation of uncertain parameters in High Frequency Eddy
Current inspection
In addition, the sensitivity study was performed for the HFEC parameters to quantify their
influence and variability in terms of signal amplitudes. This sensitivity study was carried out
using various influential parameters at the same time to observe existing correlations and
coupling between them. This step is essential to obtain a reliable PoD curve and to know
which parameters mainly affect the NDT signal amplitudes. Finally, the uncertain parameters
are summarized in Table 3.3.
Table 3.3. Identification of the principal HFEC uncertain parameters
HFEC Parameters
Depth [mm]
Defect
Width [mm]
Skew [°]
Conductivity [MS/m]
Material
Relative permeability
Lift-off [mm]
Angular position of the probe – X rotation [°]
Inspection Angular position of the probe – Y rotation [°]
X displacement [mm]
Y displacement [mm]

3.3.2 Statistical distributions of HFEC uncertain parameters
The uncertainty of an influential parameter can be translated as a statistical distribution or
probability law according to the considered parameter. For example, the probe displacement
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position held by the inspector will tend to fluctuate when inspectors are trying to detect the
defects. Then, when a parameter is identified as influential and variable during the
inspection, its behavior must be characterized. In this case, the HFEC probe displacement
varies according to a Gaussian distribution with an average (optimal position) and standard
deviation values which are determined according to the experimental observations.
In the case of a simulated PoD study, a quantitative experimental plan is established for the
identification and quantification of the uncertain parameters distributions. Firstly, the defect
parameter variabilities are investigated based on the specimen and defects’ suppliers report
(defect size, fracture analysis, defect propagation,…). Secondly, the material parameter
variabilities are studied using the different experimental results obtained from the conductivity
tests. Thirdly, the operational inspector’s parameters are established using the experimental
campaign in each scenario (Laboratory, A321 and A400M aircraft). In these scenarios,
several specimen inspections were filmed with three different focal points in order to evaluate
the variation of inspectors’ probe trajectories and gestures. The inspector fatigue effect is
also taken into considerations because the videos were analysed during the full duration of
the inspection. This deep analysis will establish reliable and robust uncertain material, defect
and operational inspector parameters based on the experimental in-service tests. Finally, the
Henry’s line theory (See Appendix C) will be used to consider if the uncertain parameters
follow a normal distribution. The details of these statistical distribution computations are
attached in Appendix C.
3.3.2.1 Defect uncertain parameters
The identified uncertain parameters of the defect (depth, width and skew) are described
below with their corresponding statistical distribution for the MAPOD approach in the HFEC
simulation model.
3.3.2.1.1 Defect depth
The defect depth is quantified using a given correlation provided by the specimen and
defects’ suppliers report. This correlation is between the defect geometry parameters: the
depth (𝐷) and the length (𝐿). According to Figure 1.14, the 𝐷/𝐿 ratio is close to 0,23
independently to the defect length. This correlation was obtained breaking several fatigue
defects generated in the TA6V β-phase specimens for the experimental PoD campaign.
Therefore, for a given defect length, the defect depth is deterministic.
Table 3.4. Defect size of the experimental specimens
Defect size
𝐿 [mm]
𝐷 [mm]
2,2
0,52
1,85
0,24
2,62
0,64
4,3
1
5,84
1,67
6,95
1,57

ratio 𝐷/𝐿
0,23
0,23
0,24
0,24
0,13
0,29

3.3.2.1.2 Defect width
The defect width was also analysed as a principal uncertain parameter which was introduced
as a statistical distribution in the numerical model. Then, using several experimental
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specimens observations (Figure 3.12a), the representative probability density function (PDF)
was determined (Figure 3.12b). The Henry’s line theory was applied to demonstrate that the
suppliers’ defect width measurements follow a truncated normal distribution in practice
(Figure 3.12c). The statistical parameters of the truncated normal distribution are 𝑥̅ =
0,02 𝑚𝑚 and 𝜎 2 = 0,01 𝑚𝑚. The defect width maximum and minimum correspond
respectively to 0,04 𝑚𝑚 and 0,01 𝑚𝑚.
Table 3.5. Defect width corresponding to the experimental specimens
Defect
Length [mm]
Width [mm]

Defect 1
1,85
0.01

a)

Defect 2
2,2
0.02

Defect 3
2,62
0.02

b)

Defect 4
4,3
0.02

Defect 5
5,84
0.03

Defect 6
6,95
0.04

c)

Figure 3.12. (a) The width measurment (red line) of the specimen defect, (b) the defect width
probability density function and (c) width distribution Henry’s line
3.3.2.1.3 Defect skew
The last defect parameter to be checked is the defect skew. It has also been verified that it
follows a truncated normal distribution by the Henry’s line theory using the suppliers’
measurements. A defect skew mean of 0 ° with a standard deviation of ± 5 ° are determined.
In addition, the distribution limits were set in ± 10 ° as the maximum deviations of the
generated real fatigue defects (See Appendix C).
3.3.2.2 Material uncertain parameters
The principal material parameter analysed during the HFEC application case is the
conductivity property of the TA6V β-phase material. This property was analysed because is
one of the most important parameters concerning the electromagnetic propagation field,
especially for the HFEC inspection. This uncertain parameter was measured following a
conductivity control performed with the ET equipment and using a conductivity probe.
Several conductivity acquisitions were obtained and analysed. This method shows a
negligible variation of this parameter and a low influence in the signal amplitudes. Thus, the
conductivity property is not included as an uncertain parameter because is a deterministic
variable.
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3.3.2.3 Operational inspector uncertain parameters
This operational analysis was performed with the Tracker software which is capable to
identify the probe image from the inspections videos and analyse the gestures and trajectory
to quantify the operational side. The analysis consists in the observation of each inspectors’
gesture which indirectly implies the signal variation effect. The inspection videos are posttreated for a deeper analysis in order to correlate the uncertain parameters specially linked to
the operational human behavior in the different environments (inspectors’ displacements and
rotations). The details of the analysis are explained and illustrated in Appendix C for all the
operational inspector parameters. Finally, the analysed parameters are displayed in Figure
3.11.
3.3.2.3.1 Lift-off gap
The lift-off is determined by the gap between the probe and the geometry part where a Teflon
tape is glued for a non-quickly probe deterioration. This Teflon tape has a 0,01 𝑚𝑚 thickness.
Using engineering judgment, we state that each thickness value of the Teflon tape is equally
likely to happen because there is some chance to perform an inspection with or without
Teflon tape. Then, the statistical distribution will be a uniform PDF with a maximum of
0,01 𝑚𝑚 (new Teflon tape) and minimum of 0 𝑚𝑚 (non-Teflon tape) independently to the
scenario.
3.3.2.3.2 Inspectors’ X rotation






In the laboratory conditions, several video acquisitions analysed the X rotation
movement from the seven inspectors. This parameter follows a truncated normal
distribution with 𝑥̅ = 0° and 𝜎 2 = 1,3°. The maximum and the minimum value are
respectively 7° and −5°.
In the A321 Aircraft scenario, the X rotation movement follows a truncated normal
distribution with 𝑥̅ = 0° and 𝜎 2 = 4,2°. The maximum and minimum limits are
respectively 7° and −10°.
In the A400M Aircraft conditions, the X rotation distribution is similar as in the
previous cases, a truncated normal PDF is identified with 𝑥̅ = 0° and 𝜎 2 = 4,7° with
the limits 7° and −12° respectively.
3.3.2.3.3 Inspectors’ Y rotation

The Y rotations were also filmed using a different point of view during the HFEC inspections.
Then, the same process was applied with the Y rotation acquisitions using the software posttreatment (Tracker):




In the laboratory conditions, a truncated normal distribution was recognized with
𝑥̅ = 0° and 𝜎 2 = 2,5° with the boundaries 8° and −8°.
In the A321 aircraft conditions, a truncated normal distribution was identified with a
𝑥̅ = 0° and 𝜎 2 = 4,5° with the boundaries 7° and −10°.
In the A400M aircraft conditions gave a truncated normal distribution with 𝑥̅ = 0° and
𝜎 2 = 4,5° with the boundaries 7° and −10°.
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3.3.2.3.4 Inspectors’ displacement
Numerous displacement acquisitions were obtained from the inspectors’ trajectory videos
from the three scenarios. For the numerical model, the X/Y displacements were indirectly
introduced changing the origin of the probe with a constant scanning path of 1 mm in each
axis (X and Y), as the standard procedure describes (Figure 3.11). Actually, the simulation
model gives a signal amplitude computation in each of these points for the proposed
scanning path. Then, the uncertainty introduce in the probe origin (different probe origins) will
generate different scanning paths and acquisition scanning points which is similar to how
close the inspector was to the defect during the experimental inspection (Figure 3.13).

Figure 3.13. Two different scanning paths due to the change of the probe starting point with
the corresponding computation points in the simulation model
Then, as for all the other uncertain parameters already detailed, the Henry’s line
methodology is applied to check if the new variables follow a normal distribution. The
statistical results are presented in the Table 3.6.
Table 3.6. Uncertain parameters linked to the inspectors’ displacements in X and Y axis
Uncertain
parameters
Inspectors’
X displacement
Inspectors’
Y displacement

Statistical
Parameters [mm]
Average (𝑥̅ )
Standard deviation (𝜎 2 )
Maximum value
Minimum value
Average (𝑥̅ )
Standard deviation (𝜎 2 )
Maximum value
Minimum value

Laboratory
0
3
6
-6
0
3
6
-6

A321
Aircraft
0
3
6
-6
0
3.1
6
-6

A400M
Aircraft
0
3
6
-6
0
3.1
6
-6

3.3.2.4 Synthesis
As a conclusion, eight parameters have been identified and suggested as strongly influent on
the signal amplitude responses. To summarize, the
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Table 3.7 is presented with the complete uncertain parameters and their statistical
distributions for the MAPOD approach. Material conductivity and defect depth are considered
deterministic. Their values are given in Table 3.8.
Table 3.7. Statistical parameters for each scenario (laboratory, A321 and A400M aircraft) in
the numerical model
Uncertain
parameters

Statistical
Distribution

Defect width

Truncated
Gaussian

Defect skew

Truncated
Gaussian

Lift-off

Uniform

Inspectors’
X rotation

Truncated
Gaussian

Inspectors’
Y rotation

Truncated
Gaussian

Inspectors’
X displacement

Truncated
Gaussian

Inspectors’
Y displacement

Truncated
Gaussian

Statistical
parameters
Average [mm]
Standard deviation [mm]
Maximum [mm]
Minimum [mm]
Average [°]
Standard deviation [°]
Maximum [°]
Minimum [°]
Maximum [mm]
Minimum [mm]
Average [°]
Standard deviation [°]
Maximum [°]
Minimum [°]
Average [°]
Standard deviation [°]
Maximum value [°]
Minimum value [°]
Average [mm]
Standard deviation [mm]
Maximum value [mm]
Minimum value [mm]
Average [mm]
Standard deviation [mm]
Maximum [mm]
Minimum [mm]

Laboratory
0.02
0.01
0.04
0.01
0
5
10
-10
0.01
0
0
1.3
5
-5
0
2.5
8
-8
0
3
6
-6
0
3
6
-6

A321
Aircraft
0.02
0.01
0.04
0.01
0
5
10
-10
0.01
0
0
4.2
7
-10
0
4.5
7
-10
0
3
6
-6
0
3.1
6
-6

A400M
Aircraft
0.02
0.01
0.04
0.01
0
5
10
-10
0.01
0
0
4.7
7
-12
0
4.5
7
-10
0
3
6
-6
0
3.1
6
-6

Table 3.8. Deterministic parameters for each scenario (laboratory, A321 and A400M aircraft)
in the numerical model
Deterministic
parameters
Defect depth
Conductivity

Statistical
Distribution
Linear
correlation
Fix value

Statistical
parameters

Laboratory

A321
Aircraft

A400M
Aircraft

𝐷/𝐿 correlation

0,23

0,23

0,23

Fix value [MS/m]

0,57

0,57

0,57

3.3.3 MAPOD construction
Knowing the principal variability sources, a simulated PoD curve can be build using the
previous statistical distributions. However, before launching the MAPOD approach, several
simulated defect lengths (characteristic parameter) have to be defined in accordance to the
experimental campaign. In the experimental PoD curve, 70 specimens with their
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corresponding defect were inspected by 7 inspectors (Chapter 2). Then, for each scenario,
the simulated PoD curve is launched with 70 different simulated defect lengths identical to
the experimental defects. For each defect length, seven simulation results are obtained. The
objective is to reproduce the in-service experimental database. The defect length (𝑎) will be
the driven parameter. To build correctly the PoD curve following the Berens hypotheses, the
defect length (𝑎) is uniformly discretized in a normalized interval between 0,70 and 2,74 as
recommended by Annis et al. [2].
Finally, the simulated data base will be composed by 490 signal amplitudes (70 specimens
inspected by 7 inspectors). This quantity of data enables to determine a reliable and robust
simulated POD curve as in the experimental case. Three simulated POD curves are
computed and compared to the experimental campaigns developed in the laboratory, A321
and A400M aircraft conditions. It is important to remark that the difference between the
simulated scenarios is based in the input values of the statistical distributions of the uncertain
operational parameters. These paremeters considered as representative of humain
behaviour in different condition. Human factors are, therefore, introduced into numerical
models through these uncertain operational parameters. Environmental factors are also
indirectly introduced by changing the statistical distribution of these parameters from one
scenario to another.
To summarize, this methodology follows the Monte Carlo algorithm to generate the signal
amplitudes necessary for the numerical PoD curve building. 70 defect lengths values 𝑎𝑖 are
used. For each value of 𝑎𝑖 the procedure described in Figure 3.14 is applied to obtain 7
signal amplitudes (𝑎̂𝑖,𝑗=1,…,7). Then, a simulated database is generated per scenario. Finally,
applying the Berens method, the PoD curve is plotted using the defect lengths corresponding
to the 𝑎𝑖 (𝑖=1,…,70) values and the defect signal amplitudes 𝑎̂𝑖𝑗(𝑖=1,…,70,𝑗=1,…,7) .
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Figure 3.14. Algorithm used to obtain signal amplitudes in a NDT inspection

3.4 Results
The simulated database was created from the identification and quantification of the
uncertain parameters and their statistical distributions (Section 3.3.2). In total, three
simulated databases were generated: laboratory (with same device), A321 and A400M
aircraft scenarios. These scenarios were built based on the described simulation model for
the HFEC method.

3.4.1 Simulation signal amplitudes
The databases are composed by the simulated signal amplitudes obtained for the different
defect lengths. These results are plotted in different graphs representing the covered areas
for laboratory, A321 and A400M aircraft scenarios (Figure 3.15).
These simulated areas contain signal amplitudes between the same defect lengths as the
experimental campaign. The area covered by the laboratory scenario contains less signal
amplitude variability and less lower signal amplitudes compared to the other two areas (A321
and A400M aircraft scenarios), specially in bigger defect lengths. This effect can be
explained thanks to the probability density functions of each simulated scenario. The A321
and A400M aircraft conditions enclose higher standard deviations, maximum and minimum
statistical parameters (X/Y inspector rotations and displacements), which results higher
variability in terms of signal amplitudes. Then, the simulated A321 area is slightly narrower
than the simulated A400M area due to a lower variability of the results. Nevertheless, these
simulated scenarios have close uncertain statistical parameters, consequently similar
simulated signal amplitudes. This difference between the three scenarios was also obtained
in the experimental campaign during, however, it was more marked compared to the
difference obtained here in simulation.
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a)

b)

c)

Figure 3.15. Simulated areas using the signal amplitude database from (a) Laboratory
scenario, (b) A321 Aircraft scenario and (c) A400M Aircraft scenario

3.4.2 Simulated PoD curve and statistical parameters
∗
∗
∗
The computation of the PoD curve and the normalized statistical results (𝑎50
, 𝑎90
𝑎𝑛𝑑 𝑎90/95
)

are presented for a statistical analysis of the numerical models in each condition (laboratory,
A321 and A400M aircraft). As a reminder, the same linear transformation (𝑎̂ 𝑣𝑠 log(𝑎)) used
in the experimental campaign is applied for the numerical models for a coherent comparison.
The three simulated PoD curves of the three studied scenarios are plotted in Figure 3.16.
These cumulative distribution functions computed using the previous signal amplitude areas
have a similar shape with a slight shift along the X axis. However, compared to the
experimetal PoD curves of the same scenarios, the shape is different to a lower variability in
the signal amplitudes.

Figure 3.16. The simulated PoD curves for the laboratory, A321 and A400M aircraft
scenarios using the 𝑎̂ 𝑣𝑠 𝑙𝑜𝑔𝑎 transformation
∗
Table 3.9 summarizes the simulated statistical results for the three scenario. The 𝑎50
is
different in the three scenarios because the POD curves are shifted in parrarell as it was
∗
∗
observed in Figure 3.16. For the 𝑎90
and 𝑎90/95
, the results are also different in the laboratory
∗
∗
and aircraft scenarios. The difference between the A321 𝑎90/95
and the laboratory 𝑎90/95
is

3%, and it is principally due to lower signal amplitude in the A321 database. For the
∗
simulated A400M 𝑎90/95
, the difference is 10% compared to the laboratory one also for the
previous reason.
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Then, the difference between the three scenarios (3 and 10%) is smaller than that observed
experimentally (8 and 18%). This discrepancy can be explained that certain human behavior
is not covered by the uncertain parameters introduced in the numerical model. Moreover, the
distributions of the uncertain parameters are determined from punctual videos observations
(at the beginning, in the middle and at the end of the inspection) which do not necessarily
cover the extreme events.
Table 3.9. Comparative table for statistical values in different simulated scenarios
PoD Statistical parameter

∗
𝑎50

∗
𝑎90

∗
𝑎90/95

Laboratory Simulated PoD
A321 Aircraft Simulated PoD
A400M Aircraft Simulated PoD

0,90
0,93
1,01

1,04
1,06
1,14

1,07
1,10
1,17

3.4.3 Experimental and simulation comparison
The areas covered by the experimental and numerical signal amplitude (𝑎̂ [%FSH]) as a
function of the defect length (𝑎 [mm]) are compared in Figure 3.17 for the three scenarios
(laboratory, A321 and A400M aircraft). This comparison allows showing if the simulated
signal amplitude variability can cover the range of signal amplitudes experimentally obtained
by the different inspectors. The areas in Figure 3.17a correspond to the laboratory
conditions. For small defect lengths, the simulated signal amplitudes (black results) are lower
or at least cover the experimental reponses. For bigger defect lengths, the simualted signal
amplitudes reach the saturation threshold (𝑎̂𝑠𝑎𝑡 , 100 %FSH) with the implemented calibration
step which means a good correlation between experimental and numerical models.
In general, despite the fact that the space of the simulated signal amplitudes does not
completely cover the space of the experimental signal amplitudes, the simulated signal
amplitudes form a lower limit of the experimental signal amplitudes, especially for the
laboratory scenario. Then, we can expect the simulation to be conservative for this case. For
the other two scenarios, there are some experimental signal amplitudes lower than the signal
amplitudes simulated especially for large defects. These lower experimental signal
amplitudes are synonymous with large inspection errors made by the inspectors and can not
be covered by the simulation. Apart from these particular points, the simulated signal
amplitudes globally cover the lower limit of the experimental signal amplitudes. Finally, the
random draws made in simulation are very few (7 simulations by length of default) including
7 combinations of uncertain parameters drawn among the distributions of all these
parameters so we can rarely fall on an extreme case which allows to considerably reduce the
interval of the simulated signal amplitudes. The increase in the number of random runs can
improve these results.
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a)

b)

c)

Figure 3.17. Experimental and simulated signal amplitude database areas in the (a)
laboratory, (b) A321 and (c) A400M aircraft conditions
The descriptive validation of the NDT numerical model is necessary to assure the
representativeness of the experimental results in the different conditions (laboratory, A321
and A400M aircraft). This validation is already performed with the areas comparison.
Additionally, this validation consists in taking randomly several defect lengths and their
attached experimental signal amplitudes to perform a comparison with the simulation signal
amplitudes obtained. This comparison allows us to analyse if the NDT numerical model gives
similar or at least conservative results per defect length. The defects lengths were randomly
selected from 1 mm till 7 mm to observe if with small, medium and big defects, the same
conclusions can be observed (Figure 3.18).
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a)

b)

c)

Figure 3.18. Comparisons between experimental and numerical signal amplitudes for (a) the
laboratory scenario, (b) A321 and (c) A400M aircraft scenario
For the laboratory scenario (Figure 3.18a), the simulated signal amplitudes analysed for each
different defect length are mainly smaller in comparison to the experimental inspections
performed by the inspectors. The range of the signal amplitudes in the experimental
campaign is usually higher probably because the inspectors are more accurate and reliable
than the simulation model for the assigned statistical distributions. Actually, inspectors
demonstrate being better than the numerical model probably because they will inspect the
specimens set applying an improved procedure. In addition, similar conclusions can be
displayed in the other two aircraft scenarios; A321 and A400M (Figure 3.18b and c).
In the end, the normalized simulated POD statistical parameters is compared to the
experimental statistical parameters in Figure 3.19). The statistical parameters analysed are
∗
∗
∗
𝑎50
, 𝑎90
and 𝑎90/95
. In general, the simulated statistical parameters are higher which means a
conservative approach using the NDT numerical model. One of the main reasons is the lower
signal amplitudes in the simulation model. These PoD values are a consequence of the
application of the Berens Signal Response Method using the linear transformation
∗
(𝑎̂ 𝑣𝑠 𝑙𝑜𝑔(𝑎)) through the signal amplitudes. Concretly, the simulated 𝑎50
values in the three
simulated scenarios are different to their respectively experimental campaigns due to a
∗
∗
different PoD curve shapes. For the 𝑎90
and 𝑎90/95
values, the difference are usually lower in
∗
the three conditions (laboratory, A321 and A400M aircraft). In particular, the 𝑎90/95
is 7% and
∗
2% higher in the laboratory and A321 aircraft conditions repectively. However, the 𝑎90/95
is

1% lower in the simulated A400M aircraft conditions which can be considered similar due to
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negligible difference. As it was observed, these statistical PoD values are close to the
experimental campaign thanks to the specimen and defects’ suppliers report and video
analysis.
a)

b)

c)

Figure 3.19. Simulated and experimetal PoD curves for (a) laboratory, (b) A321 and (c)
A400M aircraft scenario using 𝑎̂ 𝑣𝑠 𝑙𝑜𝑔(𝑎) transformation
It has to be remarked that the simulation model gives closer results, signal amplitudes and
PoD values, and in most of the cases in a conservative way compared to each of the
corresponding scenarios. One of the main reasons may be due to the accurate selection and
quantification of uncertain parameter distributions performed in the NDT numerical model.
Finally, this conservative good agreement will provide encouraging and promising results to
replace experimental test.

3.5 Conclusions
This study proposed a methodology for building robust PoD curves from numerical
modelling. The industrial application case deals with High Frequency Eddy Current based on
the Berens hypotheses for the PoD building. The first step concerns experimental data which
will be used to build and validate our simulation model. Using engineering judgment of NDT
experts, the specimen and defects’ suppliers report and the video observation of
experimental NDT campaign, we identified and quantified uncertainties especially due to
different human operational factors during the NDT process. These uncertainties were further
characterized as statistical distributions. Then, using Monte Carlo sampling method coupled

Chapter 3: Numerical HFEC PoD curve building
77
__________________________________________________________________________
with numerical simulation of HFEC NDT technique, we built the simulated POD curve and
∗
∗
∗
determined the different statistical defect lengths 𝑎50
, 𝑎90
and 𝑎90/95
. To correctly compare
experimental and numerical results, same defect size was used for the simulated scenarios
(laboratory, A321 and A400M aircraft).
The difference between the experimental and simulated results on the probability detection
∗
∗
∗
lengths 𝑎50
, 𝑎90
and 𝑎90/95
never exceeded 17%. The minimum detectable defect lengths
∗
(𝑎90/95
) computed by numerical simulation in each scenario are greater or at least similar

than the experimental ones. This parameter used for the NDT reliability in the in-service
inspections defines the maintenance interval inspections. Using a greater value increases
the inspection quantity or decrease the time between inspections. Therefore, the simulation
results are conservative but with a minor difference in terms of detection thanks the
appropriate selection of statistical distributions. The video analysis was helpful for the
quantification of all the inspectors’ trajectories and gestures. The operational side of the NDT
inspections is included with some limitations as the exact probe angle or position. Hence,
further improvement can be proposed as using more powerful cameras to film the exact
probe angle and displacements or include few gyroscopes to the probe for accurate
measurements without disturbing the inspector.
This conservative good agreement provides encouraging and promising results to try to
replace experimental test by simulation which are less costly and time consuming. In
addition, these robust simulation models allow to take into consideration the in-service
scenarios thanks to different in-service operational probability density functions. The
variability sources non-modeled in the numerical model were considered negligible because
do not impact the signal amplitudes.
By looking at the areas covered by the simulated amplitudes, it is obvious that the number of
random draws carried out in simulation is very low (7 simulated signal amplitudes by defect
length) including 7 combinations of uncertain parameters drawn from the distributions of all
these parameters. Therefore, increasing the number of draws can improve these results and
make the simulation even more conservative.

Chapter 3: Numerical HFEC PoD curve building
78
__________________________________________________________________________
__________________________________________________________________________

Synthesis of this chapter:
-

The simulated HFEC PoD studies were performed taking into account the operational
human and environmental factors obtained from the experimental in-service
scenarios. These results allow a comparison between simulation and experimental
campaigns. The difference between the experimental and simulated results on the
∗
∗
∗
probability detection lengths 𝑎50
, 𝑎90
and 𝑎90/95
never exceeded 17%. The minimum
∗
detectable defect lengths (𝑎90/95
) computed by numerical simulation in each scenario

-

-

are greater or at least similar than the experimental ones.
The uncertain parameters were identified and quantified with the help of the
specimen and defects’ suppliers report, the experimental in-service videos and the
engineering judgment.
This conservative good agreement provides encouraging and promising results to try
to replace or complete experimental test by simulation.
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Chapter 4

4 Experimental Shear
Wave UT PoD curve
building
Abstract:

In this chapter as for the HFEC method described in Chapter 2, an experimental
database is created with the inspection results obtained using the Shear Wave Ultrasound (UT)
method in laboratory and A380 aircraft environments. First, the experimental control system and inservice UT inspection procedure are described for a better understanding of the experimental tests.
Then, the experimental database is generated simulating real in-service inspections. This database
uses a representative fatigue defect of the 2024 aluminium alloy. The UT signal amplitudes detected
by the inspectors constitute the database which enables the assessment of the human and
environmental factors. These inspectors’ results are used to build the experimental POD curve for a
particular application case (type of defect, material and procedure). The POD curves are computed
using the Berens Theory.
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4.1 Introduction
The second NDT technique studied in this thesis work is Ultrasonic Testing (UT). As in
Chapter 2, reliability of the UT method is also estimated by the POD curve study. The POD
curve will evaluate the performance of the UT inspection device, procedure and inspector’s
ability to detect defects depending on their size and position. One of the main challenges of
this Chapter is to experimentally demonstrate the realization of a Shear Wave Ultrasounds
POD curve under laboratory and aircraft conditions using Berens method to obtain accurate
minimum detectable defects in both scenarios [33].
This chapter is organized as follows; the first section describes the experimental conditions
associated to the control system in the ultrasounds method, concretely for shear wave. The
in-service UT inspection procedure, which analyses in a chronological order the calibration,
the inspection and the results interpretation steps, is presented in second section. In the third
section, the obtained experimental database is presented. This database is constructed
using experimental in-service specimens inspected by the certified inspectors in different
environmental conditions. These environments were set by the feedback received from NDT
Airbus experts aiming to reproduce as realistic as possible a real in-service inspection. Same
in-service specimens and inspectors were used in each scenario. Then, the next section
presents a qualitative and statistical analysis of the signal amplitude results and the POD
statistical parameters. This section will quantify the impact of human and environmental
factors. The applied statistical method is Berens Hit/Miss. Finally, the last section discusses
about the sample size necessary to obtain a unique POD curve as for the HFEC study.

4.2 Experimental conditions
The inspections were performed using a standard ultrasound control system as the UT
procedure specifies. The UT control system used in the development of this UT PoD study
was the following:
-

An ultrasound probe of 8MHz with a standard shape for a suitable detection (Figure
4.2a). In this application case, three probes (CEP18, CEP21 and CEP24) will be used
because of the different thicknesses to inspect (2, 5, 10, 15 and 20mm). These
probes have a certain refracted angle to correctly observe the defect in the upper part
(one beam skip) or in the lower part (half beam skip) of each corresponding
thickness. The thickness-probe correlations to optimize de UT energy are the
following:
-

CEP24 (75° shear wave) for the 2 and 5mm sample thicknesses.
CEP21 (60° shear wave) for the 10 and 15mm sample thicknesses.
CEP18 (45° shear wave) for the 20mm sample thickness.

From the supplier probe’s report, the probes general characteristics and
performances are the following (Figure 4.1a and b),
-

Housing: Stainless steel
Overall size: 15 mm x 10 mm x 6 mm
Connector type: Microdot
Active aperture: 3,5 mm x 5 mm
Central frequency: 8,1 MHz
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a)

Relative bandwidth: 27 %
Peak frequency: 8,2 MHz
Cutoff frequencies: 7 MHz and 9,1 MHz
b)

Figure 4.1. (a) External size of the US CEP18 probe as an example and (b) Amplitude [dB]
vs frequency [MHz] plot for the spectrum analysis [143]
-

a)

An ultrasounds generator, called Smart Tool UE1 from Testia, able to operate with
an ultrasound probe at a frequency of 8 MHz (Figure 4.2b).
A standard cable type “Lemo 00 – microdot” compatible with the probe and the UT
generator.
A standard coupling gel to perform a good transfer of the UT beam from the
piezoelectric through the material.
b)

Figure 4.2. (a) Ultrasounds generator from Testia (Smart Tool UE1 Max) and (b) Shear
Waves ultrasounds probe in 8MHz from Sonaxis
In NDT, all devices have to be internally verified in order to follow a correct use and the
specific maintenance rules. In addition, this equipment has to be used only by certified
personnel for the industrial purpose. The described characteristics of the device and probes
will be used subsequently for the simulation model in the next chapter.

4.3 In-service ultrasounds inspection procedure
The inspection procedure is written by certified personnel in accordance with standards,
codes and specifications containing the relevant information. This document is important to
carry out a reliable UT inspection. In this case, the UT general procedure [144] is called
“NDT instruction Ultrasonic testing PoD multi thickness aluminium part”. Concretely, in this
application case, the experimental NDT procedure is used to detect possible damages
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starting from the drill hole (fatigue corner cracks) in a flat plate made of aluminium 2024 T351
series. This material is frequently used in common aircraft structures.
4.3.1

Calibration step

The calibration step is performed before the real in-service tests. First, inspectors have to
check the calibration date and conformity of the device; identify the area on the fatigue test
sample to be inspected and check if it is clean and smooth. Secondly, a pre-inspection is
carried out in order to check the lack of visible damages or discontinuities as for HFEC
inspections. Subsequently, the calibration procedure is performed to make a correct
evaluation of the NDT results. As described in the procedure, the inspector has to adjust the
instrument parameters of the device to obtain signal amplitude of 100% FSH (Full Screen
Height) in the UT screen of the energy reflected from the corner crack of 3x3 mm on the
calibration block (Figure 4.3). The calibration has to be performed with the corresponding
probe and distance depending on the thickness and the inspected skin side. It has to be
known that the instrument parameters are depending on the structure drill hole side that we
want to inspect: for the lower part a half beam skip (Figure 4.4a) is used while for the upper
part it is used the one beam skip (Figure 4.4b). This signal amplitude value is used to set up
the 100% value in the PoD process which corresponds to the saturation threshold (𝑎̂𝑠𝑎𝑡 ). The
other important parameter is the detection threshold (𝑎̂𝑡ℎ ) or acceptance criteria which is set
at 25% FSH as the UT general procedure indicates. Actually, this 𝑎̂𝑡ℎ is fixed based on the
results obtained from a signal to noise ratio study. This signal to noise ratio study allows
inspectors to make the distinction between structure noise and defects (acceptance
criterion).

Figure 4.3. Ultrasounds device screen for a defect evaluation
a)

b)

Figure 4.4. (a) Ultrasounds half beam skip inspection to inspect lower corner cracks and (b)
Ultrasounds one beam skip inspection to inspect upper corner cracks
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4.3.1.1 Standard calibration
The standard calibration block consists of an artificial corner crack of 3x3 mm in a similar flat
surface made of the same material. The corner crack was machined by EDM to represent a
real in-service defect in an easy and cheap way. The calibration block size is 110 x 60 x t
mm (Figure 4.5) similar to the inspection area. Depending on the inspected thickness, the
parameter 𝒕 has to be modified between 2, 5, 10, 15 or 20 mm. Then, select the calibration
block with the corresponding thickness to perform a correct calibration.

Figure 4.5. Standard calibration block containing a 3x3 mm corner crack
4.3.1.2 Proposed calibration
During this study, another calibration block was proposed to perform a quicker and optimum
inspection for this application case. This calibration block is used for an accurate detection of
fatigue corner cracks. The calibration block has certain dimensions and material
specifications similar to the inspection area (Figure 4.6). Four different types of corner cracks
(2,5x2,5, 3x3, 3,5x3,5 and 4x4 mm) are machined per thickness (2, 5, 10, 15 and 20 mm).
Each defect consists of a corner crack next to the drill hole (triangle shape), machined by
EDM (Electrical Discharged Machining) in aluminum 2024 material (Figure 4.6).
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Figure 4.6. Design of the Ultrasounds calibration block in the UT procedure

4.3.2 Inspection step
Once the calibration step is performed, the inspector slowly slides the probe to inspect the
potential damage area using the half beam skip for the specimen lower side and one beam
skip for the specimen upper side. In addition, the inspector has to guarantee that the probe
scans the complete drill hole with the corresponding scanning path (Figure 4.7). The
described in-service inspection follows the standard NDT procedure currently used by the
aerospace industry.

Figure 4.7. Example of a UT in-service scanning path inspecting the specimen lower side in
Al2024 specimens
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4.3.3 Results interpretation step
The results interpretation is the last step before the inspector can judge if the signal
amplitude is a defect in a structural part. During the inspection, the inspector observes the
UT signal amplitude received in the UT device screen. As in the HFEC study, the human
factors (trajectories and gestures) can influence the result and consequently, the inspector’s
interpretation of the signal amplitude can be different. For this application case, all the
vertical detections exceeding 𝑎̂𝑡ℎ , which is the 25% FHS, should be marked as defects
(Figure 4.3).

4.4 Experimental simulation of human and environmental effect
Once the steps to be followed during an in-service NDT inspection have been exposed, the
goal of this chapter is to study the influence of the human and environmental factors. This
database tries to reproduce real in-service inspections using representative known fatigue
corner cracks, several inspectors and different scenarios. This section presents in detail the
fatigue defects, inspectors and environments used to implement correctly this UT in-service
application case. To conclude, a synthesis is performed to summarize all the experimental
conditions.

4.4.1 Defect database generation
The specimen corner crack design and generation (triangle shape) are described for a better
understanding of the PoD study. The defect shape and size have to be identified with the
mechanical process depending on the surface length (Figure 4.8). For the maximum
representability, the cracks shall be obtained by fatigue traction test. A simple and familiar
specimen shape was chosen to facilitate the fatigue test defect propagation.
The defect lengths were identified with the optical microscope and verified with the profile
projector. In some cases, a fracture analysis and damage propagation study for different
defect lengths was performed to clearly identify the exact defect length, depth and shape
(Figure 4.9). With an identical defect generation process to the HFEC study, these defects
are performed following:
1. Machining the specimen boundaries to obtain specimens with external dimensions of
250 mm x 40 mm x thickness (variable). Then, a central drilling with a diameter of
12.3 mm will be performed (Figure 4.8a).
2. The generation of a 0,2 mm x 0,2 mm EDM corner crack in the specimen to easily
begin the fatigue propagation. This EDM corner crack will help us to establish the
defect position.
3. Fatigue propagation (traction test non null) of the EDM corner defect through the
hydraulic machine.
4. Control of crack lengths using the optical microscope and verification with the profile
projector (Figure 4.8b).
5. When the fatigue side of the corner crack has the desired length, an oversize of
12.7mm to remove the EDM defect is performed to only keep the fatigue defect.

Chapter 4: Experimental Share Wave UT PoD curve building
86
__________________________________________________________________________
a)

b)

Figure 4.8. (a) Flat plate in aluminium 2024 T351 series containing the EDM corner crack
and (b) typical fatigue defect next to the drill hole observed with a microscope
Finally, the fatigue defect is representative of a real in-service case and ready for the PoD
inspection. The samples contain an extra drill hole to be assembled for future studies and
simulate a more realistic aircraft structure.

Figure 4.9. Static and fatigue rupture due to a fatigue propagation cracking
In this application case, the test plan consists in defining the number of specimens to
manufacture as well as the size of the defects to produce and their size distribution. Then, for
a correct POD building, the majority of defects sizes should be between:
-

The lower limit: defect size which can be detected with a very low occurrence
The upper limit: defect size which is a priori considered as always detected

Notice that it is also important that specimens contain defects which are never detected
(under the lower limit) and defects which are always detected (above the upper limit). For the
present Ultrasonic POD procedure, the following defect size distribution has been selected
after a sensitivity study and NDT inspectors’ experience (Figure 4.10) [137, 138]. The total
number of specimens is 100 (90 flawed and 10 unflawed specimens) distributed according to
their thickness as follows:
-

20 specimens in 2mm thickness
20 specimens in 5mm thickness
20 specimens in 10mm thickness
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-

20 specimens in 15mm thickness
20 specimens in 20mm thickness

The experimental test will be run with 100 specimens containing fatigue corner cracks of a
length between 1 mm and 8 mm and variable depth. The POD study also needs non-flawed
specimens to prevent false calls. These defects are characterized with accuracy to be able to
correlate the inspector detections and the real measurements. Figure 4.10 provides the
normalized defect lengths (ls) measured.

Figure 4.10. Defect size distribution for each thickness
To conclude, the NDT elements (In-service specimens, UT device, and the proposed
calibration block) used to reproduce real in-service inspections are illustrated in Figure 4.11.

Figure 4.11. UT equipment to reproduce correctly the complete in-service NDT inspection
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4.4.2 Inspectors database description
Actually, to perform a correct analysis and to successfully achieve the PoD objective, it is
really important that each person being part of the PoD study have a clearly defined task as
in Chapter 2. In this study, the roles are similar to the HFEC PoD inspection.
-

-

Personnel responsible for PoD analysis shall have a comprehensive statistical
background and a good knowledge of the mathematics used. Their responsibilities
will be to collect, analyse, post-treat and write each part of the PoD analysis.
Inspectors who perform the in-service NDT inspections for the PoD analysis. These
inspectors have to be certified for in-service inspections. Inspectors follow the general
UT procedure and they will directly report the inspection results to the PoD
responsible.

In this experimental campaign seven inspectors participated on the POD study. Table 4.1
summarizes the selected human skills of these inspectors. These skills are based on
criterions deeply analysed in other NDT studies [74, 145]. In fact, these human skills are
affecting the NDT inspections [146, 147]. For the UT inspection, Table 4.1 was obtained from
different qualification documents of each inspector and the internal survey answered by
them. The mechanical expertise was evaluated with annual tests for this UT study. These
data are only for illustrative purposes, to show that the used inspectors follow representative
pattern of a NDT in-service company. These parameters are not included in the POD curve
computation model.
Table 4.1. Inspectors’ parameters in Ultrasounds inspection
Inspector
number
Inspector 1
Inspector 2
Inspector 3
Inspector 4
Inspector 5
Inspector 6
Inspector 7

Exp.
Years
in UT
10
20
13
4
13
3
10

UT
Level
2
3
2
3
2
2
2

Mechanics
Expertise
0-10
8
8
7
7
7
6
7

Right /
Left
handed
R
R
R
R
R
L
R

The previous table (Table 4.1) describes the inspectors taking part of the experimental
campaign in the two different scenarios (laboratory and A380 aircraft conditions). The time
average in each scenario to perform the complete specimen inspection per inspector
corresponds to:
-

Four to six hours for laboratory scenario;
Five to eight hours for A380 aircraft scenario.

The inspection time can be also an influential factor link to the fatigue of the inspector. These
long inspections try to integrate this effect which probably can affect the inspector signal
amplitudes.
Finally, in the NDT human factors, there is another significant effect to take into
consideration, the stress which is really difficult to control and affect the final decision of the
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inspectors. Therefore, the POD responsible must simulate a real scenario where the
inspector feels comfortable as an in-service inspection. It has to be noted that, during the two
scenarios:
-

The same NDT procedure is applied;
The identical 100 specimens are inspected;
The same 7 inspectors are employed;
The unique device technology is used.

4.4.3 Environments
This section describes the two inspection scenarios used to generate the database
simulating real in-service inspections for the UT PoD study. These scenarios will enable to
measure the human and environmental impact of real aircraft inspections. This study shows
a similar approach as the HFEC study to measure this effect.
4.4.3.1 Laboratory scenario
In this scenario, the inspectors carry out the test in a comfortable position, having the
inspection area and the UT screen in the sale field of view. Nowadays, only this scenario is
used to compute a PoD curve in industry because it is the easiest and quickest experimental
PoD process (See Figure 4.12).

Figure 4.12. Inspector performing an Ultrasound inspection in laboratory scenario
4.4.3.2 A380 aircraft scenario
This aircraft scenario was developed in the A380 aircraft structure. Specimen orientation and
the human position were different compared to the laboratory scenario. Concretely, this
scenario is developed inside the main and upper deck of the A380 fuselage. The main
objective of this scenario is to simulate a real in-service aircraft inspection (Figure 4.13).
The experimental campaign consists in gripping each specimen to the inner part of the
different fuselage frames. Therefore, inspectors need to move the NDT device from
specimen to specimen and adapt their inspection position. The specimen locations were
selected from in-service inspectors’ feedbacks and engineering judgement.
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Figure 4.13. Specimen gripped in each fuselage frame and inspector performing a UT control
in the A380 aircraft scenario

4.5 Results
During the UT application case, the results obtained are the inspectors’ signal amplitudes per
defect length in both scenarios (laboratory and A380 aircraft). These results are given in %
FSH which is the unit read directly from the UT device screen. In this section, a qualitative
and a statistical analysis are performed for a better understanding of the human and
environmental effects using the inspectors’ results (signal amplitudes) and the statistical PoD
∗
∗
∗
).
, 𝑎90
and 𝑎90/95
and statistical parameters (𝑎50

4.5.1 Qualitative analysis
The qualitative analysis consists in evaluating the defect signal amplitudes per defect length
and scenario obtained by the inspectors. Then, the human and environmental factors are
quantitatively analysed. For both scenarios, the experimental databases are not reported in
this manuscript because of confidential reasons.
4.5.1.1 Human factor effect
For the same specimen defect length, the signal amplitudes are variable from one inspector
to another. Figure 4.14a shows a slight increase in terms of signal amplitudes from small to
big defect lengths which are coherent because more UT energy is reflected from a bigger
surface. It can be observed that for small defects (less than 4 mm), the signal amplitude
varies from 0 to 100%FSH depending on the inspector So the risk of undetectability is very
large. For defects larger than 4 mm, the variability of signal amplitudes decreases and it is
between 40 and 100%FSH. Despite this variability for large defects, the risk of nondetectability is very low (threshold of 25%). This effect is due to the inspector skills but also
the defect surface which determines the energy reflected in each case. The defect surfaces
shapes are different and irregular per defect length, especially in fatigue defects which
produce this signal amplitude variability. These different shapes and irregularities were
observed thanks to several tomographies and the defects’ supplier report.
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4.5.1.2 Environment effect
The environmental effect is measured qualitativly using the inspectors’ signal amplitudes as
in the previous case. The experimental database enables to compare both scenarios
(laboratory and A380 aircraft) and analyses both the overall and the individual results of the
defect lengths. Figure 4.14b illustrates both experimental databases. It can be observed that
the signal amplitudes in the A380 aircraft scenario are more scattered than in the laboratory
(Figure 4.14b). For small defects (less than 2 mm), the aircraft signal amplitude variability
ranges from 0 to 50 %FSH and for big defects from 30 to 100 %FSH. Each scenario shows a
high variability in the signal amplitudes which can be explained by the human position,
specimen visibility and screen proximity added to the irregular defect surface reflector.
a)

b)

Figure 4.14. Amplitude database areas from (a) Laboratory scenario and (b) A380 Aircraft
scenario
Finally, compared with the scenarios studied in HFEC, where the differences were more
significant, the A380 aircraft scenario remains a comfortable scenario and close to the
laboratory scenario which explains the slight difference between the two graphs. Moreover,
for the UT technique, the manipulation process is more complex. The human factor remains
marked whatever the scenario.

4.5.2 Statistical analysis and PoD curve
Once both scenarios are presented and the inspectors’ signal amplitudes databases are
compared, the statistical analysis can be performed for a deeper analysis using the PoD
statistical values.
The statistical analysis has the objective to quantify the human and environmental impact on
the UT method using the statistical PoD parameters extracted from the PoD curves. To build
the PoD curve, the Berens Theory will be applied [1] as in Chapter 2. It has to be remarked
that the Berens Theory has two possible statistical methods depending on the raw data
characteristics obtained from the inspectors: Signal Response or Hit/Miss method. For this
UT PoD study, Berens Hit/Miss Method was used for the following reasons:
-

In this case the UT probe has a focalized beam (≈ 2 𝑚𝑚) therefore the response for
a small or big defect could be the same because probably all UT energy is reflected.
Then, the signal amplitudes cannot have correlation with the defect size and Berens
Signal Response Method cannot be applied. In the end, the signal amplitudes are
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considered detection (1) or not (0) using the acceptance criteria to applied Berens
Hit/Miss.
-

The received signal amplitude of the specimen defect is dependant of the coupling
gel quantity and inspector’s pressure on transducer which means that their response
repeatability and accuracy are difficult to be achieved. Therefore, the defects give a
wide signal amplitude range not following Berens Signal Response Method
hypotheses.

-

A big defect which has a big surface shape could generate higher signal amplitude
variability than smaller ones. The reason is because the irregular surface will reflect
different energy quantity generating different signal amplitudes in each inspection
depending on the probe position. Consequently, obtaining a wide amplitude range
and neither following Berens Signal Response Method hypotheses.

The Berens Hit/Miss method enables to use different curve shapes (𝑝𝑟𝑜𝑏𝑖𝑡 or 𝑙𝑜𝑔𝑖𝑡) to follow
the Berens hypotheses. In this UT case, the logit model (logarithmic curve shape) is the best
choice for providing the most adapted option in terms of linearity data in both scenarios
(laboratory and A380 aircraft conditions).
To summarize, the normalized POD curves and the statistical parameters
∗
∗
∗
𝑎𝑛𝑑 𝑎90/95
) obtained in both scenarios are, respectively, illustrated in Figure 4.15
(𝑎50
, 𝑎90
and presented in Table 4.2.

Figure 4.15. PoD curve computed for both scenarios: Laboratory and A380 Aircraft (logit
approach)
Table 4.2. Comparative table for statistical values in laboratory and A380 aircraft
experimental scenarios
PoD Statistical
parameter
∗
𝑎50
∗
𝑎90
∗
𝑎90/95

Laboratory
PoD
0,55
0,92
1

A380 Aircraft
PoD
0,64
1,02
1,09
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∗
By comparing statistically between the two scenarios, the 𝑎90/95
obtained is 9% higher in the

A380 aircraft scenario. This differentiation is enough to evidence the impact of the inspector’s
position, specimen visibility and screen proximity. Nevertheless, there is not a big gap
between the values obtained in the different scenarios. One of the main reasons can be that
NDT inspectors are highly skilled and qualified by the corresponding NDT organizations. The
statistical parameter’s gap between both scenarios must be used to correct the POD curves
to be applicable to real aircraft scenarios.
Otherwise, this small difference between the minimum detectable defects obtained by the
two scenarios can be justified also by the fact that the conditions between these two
scenarios (visibility, accessibility, fatigue, etc.) are close, unlike the different scenarios
studied in HFEC.
In addition, some cautions should be taken as for the HFEC study in Chapter 2. This POD
study assumes that the inspectors were respecting the procedure, especially the calibration
written in the document. Furthermore, the procedure could be greatly enhanced by adding a
simple guide tool to help the positioning of the UT probe to reduce the probe angle errors or
by changing it for better inspection performances and image resolution using Ultrasounds
Phase Array.
Finally, the experimental UT campaign was recorded to analyse each NDT probe trajectory
and inspectors’ gesture in each scenario. The videos will cover each thickness set from the
first till the last specimen in order to evaluate the variation of the UT operational parameters.
These inspections were filmed with two cameras:
-

a)

One camera was evaluating the probe X-displacement to maximize the defect signal
amplitude.
Second camera was evaluating the probe angle variation and the probe Ydisplacement to maximize the defect signal amplitude.
b)

Figure 4.16. (a) UT inspection in the laboratory conditions from (a) profile and (b) frontal view
to analyse all inspector trajectories and gestures
These observations help to have a first idea why the signal amplitudes are different between
inspectors and scenarios. The observations of the videos allow identifying a high variability in
the inspectors’ trajectories and gestures during the aircraft conditions compare to the
laboratory. The observed probe movements in the aircraft conditions are imprecise probably
because of the human uncomfortable position compared to the laboratory scenario. This
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aspect may explain why the signal amplitudes in the A380 scenario were lower and more
variable than in the laboratory (Figure 4.16).

4.5.3 POD convergence
This section will evaluate the quantity of specimens and inspectors necessary to build a
unique POD curve and to assure a stability and robustness of the statistical parameters
∗
∗
∗
(𝑎50
, 𝑎90
𝑎𝑛𝑑 𝑎90/95
). Also as in the HFEC campaign, this study aims to analyse the influence
of the sample size in the POD studies. The maximum quantity of data is 700 (7 inspectors x
100 specimens). The POD convergence study is performed in the laboratory conditions using
the same UT device and procedure. The Berens Hit/Miss method is also applied for the POD
curve computation.
4.5.3.1 Inspector number effect
In this case, the POD curve is determined corresponding to 1, 3, 5 and 6 inspectors (Figure
4.17). For each case, five different random tests were selected with the corresponding
inspectors’ number (1, 3, 5 or 6). The objective is to define the number of inspectors to obtain
a unique POD curve.
a)

1 inspector / 100 samples

b)

3 inspectors / 100 samples

c)

5 inspectors / 100 samples

d)

6 inspectors / 100 samples

Figure 4.17. PoD curves using different number of inspectors compare to the global same
device PoD curve (7 inspectors, 100 samples)
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The results of this analysis are illustrated in Figure 4.17. It was observed that the POD
curves obtained using random inspector selections (black curves) are variable and different
to the global POD curves (red curves) until using 4 inspectors. The convergence is reached
for an inspectors’ quantity equal to 5 (Figure 4.18c). Figure 4.18 indicates that the POD
∗
∗
process gives a high variability for the 𝑎90
and the 𝑎90/95
when we used less inspectors than
in the global POD curve (700 data). The results stability of these POD parameters is reached
using 5 inspectors instead of 7. Then, the use of 5 inspectors is already enough to obtain
stable POD parameters in this UT application case (See Figure 4.18).
a)

b)

Figure 4.18. (a) 𝒂∗𝟗𝟎 and (b) 𝒂∗𝟗𝟎/𝟗𝟓 obtained from PoD curve computed with different number
of inspectors selected randomly from the 7 inspectors of the global study
4.5.3.2 Samples number effect
a)

50 samples / 7 inspectors

b)

70 samples / 7 inspectors
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c)

80 samples / 7 inspectors

d)

90 samples / 7 inspectors

Figure 4.19. PoD curves using different number of samples compare to the global same
device PoD curve (7 inspectors, 100 samples)
∗
∗
The 𝑎90
and 𝑎90/95
in Figure 4.20 are close to the global PoD parameters using 70 samples

because the difference is lower than 7%. Then, it can be concluded that using 70 samples,
the PoD parameters are already enough stable to evaluate the performances of the NDT
method (See Figure 4.20).
a)

b)

Figure 4.20. (a) 𝒂∗𝟗𝟎 and (b) 𝒂∗𝟗𝟎/𝟗𝟓 obtained from PoD curve computed with different number
of samples selected randomly from the total 100 defect lengths of the study
4.5.3.3 Optimal PoD data
After the inspectors and samples quantity analysis, it was remarked that for the same
quantity of data the samples quantity produces a higher deviation of the statistical values.
This conclusion can be associated to the reduction of different defect lengths and not well
distributed to build the PoD curve which directly impacts the curve shape.
The PoD convergence study tries to demonstrate the possibility of using both previous
conclusions, 70 samples instead of 100 inspected by 5 instead of 7 inspectors. The results
∗
are illustrated in Figure 4.21a and Figure 4.21b in similar graphs. Actually, the 𝑎90
obtained
∗
are really close to the global (difference less than 5%). Additionally, the 𝑎90/95 has the same
behavior as the previous one, the difference is smaller than 8%.
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a)

b)

∗
∗
Figure 4.21. (a) 𝑎90
and (b) 𝑎90/95
obtained from PoD curve computed with 70 samples and 5
inspectors selected randomly from the total amount of data (100 samples and 7 inspectors)

4.6 Conclusions
The quantification of the effect of human and environmental factors is proposed using the
POD curves with the generated UT experimental database. The experimental campaign
carried out, for two scenarios: laboratory and A380 aircraft, allow measuring their influence
∗
∗
∗
𝑎𝑛𝑑 𝑎90/95
). This statistical study is
on the POD curve using the POD parameters (𝑎50
, 𝑎90
based on the Berens Hit/Miss method using the 𝑙𝑜𝑔𝑖𝑡 form. These statistical parameters
∗
obtained from the experimental campaigns reflect an impact of 9% (A380 Aircraft) on 𝑎90/95
compared to laboratory scenario. The videos showed a qualitative correlation between the
inspectors’ signal amplitudes and the inspectors’ trajectories depending on the inspection
conditions (laboratory or aircraft). In the next chapter, the videos will be analysed and deeply
examined in order to take consistent hypotheses for the simulation model. Consequently,
several UT procedure advices can be proposed. For example, an UT screen alarm can be
set to quickly identify defect signal amplitudes higher of the acceptance criteria. Also, set a
numerical cursor in the UT screen to notice the maximum %FSH. It is highly recommended
to fix the probe position or use the UT phase array with higher resolution and sectorial
scanning therefore reducing operational inspector variabilities.
Additionally after several tests, the POD sample size was analysed for 70 specimens
∗
inspected by 5 inspectors randomly selected (350 inspection results in total). Then, the 𝑎90
∗
obtained was really close to the global 𝑎90
(70 x 7 = 490 inspection results in total) with a
∗
difference less than 5%. Moreover, the 𝑎90/95 diverges less than 8% compare to the global
one.
Otherwise, the experimental campaign can be reduced to 70 specimens inspected by 5
inspectors to obtain stable POD parameters in the UT application case.
In conclusion, as for the HFEC experimental campaign, the long and costly experimental
campaign opens the door to perform POD studies using the numerical simulation in the next
chapter being cost and time effective.
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Synthesis of this chapter:
-

Two Shear Wave UT PoD studies were performed in two different scenarios
(laboratory and A380 aircraft conditions) to analyse the impact of the human and
∗
∗
∗
environmental factors. The statistical parameters (𝑎50
, 𝑎90
𝑎𝑛𝑑 𝑎90/95
) obtained from
the experimental campaigns sugget an impact of 9% (A380 Aircraft) on a∗90/95

-

compared to laboratory scenario.
Also, a Shear Wave UT PoD convergence study was conducted to sugget that 70
specimens and 5 inspectors are needed to obtain similar statistical parameters.
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Chapter 5

5 Numerical Shear Wave
UT PoD curve building
Abstract:

The objective of this chapter is to establish an equivalent simulation model in terms of
control system, geometry part, material properties, simulated defect and NDT procedure to generate
representative UT signal amplitudes. Firstly, a simulated database containing simulated signal
amplitudes is generated using the MAPOD approach. Then, the uncertain parameters are identified
and their statistical distributions are quantified using several fimed inspections. These uncertain
parameters are coming from the UT experimental campaign (fatigue defects, material characteristics
and inspectors’ behaviour). Once this previous step is completed, the propagation of uncertainties
using the Monte Carlo sampling method allows determining the POD curves. Finally, the simulated
database is created in two environments with different operational uncertain parameters from the
video analysis. The Berens method is applied to build the POD curve corresponding to each scenario
(laboratory and A380 aircraft). The simulated POD curves are compared and validated with the
experimental results. This comparison provides encouraging results to try to replace experimental
tests by numerical simulations.
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5.1

Introduction

The objectives of this chapter are; first, build a reliable simulation model based on the shear
wave UT experimental tests; second, generate a robust database of numerical signal
amplitudes based on the probability density functions for each uncertain parameter; third,
validate this numerical POD approach by the comparison with the experimental POD study.
The simulation of shear wave UT NDT technique is performed based on the same MAPOD
concept. This approach uses simulated UT signal amplitude data as input for building the
probability of detection. To achieve this process, the NDT numerical model has to integrate
variability sources linked to the defect, material and inspection. This NDT simulation model
has tried to integrate the human operational mode by the modelling of inspectors’ trajectory
and gestures. These parameters indirectly imply the different qualitative human aspects as
the experience, certification level, mechanical expertise, etc. which are difficult to be
addressed.
The propagation of uncertainties (MAPOD approach) in this case is used principally to take
into consideration uncertainty sources due to operational human and environmental factors.
These sources are introduced as statistical distributions identified by sensitivity analysis and
quantified by observation of the experimental NDT campaign. These experimental
observations were performed in two scenarios: laboratory and A380 aircraft conditions. Then,
the complete simulated database is compared and validated using the two experimental
campaigns.
This chapter is structured as follows; first section shows the UT simulation model describing
the geometry part, material properties, defects and the corresponding calibration step. This
calibration is based on the experimental procedure to be representative of an in-service UT
inspection. In the next section, the numerical POD design is analysed with the identification
and quantification of the uncertain parameters. These UT inspections were filmed to analyse
the inspectors’ operational parameters with their probe trajectories and gestures. Then, the
MAPOD is used for the uncertainty propagation of the variability sources with the Monte
Carlo sampling method. In the third section, the ultrasounds simulation results are presented
as the signal amplitudes and the statistical parameters. In addition, a result comparison is
presented to evaluate the interest of this numerical simulation.

5.2 Simulation model of Shear Wave UT inspection
The shear wave UT simulation model is described and built based on the experimental
campaign. This model consist in a flat surface structure containing a drill hole of Ø 12,7 mm
in different thickness. In the simulated specimen, a corner crack with a quarter semi-elliptical
shape is enclosed (See Figure 5.1). The material investigated in this study is the aluminium
2024 T350 (Al2024). Finally, for the UT simulation model, the assigned standard UT shear
wave velocity is 3160 m/s.
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Figure 5.1. Al2024 flat surface structure containing a drill hole inspected with the Shear
Wave ultrasounds method
Firstly, the probe characteristics were identified from the physical probe and the technical
information provided by the supplier detailed in Chapter 4. In this application case, the UT
probe contains only one piezoelectric element which is used as a dual-function in
transmission and reception of the UT energy (Figure 5.2). Also, these contact probes have a
wedge which also is going to be modelled in the simulation probe. The nominal pulse
frequency where the probes are optimized and used by the inspectors was 8 MHz.
a)

b)

Figure 5.2. (a) 3D UT probe design and (b) probe size dimensions in the CIVA interface
As a reminder, the UT probe beam angles used during the experimental campaign were 45°,
60° and 75° for the different thicknesses (2, 5, 10, 15 and 20 mm) and his focal beam is
close to 2 mm. This beam measurement was provided directly by the probe‘s supplier. For
the simulated campaign, the authors decided to only use one UT probe beam angle and one
thickness to guarantee the feasibility of the POD result (avoid too long computation time).
The choice was 45° and 20 mm for being the most complex case: requires more inspector
accuracy to detect a corner crack than in the other cases due to a higher UT trajectory
through the material. In this way, the simulation approach desires to give a conservative
approach because is usually more difficult to detect defects in this case. Table 5.1 indicates
the probe parameters used for the numerical model. The squint angle and the disorientation
are assumed to be 0° as a standard case. However, in real in-service conditions these
parameters could be few degrees (~1° 𝑜𝑟 2°), due to a non-accurate fabrication method.
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Table 5.1. Simulation parameters for the simulated Shear Wave UT standard probe
Probe single element
(rectangular shape)
Width
Length
Refraction angle
Squint angle and disorientation

Wedge characteristics
3,5 mm
5 mm
45°
0°

Front length (L1)
Back length (L2)
Width (L3)
Height (L4)

5 mm
5 mm
6 mm
2,75 mm

Secondly, the inspection area is presented corresponding to the Ø 12,7 mm drill hole of a flat
structure in a common aircraft. This area is where the defects use to be propagated. In
Figure 5.3, an example of the shear wave UT inspection can be observed and analysed.
Only the diameter dimensions which have already been commented, the other dimensions of
the simulation model are not relevant.
a)

b)

Figure 5.3. (a) Flat structure with a drill hole in Al2024 with the UT probe using a refraction
angle of 45° and (b) the UT beam detecting the corner crack (transmission-reception)
The inspector in charge of the scanning establishes by the UT general procedure covers the
complete inspection area on the right and left side of the drill hole to perform a correct
inspection. Similar scanning path was performed by the inspectors during the experimental
campaign. For the simulation model, Figure 5.4 described the simulated scanning path
performed to inspect the drill hole right side in the lower part of 20 mm thickness. This
inspection model and scanning path, right drill hole and lower part, will be used for the POD
study to set one probe and defect position because the other possibilities are similar and
reduce the computation time.

Figure 5.4. Probe scanning path for the detection of a corner crack
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Figure 5.5 presents an example of the simulated results obtained from a standard UT
inspection of this corner crack in the structure lower part. CIVA software gives several results
for a correct analysis of the test as the A-Scan, B-Scan, C-Scan and the design model where
the defect detection can be correlated with the probe position.
a)

b)

Figure 5.5. (a) A-Scan and (b) B-Scan in the design model for the Shear Wave UT method
for the example containing a corner crack in the lower part
To summarize, some useful information of the UT simulation model is listed in Table 5.2 for a
better understanding of the inspection.
Table 5.2. Experimental inputs for the NDT simulation in an UT inspection
The test specimen
Aluminium 2024 (simple type)
Symmetry
Longitudinal wave velocity
Shear wave velocity
Thickness (𝑡)
Other parameters
Frequency

2,77 g/cm3
Isotropic
6360 m/s
3160 m/s
20 ± 0.02 mm
8000 kHz

Finally, the calibration step has to be performed following the UT general procedure
described in the experimental chapter to correctly analyse the results. Then, a similar
calibration block geometry, material properties and calibration defect were modelled to
establish equivalence between the experimental and numerical results. The simulated
calibration defect inside the calibration block is shown in Figure 5.6a. This defect is also
carefully described in the NDT procedure to set the appropriate parameters in the UT
equipment before the real in-service inspection. In Figure 5.6, the simulated calibration
corner crack 3x3 mm is modelled with a diamond where a triangle defect shape is the
effective surface inside the geometry part (Figure 5.6b). This simulated corner crack (triangle
shape) is similar to the EDM defect used in the experimental calibration block. Therefore, the
simulated corner crack which has to be taken into account is inside the structure and not the
one outside which is impossible to be detected. This is the most effective method to simulate
a corner crack because a single triangle is not available in the CIVA defect library.
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a)

b)

Figure 5.6. (a) Calibration corner crack of 3 mm length and 3 mm depth in the Al2024
calibration block and (b) probe position to detect the corner crack in a top view.
Following the UT general procedure, the calibration step consists in setting this calibration
defect through 100 %FSH of the UT device screen. The probe has to be in the “best” position
to optimize the UT beam and receive the maximum energy reflected by the defect surface
(Figure 5.7a). The result optimizing the probe position is 0,212 pts in the simulation model,
which corresponds to the 100 %FSH (𝑎̂𝑠𝑎𝑡 ) in the UT device screen. In this case, the inservice UT procedure sets the detection threshold value or acceptance criteria in 25 % (𝑎̂𝑡ℎ )
which corresponds to 0,053 pts in the simulation. This value is a key element to evaluate if
the received simulated signal amplitude is a defect and subsequently correctly compute the
simulated POD curve.

Figure 5.7. Optimal calibrated defect position using the 3x3 mm corner crack from a profile
view

5.3 Numerical PoD building using UT simulation model
The simulation models are said to be “deterministic” in the sense that they provide a unique
output result for a given input configuration. Therefore, varying only the “size of a defect”
provides a curve linking the output value (i.e. signal amplitude) to the size of the defect.
However, real NDT campaigns for PoD evaluation show that the results of a given NDT
inspection as a function of the defect size is rarely (never) a curve, but more likely a cloud of
points showing variability around the average trend. Then, to generate this simulated
database composed of a cloud of points (signal amplitudes), the variability sources have to
be taken into account.
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As for the HFEC simulation approach, these variability sources have to be identified using
the engineering judgment, the specimen and defects’ supplier report and the experimental
video observations during a real in-service inspection in different scenarios (laboratory and
aircraft). The typical UT sources of variability are:
-

The defect’s length, shape, depth;
Inspected structure’s material or geometry;
Human and environmental factors introduced through NDT operational parameters as
the inspectors’ trajectories and gestures of the UT probe.

Then, once the uncertain parameters are clearly identified, the statistical distributions have to
be assigned to each of them to follow the MAPOD approach based on the Monte Carlo
sampling method to obtain deterministic results. The CIVA software computes each case to
extract the signal amplitudes (simulated database) and then, build the POD curve as in the
experimental campaign. The POD curves are built with the Berens Hit/Miss and the 𝑙𝑜𝑔𝑖𝑡
shape form as in Chapter 4. In the next sections, the identification and quantification of the
uncertain parameters are performed as in the HFEC simulation study (Chapter 3).

5.3.1 Identification of influential parameters
The same approach is initiated as in the simulated HFEC inspection with the identification of
the shear wave UT inspection parameters. The experimental campaign is used to observe
which parameter can be a source of uncertainty and at the same time has a priori influence
on the signal amplitudes (Table 5.3). In this application case, the defect uncertain
parameters were determined by an UT sensitivity analysis of the designed experimental
specimens and the different EDM defects in the proposed experimental calibration block. The
material uncertain parameters were identified using experimental detection tests in the
aluminum 2024. Finally, the operational uncertain parameters were identified using the
experimental test observation complemented with the inspectors’ videos during their UT
inspections (Figure 5.8).

Figure 5.8. Graphical representation of uncertain parameters in Shear Wave Ultrasounds
inspection
In addition, the UT sensitivity study was carried out using several identified parameters to
observe existing correlations or coupling between them. In the end, the material parameters
are neglected because there is not a high influence in the signal amplitudes. Table 5.3
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summarizes the identified uncertain parameters in the UT simulation model for the MAPOD
approach.
Table 5.3. UT variability sources identified for the MAPOD approach
Shear Wave UT Parameters
Angular position of the probe [°]
Inspection
X displacement [mm]
Y displacement [mm]
Depth [mm]
Skew [°]
Defect
Tilt [°]

This simulation process assumes that the NDT inspector strictly follows the NDT procedure
and that the operators’ trajectories and gestures are contained in the acceptance range of
the procedure.

5.3.2 Statistical description of UT uncertain parameters
The statistical distributions are found using the available information from the UT
experimental campaign. Firstly, the defect parameters are analysed using the specimen and
defects’ supplier report which contains the mechanical and defect propagation analysis.
Secondly, the operational parameters are quantified thanks to the inspection videos recorded
in each scenario. In fact, the UT inspections were filmed with two different focal points in
order to evaluate variation of inspectors’ gestures, probe scanning path (probe rotation and
X/Y displacements) and include the fatigue effect. This fatigue effect is included analysing
the inspectors’ gestures during four or five hours of the experimental campaign. It was
remarked that the inspectors’ movements were different from the first until the last specimen
inspections and then, this variation is included in the operational human statistical
distributions. Additionally, the Henry’s line theory (Appendix C) also is applied per uncertain
parameter to analyse if we identify a normal distribution. All results of the uncertain
parameters analysis are computed in Appendix D.
5.3.2.1 Defect uncertain parameters
The identified defect statistical distributions are analysed and described in the paragraphs
below. Figure 5.9 helps to illustrate these parameters in the UT model.

Figure 5.9. Defect shape parameters for the uncertain parameters analysis
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5.3.2.1.1 Defect depth
The defect depth can be computed using a constant ratio. In this UT application case, the
𝐷/𝐿 (defect depth/length) ratio is equal to 0,23 for the Al2024 material as for the titanium βphase in the HFEC study. The data was collected from several Al2024 specimens during the
supplier experimental campaign design. This data permits to have the complete defect
surface shape knowledge and observe how the defect is propagated in the material.
Table 5.4. Corner crack size of the experimental specimens
Defect size
𝐿 [mm]
𝐷 [mm]
2,09
0,46
3,58
0,83
4,51
1,04

ratio 𝐷/𝐿
0,22
0,23
0,23

Finally, the quantity of results is not highly enough to confirm the 𝐷/𝐿 ratio of 0,23 but
currently is the unique available data to compute this parameter. This data is a deterministic
value.
5.3.2.1.2 Defect skew and tilt
Several tomographies of different defects were performed to confirm the existence of a
defect skew and tilt values for this UT application case (Figure 5.10). The fatigue defect is
never straight.

Figure 5.10. Tomography of the defect length propagation in the Al2024 specimen to analyse
the defect skew and tilt
However, as a first computation approach, the irregular fatigue defect shape parameter is not
taken into account. The reason is because a complexity of the defect model will be
introduced without the sufficient knowledge to represent the real in-service case. These
uncertain parameters generate simulated non-defect detections especially for big defects
which are not true in the experimental conditions because we always obtained some energy
reflection. In addition, the supposed generated defect parameters will difficultly be controlled
in the propagation of uncertainty sources (MAPOD approach). Moreover, the skew and tilt
values are not available from the defects’ supplier report and their measurements are difficult
to be obtained from the tomography images. In the end, the skew and the tilt parameters are
suggested to be introduced in the MAPOD approach considering a projection of the irregular
defect shape in a surface plane (Figure 5.11). These defect projections are always smaller
than the real fatigue defect which means a conservative approach. Therefore, the fatigue
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defect projection is integrated in the MAPOD approach taking into account more variety of
defect lengths, smaller defects, than in the standard study.

Figure 5.11. Fatigue defect projection in a semi-elliptical defect for the UT numerical model
5.3.2.2 Operational inspectors’ parameters
The videos recorded during the UT experimental campaign in the two scenarios (laboratory
and A380 aircraft conditions) are analysed with the Tracker software to do a correct
correlation between experiment and simulation tests. These operational human parameters
are illustrated in Figure 5.8 and described below.
5.3.2.2.1 Inspectors’ probe angle
The inspectors’ rotations where filmed during each experimental inspection in the laboratory
conditions (
Figure 5.12a). Several video acquisitions of the probe angles were analysed from the seven
inspectors to obtain the appropriate probability density function. Afterwards, with the
application of the Henry’s line method, the truncated normal distribution is confirmed with
𝑥̅ = 0° and 𝜎 2 = 1° with boundaries ±2° in the laboratory conditions. For the A380 aircraft
scenario, also a truncated normal distribution is found with a 𝑥̅ = 0° and 𝜎 2 = 1,3° with
boundaries ±2°.
5.3.2.2.2 Inspectors’ displacement
The displacement video acquisitions were obtained during the UT inspection in the two
different scenarios (laboratory and A380 aircraft). These displacements are the inspectors’
trajectory to scan the geometry part and detect the possible damage next to the drill hole (
Figure 5.12b). To introduce this uncertain parameter in X and Y axis, the probe origin was
modified based on the same principle than in the HFEC study (Chapter 3). Then, the
scanning path is modified and the UT acquisitions points are displaced in each simulated
case generating the effect of the different inspectors’ trajectories.
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Figure 5.12. Graphical UT representation of operational uncertain parameters: (a) UT probe
rotations and (b) UT probe displacements for the direct inspection (half beam skip)
Then, the displacements’ results concerning the PDFs after analysing each inspection video
are presented in Table 5.5.
Table 5.5. Uncertain parameters link to the inspectors’ displacements in X and Y axis
Uncertain
parameters
Inspectors’
X displacement
Inspectors’
Y displacement

Statistical
parameters
Average (𝑥̅ )
Standard deviation (𝜎 2 )
Maximum value
Minimum value
Average (𝑥̅ )
Standard deviation (𝜎 2 )
Maximum value
Minimum value

Laboratory
(mm)
0
1,5
5
-5
0
1,6
5
-5

A380 Aircraft
(mm)
0
1,8
5
-5
0
1,5
5
-5

It has to be remarked that the coupling gel quantity effect and the inspectors’ probe pressure
are not introduce in the model because the CIVA software, for the moment, is not able to
take into account these effects.
5.3.2.3 Synthesis
For the Shear Wave UT application case, four parameters have been identified as strongly
influent on the signal amplitude response. Other parameters as the material beam
transmission or the defect skew and tilt are not included in the numerical model for different
reasons already explained. These four parameters depend on the defect and the inspector.
The complete statistical distributions used as inputs for the simulation MAPOD study are
illustrated in Table 5.6 and Table 5.7.
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Table 5.6. Statistical parameters for each scenario (laboratory and A380 aircraft) in the
numerical model
Uncertain
parameters

Statistical
Distribution

Inspectors’
probe rotation

Truncated
Gaussian

Inspectors’
X displacement

Truncated
Gaussian

Inspectors’
Y displacement

Truncated
Gaussian

Statistical
parameters
Average [°]
Standard deviation [°]
Maximum value [°]
Minimum value [°]
Average [mm]
Standard deviation [mm]
Maximum value [mm]
Minimum value [mm]
Average [mm]
Standard deviation [mm]
Maximum value [mm]
Minimum value [mm]

Laboratory
0
1
2
-2
0
1,5
5
-5
0
1,6
5
-5

A380
Aircraft
0
1,3
2
-2
0
1,8
5
-5
0
1,5
5
-5

Table 5.7. Deterministic parameters for each scenario (laboratory and A380 aircraft) in the
numerical model
Deterministic
parameters
Defect depth
Shear wave velocity

Statistical
Distribution
Linear correlation
Fix value

Statistical
parameters
𝐷/𝐿 correlation
Fix value [m/s]

Laboratory
0,23
3160

A380
Aircraft
0,23
3160

As a reminder, the numerical model is built using the 45° probe beam angle and the 20 mm
thickness as the suggested most conservative case during the complete experimental PoD
study. These statistical distributions are introduce after a deeper analysis of the experimental
tests, specimen and defects’ supplier report, the sensitivity study, the engineering judgement
and the application of Henry’s line method. The statistical distributions are used to initiate the
MAPOD approach (uncertainty propagation) using the Monte Carlo sampling method.

5.3.3 MAPOD construction
A simulated PoD curve using the MAPOD approach can be built using the simulated
database from the principal variability sources for the UT application case. In this case, 100
simulated specimens inspected seven times each of them were computed to exactly
generate 700 signal amplitudes (100 x 7). This sample size is equal to the experimental
campaign which permits to perform a correct comparison between them. Then, the final PoD
curve computation is performed with 700 signal amplitudes for each of the two scenarios:
laboratory and A380 aircraft conditions.
The CIVA platform requires a characteristic parameter to be the reference in the PoD curve.
This parameter will be the driven parameter to compute the simulated PoD curve. In this UT
application case, also the defect length (𝑎) is the reference being a linear type variable for a
uniform value repartition. This uniform repartition consists in normalized defects lengths from
0,37 till 2,95. The corresponding calibration step is applied before obtaining the results. Once
we obtain the simulated database, the PoD construction is computed using the Berens
Hit/Miss Method with the logit shape form as we did for the UT experimental case.
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5.4 Results
Two simulated databases were generated and compared (laboratory and A380 aircraft
scenarios) based on the statistical distributions of the uncertain parameters (See section
5.3.2). These simulated databases are also compared respectively with their experimental
cases. This section uses the simulated amplitudes [%FSH] per defect length, the complete
areas composed of the total signal amplitudes and the statistical POD parameters for an
accurate comparison.

5.4.1 Simulation signal amplitudes
The simulated signal amplitudes are compared for the two different simulated scenarios.
Figure 5.13a illustrates the laboratory area composed by the corresponding signal
amplitudes. This area is drawn between 1 mm and 8 mm defect length as in the experimental
campaign. It can be observed a higher variability in terms of signal amplitudes for the small
defects (less than 3 mm) compared to big defects (5 to 8 mm). This means that when the
energy reaches the saturation limit for big defects no variability is displayed.
a)

b)

Figure 5.13. Simulated areas using the signal amplitude database from (a) Laboratory and
(b) A380 Aircraft scenarios
This analysis is similar for the A380 conditions as it is observed in Figure 5.13b. The area
difference between both scenarios is negligible. This negligible difference can be due to
similar uncertain parameters values linked to each scenario. This phenomenon was also
mentioned in the experimental campaign.

5.4.2 Simulation statistical parameters
∗
∗
∗
The simulated statistical parameters are obtained from the PoD curve (𝑎50
, 𝑎90
𝑎𝑛𝑑 𝑎90/95
).

First, the Berens hypotheses are verified (e.g. data linearity, homoscedasticity, residual
normality, etc.) for a correct construction of the simulated PoD curve. Then, the Berens
Hit/Miss Method was applied using the 𝑙𝑜𝑔𝑖𝑡 shape form as for the experimental campaign.
In this way, the results can be compared between them. Finally, Figure 5.14 illustrates both
simulated PoD curves in each scenario.
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a)

b)

Figure 5.14. The simulated PoD curves for the (a) laboratory and the (b) A380 aircraft
scenarios using the logit shape form
The laboratory PoD curve (Figure 5.14a) is a cumulative normal distribution with a standard
shape. This curve closely displays a perfect curve shape which means that the data fits
correctly with the selected 𝑙𝑜𝑔𝑖𝑡 shape form. Figure 5.14b illustrates the simulated A380 PoD
curve. This curve is similar to the laboratory scenario which a priori means close statistical
values due to similar simulated signal amplitudes. Table 5.8 presents a comparison between
the statistical PoD values in the different simulated scenarios (Table 5.8).
Table 5.8. Comparative table for UT statistical values in different experimental and simulated
scenarios
PoD Statistical parameter

∗
𝑎50

∗
𝑎90

∗
𝑎90/95

Laboratory Simulated PoD
A380 Aircraft Simulated PoD

0,82
0,85

0,98
0,98

1,07
1,08

∗
The 𝑎50
is a bit different in both scenarios because the PoD curves are displace in parallel
∗
∗
and 𝑎90/95
, the results are similar in the
(Figure 5.14) and corresponds to 3%. For the 𝑎90
∗
laboratory and A380 aircraft scenarios. The difference between the A380 𝑎90/95
and the
∗
laboratory 𝑎90/95
is 1%.

5.4.3 Experimental and simulation comparison
The areas in Figure 5.15 are the signal amplitudes (𝑎̂) versus the defect length (𝑎) obtained
from the experimental and the simulated environments (laboratory and A380 aircraft
conditions). In these figures the areas are classified per scenarios to be compared.
In the optimal scenario, laboratory conditions (Figure 5.15a), the signal amplitudes from the
experimental tests are higher than in simulation for the small defects (less than 3 mm).
However, for big defects (5 to 8 mm), the simulated signal amplitudes variability is not
representing the experimental results. This means that only conservative results are obtained
for small defects covering an area lower than the experimental campaign. The simulated
A380 aircraft scenario (Figure 5.15b) presents similar behavior as the simulated laboratory
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scenario. The principal reason could be because this simulated database was computed
using similar uncertain parameters.
a)
b)

Figure 5.15. Experimental and simulated amplitude database areas in the (a) laboratory and
(b) A380 aircraft conditions
For the ultrasound method, the number of parameters has been reduced because of the
complexity of the physics of this technique, particularly those related to the defect. This
explains why the simulated signal amplitudes obtained and the statistical parameters
obtained are not totally conservative. As for the HFEC study, the random draws made in
simulation are very few (7 simulations by length of default) including 7 combinations of
uncertain parameters drawn among the distributions of all these parameters so we can rarely
fall on an extreme case which allows to considerably reduce the interval of the simulated
signal amplitudes. The increase in the number of random runs can improve these results.
The descriptive validation of the NDT numerical model is also necessary to assure the
representativeness of the experimental results in the different conditions (laboratory and
A380 aircraft). The first comparison between scenarios is done thanks to the previous
analysis of the areas. Then, the second validation consists in comparing several defect
lengths and their corresponding signal amplitudes from the experimental and simulation
tests. This comparison allows us to analyse if the NDT numerical model gives similar or at
least conservative results. The defects lengths were randomly chosen from 1 mm till 8 mm
(See Figure 5.16).
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a)

b)

̂ ) for the
Figure 5.16. Comparisons between experimental and numerical signal amplitudes (𝒂
(a) laboratory and (b) A380 aircraft scenario in each defect length (𝒂)
The simulated laboratory results (Figure 5.16a) analysed for each different defect length are
usually smaller in comparison to the experimental inspections (below 3,5 mm defect length).
For bigger defects, the simulated signal amplitudes are in most of the cases bigger because
the simulation reaches the saturation (100 %FSH). Then, only for defect lengths smaller than
3,5 mm from the observed data, the simulated results are suggested to be conservative.
Similar conclusions can be extracted from the A380 results.

Figure 5.17. Comparison between experimental and simulated PoD statistical parameters
Figure 5.17 provides a global comparison between the four different scenarios. Firstly, A380
experimental and simulation campaigns suggest an impact due to several influential factors
as the specimen visibility, screen proximity and human position. In the simulated A380 PoD
curve, these influential factors were indirectly introduced with wider operational parameters
which mean less repeatability and accuracy in the simulated signal amplitudes. Secondly,
this comparison provided encouraging results to replace experimental tests by numerical
simulation because similar or conservative statistical PoD values are computed in this study
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This effect suggests that the NDT numerical model provides a similar or conservative good
agreement which encourage replacing the experimental test. Using the experimental
laboratory conditions as the reference to evaluate the differences, the simulated laboratory
∗
and A380 𝑎90/95
is 7% and 8% higher respectively.

5.5 Conclusions
This chapter uses the MAPOD approach to build robust PoD curves from numerical
simulation as for Chapter 3 but here, the application case deals with Shear Wave
Ultrasounds. The first step was consisted in building a numerical model based on the
previous experimental campaign. Then, the uncertain parameters were identified and
quantified using the specimen and defects’ supplier report and the experimental video
analysis. This step specially enabled to quantify the operational human and environmental
factors taking into account the inspectors’ gestures and trajectories during the UT
experimental inspections. As a result, these uncertainties were further characterized as
statistical distributions. Then, the propagation of uncertainties generated the deterministic
results which subsequently built a simulated database and finally determined the different
∗
∗
∗
probabilities of detection lengths 𝑎50
, 𝑎90
and 𝑎90/95
applying the Berens Hit/Miss Method.
The simulated statistical PoD values are compared to the experimental ones. The difference
∗
∗
∗
and 𝑎90/95
between the experimental and simulation results on detection lengths 𝑎50
, 𝑎90
∗
never exceeded 8%. The minimum detectable defect length (𝑎90/95
) computed by numerical
∗
simulation is closer but usually higher than in the experimental campaign. A higher 𝑎90/95

increases the number of inspections and the safety factor. Therefore, the simulation results
are suggested to be conservative in terms of defect detection. This conservative good
agreement provides encouraging and promising results to replace experimental test by
numerical simulation which are less costly and time consuming.
Observing the covered areas by the simulated amplitudes, as for the simulated HFEC study
the number of random draws carried out in simulation is very low. Therefore, the increase of
the number of draws can improve these results and make the simulation even more
conservative.
In this approach, the operational side of the NDT inspections was suggested to be included
with some limitations in the exact probe angle or position as for the HFEC application case.
Hence, further improvement can be proposed as using more powerful cameras to film the
exact probe angle and displacements or include few gyroscopes to the probe for accurate
measurements.
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Synthesis of this chapter:
-

-

The simulated Shear Wave UT PoD studies were performed taking into account the
operational human and environmental factors obtained from the experimental
scenarios (supplier’s report, videos and engineering judgment). The difference
∗
∗
between the experimental and simulation results on detection lengths 𝑎50
, 𝑎90
and
∗
∗
𝑎90/95 never exceeded 8%. The minimum detectable defect length (𝑎90/95) computed
by numerical simulation is closer but usually higher than in the experimental
campaign.
Also in this study, this suggested conservative good agreement provides encouraging
and promising results to try to replace or complete experimental test by simulation,
which are less costly and time consuming.
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Chapter 6

6 New generic methodology to
obtain robust in-service PoD
using numerical simulation
Abstract: The PoD curve estimation is current major challenge for the NDT aerospace sector due
to the high cost and the long experimental campaigns: reliable studies require a high quantity of data
(database), resulting from large number of defects and inspectors experiences. An additional difficulty
is the impact assessment of the environmental factors (aircraft conditions during real experimental
tests) in the PoD results obtained in the laboratory following the strong mathematical hypotheses.
In this chapter, a new construction method for PoDs integrating operational human and environmental
factors is proposed using numerical simulations. The challenge is to create a simulation model that
can reproduce with great reliability the in-service experimental campaign conducted by different
inspectors (Chapters 3 and 5). This methodology makes it possible to acquire the probabilities of
detecting the defect lengths by not having recourse to any of the strong mathematical assumptions.
From the experimental results developed in each scenario (laboratory and aircraft) for the two NDT
methods (eddy current and ultrasound), the robustness and reliability of this method will be validated.
Compared to the existing one, this new methodology allows a reduction of cost and cycle and an
improvement of the relevance of the PoDs by integration of the operational human and environmental
factors. From a theoretical point of view, it makes possible to dispense with mathematical hypotheses
on the structure of the underlying model (e.g. linearity, kriging, etc.) using the principles and physical
laws of the NDT.
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6.1 Introduction
Recently, the aerospace and NDT industry have been trying to put in place a new process to
estimate Probability of Detection (PoD) curves by NDT simulation models. This concept,
known as simulation-based POD or MAPOD approach, consists in the use of simulated NDT
inspections to build PoD curves. In this last chapter, a new generic methodology based on
the MAPOD approach is proposed for the construction of a robust in-service PoD of the
defect lengths. This methodology integrates the operational human and environmental
factors using the NDT numerical model minimizing the experimental test. Therefore, the
proposed methodology is more cost and time effective than the current used Berens method.
Besides the main advantage of this methodology versus the Berens Theory is the no need of
strong mathematical assumptions (e.g. linearity, homocedasticity, residual normality) to be
respected to compute the PoD curve. The new generic methodology uses the NDT
simulation CIVA software [30].
This methodology is illustrated by two application cases using the High Frequency Eddy
Current control (HFEC) in TA6V β-phase material (Figure 6.1a) and the Shear Wave
Ultrasounds (Shear Wave UT) in Al2024 material (Figure 6.1b). In both cases, the main
objective is to present and explain the new generic methodology to obtain robust in-service
PoD.
a)

b)

Figure 6.1. (a) HFEC application case and (b) Shear Wave UT application case in the
laboratory conditions
This chapter is organized as follows; the 2nd section presents the principal elements and
development steps of the proposed methodology, called NGM (New Generic Methodology).
In fact, this methodology consists of three steps: the numerical model, the numerical
selection of the conservative case and the experimental validation test. The step one obtains
the proposed simulated minimum detectable defect length, here known as 𝑎29/29 , which
corresponds to the defect length detected with 90% of probability to successfully pass the
29/29 method (See Appendix A). This result is acquired from the numerical model performed
by CIVA software calibrated on the previous experimental inspections. More precisely, the
model contains several uncertain parameters, variability sources, which influence the signal
amplitudes as in a real in-service inspection described in Chapter 3 and 5. Then, the step
two executes the numerical selection of the conservative case for the simulated defect length
found (𝑎29/29) using the 29/29 method as Airbus used to do nowadays experimentally.
Finally, step three approves the selected simulated conservative case with an experimental
inspection. This proposed methodology provides the simulated conservative case coupling
the numerical and experimental approaches. Additionally, the standard (𝑃𝑜𝐷(𝑎)) and 29/29
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(𝑃29/29 (𝑎)) detection probabilities of defect lengths are analysed during the proposed
methodology. The probabilities refer to fulfil the 29/29 method (𝑃29/29 (𝑎)) are studied for a
better understanding and application of this new generic methodology. In 3rd section, first, a
qualitative comparison is presented between the signal amplitudes obtained from the
experimental and the proposed methodology. After, the one-sample one-sided KolmogorovSmirnov test is used to statistically validate the approach of the new methodology compared
to the experimental results in both NDT methods (High Frequency Eddy Currents and Shear
Wave Ultrasounds). The 4th section compares the probabilities of detection results of a given
defect length from two methodologies (new generic methodology and Berens Theory). In
addition, the advantages of the proposed methodology are presented. 5th section opens a
discussion about the PoD design using the Berens hypotheses in both experimental
campaigns (HFEC and Shear Wave UT). Finally, 6th section draws conclusions and
addresses further research works in the simulation probability of detection field.

6.2 New generic methodology to obtain PoD of defect lengths
A new generic methodology to obtain robust in-service probability of detection for given
defect lengths is presented. This proposed methodology is able to obtain the detection
probability in a more cost and time effective way than the Berens method. Moreover, this
proposed methodology does not need the strong mathematical hypotheses (e.g. linearity,
homoscedasticity, normality residual error) to build a PoD curve and to obtain the probability
of detection of the defect lengths (Figure 6.2).

Figure 6.2. a∗90/95 parameter in the PoD curve
The main objective is to build a reliable NDT simulation model identifying and quantifying all
the uncertain statistical distributions (variability sources) in the NDT application cases. In
addition, this NDT simulation model has to integrate the different possible in-service
scenarios to represent a real inspection with the help of the video analysis during the
experimental campaign. These key points were already addressed in the previous Chapters
3 and 5.
The main drawbacks in the current Airbus’s experimental process to compute the minimum
∗
detectable defect length (𝑎90/95
) are:
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-

-

-

The current PoD curve is computed only using an experimental approach in the
laboratory conditions. Thus, PoD curves do not consider the operational human and
environmental factors in in-service conditions (aircraft scenarios).
The need of a considerable quantity of experimental defect specimens and number of
inspectors to compute a robust and reliable PoD curve. This quantity could be at least
around 60 specimens with their corresponding defect and may range from 5 to 7
inspectors [2]. In our experimental application case, the total data were 490 (70
specimens and 7 inspectors) for the HFEC study and 700 inspection results (100
specimens and 7 inspectors) for the Shear Wave UT study.
Long experimental PoD curve design. Typically, a current PoD curve process consists
in the specimen and defect design and fatigue cycling, the PoD inspection procedure
design and the specimen inspections. This process needs 1 year and a half to be
completed.

In the current Airbus computation, the statistical method used to compute a PoD curve is the
Berens method. This method consists in a probabilistic approach that has to meet strong
linear hypothesis to build the PoD curve in each NDT application case.
The new generic methodology consists in a combination of the NDT simulation and the
experimental campaign defining an algorithm. To analyse the content of each step, the three
algorithm steps are described below (See Figure 6.3).
-

The first step (Numerical model) contains (Figure 6.3),
 The CIVA simulation model with several NDT uncertain parameters to integrate
the material properties, defect characteristics, operational human and
environmental factors (inspectors’ trajectories and gestures). These uncertain
parameters are defined as inputs for the numerical model with the form of
statistical distributions. Then, this simulation model will be a representative
inspection during in-service tasks. Additionally, an experimental calibration step is
previously performed to assure the first validity of the simulation model and of the
results before the algorithm computation (Chapter 3 and 5).
 Then, the Monte Carlo sampling is used to draw a random selection of all
uncertain parameters distributions (MAPOD approach) and finally obtain the
simulated signal amplitudes close to a real case. This mathematical method is
integrated in the algorithm using Matlab language [148].
 Once the detection probability of each defect length is computed based on their
simulated signal amplitudes, the Dichotomy method [149, 150] will find the 𝑎29/29
(minimum detectable defect length to fulfil the 29/29 method with 90% of chance),
in the iteration loop of the methodology algorithm (Step 1). This Dichotomy
method is developed in Python language [151].

-

The second step (Numerical selection of the conservative case) (Figure 6.3) is based
on the 29/29 method (See Appendix A) which is the tool currently used by Airbus to
quickly validate an experimental statistical study. A simulated 29 sampling is randomly
drawn from the same PDF’s distributions of the NDT simulation model using the 𝑎29/29
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established in Step 1. Then, select the lowest signal amplitude which corresponds to the
conservative case to minimize the cost.
-

The third step (Experimental validation test) (Figure 6.3) consists in the experimental
test. This real inspection is performed with the corresponding parameters (material
properties, defect characteristics, operational human and environmental factors) defined
by the selected conservative case in Step 2. In this experimental part, only two
specimens are analysed, one specimen with the conservative case (previous lowest
signal amplitude case) and another specimen free defect to prevent biased detections.
These two cases are explained below:
 The conservative case among 29 draws is defined by 𝑎29/29 , 𝑑∗ , 𝑤 ∗ , 𝑠 ∗ , 𝑂∗ (𝑎29/29,
defect length with 90% of probability to fulfil the 29/29 method, 𝑑∗ , deep defect,
𝑤 ∗, width defect, 𝑠 ∗ , skew defect, 𝑂∗ , operator case parameters) obtained during
the numerical selection (Step 2). These parameters example case are the HFEC
characteristics.
 An extra specimen free of defects has to be provided to prevent biased inspector
responses.

The complete new generic methodology consists in an algorithm with numerical and
experimental parts. This algorithm is represented in Figure 6.3.
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Figure 6.3. New methodology algorithm (step 1, “Numerical model”; step 2, “Numerical
selection of the conservative case” and step 3, “Experimental validation test”)
The proposed methodology ensures a clear and reliable methodology to obtain the defect
lengths for a given probability of detection in each NDT method and application case (Eddy
Currents, Ultrasounds, Radiography, Computed Tomography, Guide Waves, etc.) for
different structure materials (metals, composites, glares, ceramics, etc.) and geometries. To
go deeper into details of the process, the above three algorithm steps are described in the
next subsections.

6.2.1 Step 1: Numerical model
In the first step (Figure 6.3), the objective is to find the new minimum detectable defect length
𝑎29/29, such that probability to detect every defect larger than 𝑎29/29 is 90% using the NDT
numerical model. The computation of 𝑎29/29 is done using larger Monte Carlo sample
(𝑁 ≈ 105 ). Therefore, the estimation is quite accurate. The large size of samples allows
finding a reliable defect length with a negligible confidence width band [152].
The NDT simulation model (i.e. Figure 6.4a and b) takes into account all uncertain
parameters linked to the inspection case variabilities in the corresponding NDT method. This
NDT model was built based on the specimen and defects’ supplier report and the inspection
video analysis in Chapter 3 and 5.
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a)

b)

Figure 6.4. NDT Simulation model with all uncertain parameters in (a) HFEC and (b) Shear
Wave UT
To calculate the probability of detection of a given defect length, a high quantity of NDT
simulations (𝑁, 𝑡𝑜𝑡𝑎𝑙 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠) will be run obtaining a large quantity of signal amplitudes
(𝜓𝑚𝑜𝑑𝑒𝑙 ) to finally compute the probability of detection of each defect length (𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑃((𝑎̂ > 𝑎̂𝑡ℎ )/𝑁). Before the probability to fulfil the 29/29 method is computed per defect
length, several selections of the lowest signal amplitudes of each 29 signal amplitudes group
are performed to after successfully fulfil the 29/29 method (Figure 6.5).
Once the selection is done, the Dichotomy method is applied using the probability to fulfil the
29/29 method of each defect length. Then, the defect length which has 90% of probability to
fulfil the 29/29 method will be determined.
To find out the 𝑎29/29, the methodology starts with three defect lengths (𝑎𝑚𝑖𝑛 , 𝑎𝑔𝑢𝑒𝑠𝑠 , 𝑎𝑚𝑎𝑥 )
and the signal amplitude threshold (𝑎̂𝑡ℎ ) proposed by the user. An interface was built to
easily launch the algorithm in Matlab language. The defect lengths and the signal amplitude
threshold are:
-

𝑎𝑚𝑖𝑛 , defect length the inspector surely do not detect;
𝑎𝑔𝑢𝑒𝑠𝑠 , defect length with a supposed probability to detect close to 90% to fulfil the
29/29 method (𝑎29/29 ) as a hypothesis;
𝑎𝑚𝑎𝑥 , defect length which the inspector will 100% detect;
𝑎̂𝑡ℎ , signal amplitude threshold defined by the corresponding procedure.
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Figure 6.5. Selection of the lowest signal amplitudes of each 29 signal amplitudes group to
compute the probability to fulfil the 29/29 method
6.2.1.1 New methodology algorithm
The mathematical algorithm is described and analysed to better understand the proposed
methodology (Figure 6.3). This algorithm contains several steps with the corresponding
mathematical analysis of each defect length according to their probability to fulfil the 29/29
method (𝑃29/29 (𝑎)). The inputs introduced in the algorithm are the following,
Inputs: 𝑎𝑚𝑖𝑛 , 𝑎𝑔𝑢𝑒𝑠𝑠 , 𝑎𝑚𝑎𝑥 , 𝑎̂𝑡ℎ and depth factor.

-

6.2.1.1.1 Step 1.1. Compute using crude Monte Carlo sampling (MAPOD
approach)
The crude Monte Carlo sampling is run drawing a random selection of the uncertain
parameters (defect, material and inspectors) to obtain the signal amplitudes of each
individual case (𝑎𝑚𝑖𝑛 , 𝑎𝑔𝑢𝑒𝑠𝑠 , 𝑎𝑚𝑎𝑥 ) and to build the simulated database (See Figure 6.3).
Using this large quantity of signal amplitudes, the detection probabilities per defect length
can be computed with the selection of the lowest detections over each 29 sample (Figure
6.5). Then, the probability to fulfil the 29/29 method (𝑃29/29 (𝑎)) of the defect lengths (𝑎𝑚𝑖𝑛 ,
𝑎𝑔𝑢𝑒𝑠𝑠 and 𝑎𝑚𝑎𝑥 ) is computed.

Where,

𝑃29/29 (𝑎𝑚𝑖𝑛 ) = 𝑃(inf1≤𝑖≤29 𝜓𝑚𝑜𝑑𝑒𝑙 (𝑎𝑚𝑖𝑛 , 𝐶𝑖 , 𝑂𝑖 ) ≥ 𝑎̂𝑡ℎ )

(6. 1)

𝑃29/29 (𝑎𝑚𝑎𝑥 ) = 𝑃(inf1≤𝑖≤29 𝜓𝑚𝑜𝑑𝑒𝑙 (𝑎𝑚𝑎𝑥 , 𝐶𝑖 , 𝑂𝑖 ) ≥ 𝑎̂𝑡ℎ )

(6. 2)

𝑝 = 𝑃29/29 (𝑎𝑔𝑢𝑒𝑠𝑠 ) = 𝑃(inf1≤𝑖≤29 𝜓𝑚𝑜𝑑𝑒𝑙 (𝑎𝑔𝑢𝑒𝑠𝑠 , 𝐶𝑖 , 𝑂𝑖 ) ≥ 𝑎̂𝑡ℎ )

(6. 3)
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𝑃(inf1≤𝑖≤29 𝜓𝑚𝑜𝑑𝑒𝑙 (𝑎𝑖 , 𝐶𝑖 , 𝑂𝑖 ) ≥ 𝑎̂𝑡ℎ ) is the probability of detection of the group of the lowest
signal amplitudes of a defect length used in the proposed methodology to successfully pass
the 29/29 method.
Table 6.1 shows the link between the probability to fulfil the 29/29 method and the standard
probability of a given defect length (𝑎). In addition, equations (6. 4) and (6. 5) describe
mathematically this relationship.
Table 6.1. Probability of defect lengths to achieve the 29/29 method (𝑷𝟐𝟗/𝟐𝟗 (𝒂)) and
standard probability of detection of defect lengths (𝑷𝒐𝑫(𝒂))
𝑷𝟐𝟗/𝟐𝟗 (𝒂) 0,5
0,55
0,6
0,65
0,7
0,75
0,8
0,85
0,9
0,95
0,99
0,999
𝑷𝒐𝑫(𝒂) 0,97 0,979 0,982 0,985 0,987 0,99 0,992 0,994 0,996 0,998 0,999 0,9999
𝑷𝟐𝟗/𝟐𝟗 (𝒂)
𝑷𝒐𝑫(𝒂)

0,05
0,901

0,1
0,923

0,15
0,936

0,2
0,946

0,25
0,953

0,3
0,959

𝑃29/29 (𝑎) = 𝑃𝑜𝐷(𝑎)29
1

𝑃𝑜𝐷(𝑎) = 𝑃29/29 (𝑎)29 ;

1
= 0,03448
29

(6. 4)

(6. 5)

Where,
𝑃29/29 (𝑎) is the probability of each defect length used in the proposed methodology to
successfully pass the 29/29 method;
𝑃𝑜𝐷(𝑎) is the probability of detection of a given defect length.
Therefore, if the standard detection probability (𝑃𝑂𝐷(𝑎)) of the defect length is 90%, the
probability to successfully achieve the 29/29 method (𝑃29/29 (𝑎)) is 4,71% (=90%29) (Table
6.1). Then, the standard detection probability for 𝑎29/29 will be 99,6% (𝑃𝑂𝐷(𝑎)) to fulfil the
29/29 method with 90% (𝑃29/29 (𝑎)).
6.2.1.1.2 Step 1.2. Compute the interval where 𝒂𝟐𝟗/𝟐𝟗 belongs using the
Dichotomy Method (See Appendix E)
Once the detection probability of the three first defect lengths (𝑎𝑚𝑖𝑛 , 𝑎𝑔𝑢𝑒𝑠𝑠 , 𝑎𝑚𝑎𝑥 ) are known,
this step deals with the correct interval selection of the defect length which corresponds to
90% of probability to fulfil the 29/29 method (See Figure 6.3). To manage this step, the
Dichotomy method (Appendix E) is used.
Hence (equation (6. 3)),
If 90% ≤ 𝑝 ≤ 91%, then stop the algorithm
The 𝑎𝑔𝑢𝑒𝑠𝑠 will be called 𝑎29/29 and go to algorithm step 1.5. The dichotomy method is not
used if the detection probability of the defined 𝑎𝑔𝑢𝑒𝑠𝑠 is already 90% to fulfil the 29/29 method
with a conservative tolerance probability precision of 1%.
Otherwise,
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If 𝑝 < 90%, the interval to be considered to find the 𝑎29/29 is:
[𝑎𝑚𝑖𝑛 , 𝑎𝑔𝑢𝑒𝑠𝑠 [

(6. 6)

Then, do 𝑎𝑔𝑢𝑒𝑠𝑠 = 𝑎𝑚𝑖𝑛
𝑎𝑚𝑎𝑥 = 𝑎𝑚𝑎𝑥
If 𝑝 > 91%, the interval to be considered to find the 𝑎29/29 is:
]𝑎𝑔𝑢𝑒𝑠𝑠 , 𝑎𝑚𝑎𝑥 ]

(6. 7)

Then, do 𝑎𝑚𝑖𝑛 = 𝑎𝑚𝑖𝑛
𝑎𝑔𝑢𝑒𝑠𝑠 = 𝑎𝑚𝑎𝑥
6.2.1.1.3 Step 1.3. Compute the new desired defect length using first order
linearization (See Appendix E)
Afterwards, the first order linearization (See Appendix E) will compute and propose the next
𝑛𝑒𝑤
) with a detection probability closer to 90% than the previous one
new defect length (𝑎𝑔𝑢𝑒𝑠𝑠
𝑛𝑒𝑤
), the first order linearization
(See Figure 6.3). To compute this new defect length (𝑎𝑔𝑢𝑒𝑠𝑠
compute the line coefficient A and B,
𝐴=

𝑃(𝑎𝑚𝑎𝑥 ) − 𝑃(𝑎𝑚𝑖𝑛 )
𝑎𝑚𝑎𝑥 − 𝑎𝑚𝑖𝑛

𝐵 = 𝑃(𝑎𝑚𝑎𝑥 ) −

𝑃(𝑎𝑚𝑎𝑥 ) − 𝑃(𝑎𝑚𝑖𝑛 )
𝑎𝑚𝑎𝑥
𝑎𝑚𝑎𝑥 − 𝑎𝑚𝑖𝑛

(6. 8)

(6. 9)

𝑛𝑒𝑤
+ 𝐵,
And then, compute the solution where, 90% = 𝐴𝑎𝑔𝑢𝑒𝑠𝑠

𝑛𝑒𝑤
𝑎𝑔𝑢𝑒𝑠𝑠
=

90% − 𝐵
𝐴

(6. 10)

6.2.1.1.4 Step 1.4. Continue the algorithm loop (See Figure 6.3)
Go to step 1.1. to continue the process. The algorithm loop continues with the computation of
𝑛𝑒𝑤
the probability of the new defect length (𝑎𝑔𝑢𝑒𝑠𝑠
) using the same previous process (Step 1.1.).
The Dichotomy method will chose the new interval which contains a defect length closer to
90% of detection probability (Step 1.2) and depending on his computed probability the
algorithm will continue or stop.
6.2.1.1.5 Step 1.5. End of the algorithm (See Figure 6.3)
The 𝑎29/29 which is the defect length such that,
90% ≤ 𝑃29/29 (𝑎29/29 ) = 𝑃(inf1≤𝑖≤29 𝜓𝑚𝑜𝑑𝑒𝑙 (𝑎29/29 , 𝐶𝑖 , 𝑂𝑖 ) ≥ 𝑎̂𝑡ℎ ) ≤ 91%

(6. 11)
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Here, the algorithm is ended with the defect length objective of 90% of probability to fulfil the
29/29 method found with a conservative tolerance precision, also known as 𝑎29/29 . This
proposed methodology enables to determine the exact 𝑎29/29.

6.2.2 Step 2: Numerical selection of the conservative case
Step 2 has the objective to numerically select the conservative specimen among 29 cases for
the given 𝑎29/29 defect length found in step 1 using the 29/29 method (See Figure 6.3). This
conservative case will be made for the final experimental test to minimize the cost in step 3.
In practice, 29 sampling with the same defect length (𝑎29/29) is drawn from the PDF’s
distributions in the NDT simulation model.
𝜓𝑚𝑜𝑑𝑒𝑙 (𝑎29/29 , 𝐶𝑗 , 𝑂𝑗 )

𝑗 = 1, … ,29

(6. 12)

𝑗0 as,
𝜓𝑚𝑜𝑑𝑒𝑙 (𝑎29/29 , 𝐶𝑗0 , 𝑂𝑗0 ) ≤ 𝜓𝑚𝑜𝑑𝑒𝑙 (𝑎29/29 , 𝐶𝑗 , 𝑂𝑗 )

𝑗 = 1, … ,29

(6. 13)

Where,
𝜓𝑚𝑜𝑑𝑒𝑙 (𝑎29/29 , 𝐶𝑗0 , 𝑂𝑗0 ) is the simulated signal amplitude of the conservative case.
The conservative case (defect length 𝑎29/29 , material 𝐶𝑗0 and inspector 𝑂𝑗0 parameters) of
this new generic methodology corresponds to the lowest signal amplitude of 29 simulated
random runs.

6.2.3 Step 3: Experimental validation test
The third step is called the “Experimental validation test” and aims to confirm the simulation
result (conservative case) using real experimental test. Using the previous results in step 2
(Figure 6.3), a conservative experimental case can be built using a fixed defect length
(𝑎29/29 ), defect and material characteristics (𝐶𝑗0 ). This specimen will be experimentally tested
by an inspector using the selected inspector movements (𝑂𝑗0 ) only once to confirm the
simulation results found in step 2. To really follow the conservative case, especially for all
selected inspector movements (𝑂𝑗0 ), a customized procedure has to be published to correctly
perform the inspection even using a 3D probe support. This 3D probe support will restrict the
inspector probe movements. In addition, to avoid biased defect detections by testing only the
conservative specimen, a free defect specimen is recommended to be used. The objective is
the experimental validation of the results obtained using the new generic methodology based
on the NDT simulation model and its uncertain parameters distributions.
𝜓𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 (𝑎29/29 , 𝐶𝑗0 , 𝑂𝑗0 ) = 𝜓𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 ∗

(6. 14)

Where,
𝜓𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 (𝑎29/29 , 𝐶𝑗0 , 𝑂𝑗0 ) is the experimental signal amplitude of the conservative case.
Therefore, the probability to fulfil the 29/29 method of this 𝑎29/29 must be 90% as we
computed in step 1 and then,
If 𝜓𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 ∗ ≥ 𝑎̂𝑡ℎ , the experimental validation test confirm the NDT simulation result;
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If 𝜓𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 ∗ < 𝑎̂𝑡ℎ , then there is two possible options,
-

The test fall into the 10% of non-detection and then the method 29/29 has to be
continued (See Table 6.2);

Or/and
-

The uncertainties do not reflect the in-service inspections. Then, the distributions of
the uncertain parameters have to be revised or re-defined.

Table 6.2. Pair of minimum inspections (𝒏) and maximum defect misses (𝒅) for which the
probability of detection is minimum 90% at a confidence level of 95%
n
29
46
61
76
89

d
0
1
2
3
4

6.3 Methodology validation
The new generic methodology needs a validation of the probability of detections obtained for
the normalized defect lengths. This validation is presented in a descriptive and statistical
approach. The descriptive validation uses a comparison between the simulated and
experimental signal amplitudes. For the statistical validation, the one-sample one-sided
Kolmogorov-Smirnoff test (Appendix E) is applied.

6.3.1 Descriptive validation using signal amplitudes
For the validation of the proposed methodology, the first step of the process consists in a
descriptive validation comparing the signal amplitudes in different scenarios per defect
length. These signal amplitudes were obtained from the experimental and new methodology
campaign. As a reminder, these graphs use in the abscissa the normalized defect lengths
and in the ordinate the signal amplitudes [%FSH]. Then, the two scenarios (laboratory and
A321 aircraft conditions) in the HFEC study are analysed for different normalized defect
lengths (Figure 6.6).
a)

b)
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Figure 6.6. HFEC comparison between different normalized defect lengths using the
experimental and NGM sigal amplitudes in the (a) laboratory and (b) A321 aircraft conditions
These plots show the experimental (seven results due to seven inspectors) and simulated
signal amplitudes (high quantity of results, ~105) for the same normalized defect lengths. In
Figure 6.6, the experimental signal amplitudes are usually higher than the simulated ones
independently of the normalized defect length. Similar conservative observations were
suggested in the previous simulation chapters. The presented normalized defect lengths are
considered the most critical defect lengths after a previous sensitivity analysis. In addition, it
can be observed that the signal amplitudes of the normalized defect lengths higher than 1
are normally upper than 10 %FSH. This value corresponds to the procedure acceptance
criteria to consider the signal as a defect. These conclusions are similar for both illustrated
scenarios (Figure 6.6).
The A400M aircraft scenario is not analysed because it is similar to the A321 aircraft
scenario. In addition, a long computation time for the new generic methodology in each
scenario makes it difficult to obtain all the results.
For the Shear Wave UT application case, a similar descriptive validation step is performed to
validate the new methodology results in the two scenarios (laboratory and A380 aircraft
conditions). Then, the plots (Figure 6.7) are presented for further analysis.
a)

b)

Figure 6.7. UT comparison between different normalized defect lengths using the
experimental and NGM signal amplitudes in the (a) laboratory and (b) A380 aircraft
conditions
In Figure 6.7, the experimental and the new methodology results are illustrated for both
scenarios in the UT study. In the laboratory conditions, the new methodology results are
wider in terms of signal amplitudes for the intermediate normalized defect length but usually
higher than 25 %FSH (𝑎̂𝑡ℎ ). For the big normalized defect length, there is less variability
because some of the signals reach the saturation threshold (𝑎̂𝑠𝑎𝑡 ). For the small normalized
defect length, the variability is the lowest probably due to the small size. In addition, most of
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the simulated signal amplitudes are considered non-detections because they are lower than
25 %FSH. All these simulated results are usually lower than the experimental ones in both
scenarios (laboratory and A380 aircraft) which suggest a conservative approach in most of
the cases, especially for small and intermediate normalized defect lengths.

6.3.2 Statistical validation using one-sample one-sided KolmogorovSmirnov test
The validation of the new generic methodology is important to be confident on the use of the
NDT numerical model. The validation test will be demonstrated with the one-sample onesided Kolmogorov-Smirnov test [153] (Appendix E). This test will statistically demonstrate the
validation of the new methodology results (Equation (6. 15)) with the experimental results
using the two hypotheses below for a given defect length (𝑎):
𝐻𝑂: 𝑃(𝑎̂𝑖 𝑇 ≥ 𝑎̂𝑡ℎ | 𝑎) ≥ 𝑃(𝑎̂𝑖 𝑆 > 𝑎̂𝑡ℎ | 𝑎)
𝐻1: 𝑃(𝑎̂𝑖 𝑇 ≥ 𝑎̂𝑡ℎ ′ | 𝑎) < 𝑃(𝑎̂𝑖 𝑆 ≥ 𝑎̂𝑡ℎ ′ | 𝑎)

, ∀𝑎̂𝑡ℎ ∈ ℝ
, 𝑓𝑜𝑟 𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 𝑜𝑛𝑒 𝑎̂𝑡ℎ ′

(6. 15)
(6. 16)

Where,
𝑎̂𝑡ℎ is the signal amplitude threshold or acceptance criteria,
𝑎̂𝑡ℎ ′ , another signal amplitude threshold or acceptance criteria,
𝑃(𝑎̂𝑖 𝑇 ≥ 𝑎̂𝑡ℎ | 𝑎) is the probability of the experimental signal amplitudes to be higher than the
signal amplitude threshold knowing the defect length (𝑎),
𝑃(𝑎̂𝑖 𝑆 ≥ 𝑎̂𝑡ℎ | 𝑎) is the probability of the simulated signal amplitudes to be higher than the
signal amplitude threshold knowing the defect length (𝑎),
𝑎̂𝑖 𝑇 is the experimental signal amplitude from the test,
𝑎̂𝑖 𝑠 is the simulated signal amplitude.
These equations reflect the probability of detection of the signal amplitudes for a defect
length. The equations try to demonstrate that independently of the defect length (𝑎) and the
signal amplitude threshold (𝑎̂𝑡ℎ ), the probability of detection in the experimental campaign is
always higher or at least equal to the probability of detection in the new methodology test.
Then modifying the signal amplitude threshold (𝑎̂𝑡ℎ ), the probabilities of the signal amplitudes
in each defect length are computed. This test tries to provide a simulated conservative
approach, also known as upper bound stochastic, using the NDT numerical model. The
maximum difference between two probabilities are defined as,
𝐷 + = max (𝑃(𝑎̂𝑖 𝑆 ≥ 𝑎̂𝑡ℎ | 𝑎) − 𝑃(𝑎̂𝑖 𝑇 ≥ 𝑎̂𝑡ℎ | 𝑎)) = 𝑚𝑎𝑥 (𝑃(𝑎̂𝑖 𝑇 ≤ 𝑎̂𝑡ℎ | 𝑎)
− 𝑃(𝑎̂𝑖 𝑆 ≤ 𝑎̂𝑡ℎ | 𝑎))

(6. 17)

The one-sample one-sided Kolmogorov-Smirnov table describes the critical values (𝑐) linked
to different confidence levels. For 𝛼 = 5%, confidence level, the test accept the hypothesis
HO, if,
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𝐷+ < 𝑐

(6. 18)

is confirmed where 𝑐 = 0,636 for n = 3 because 3 𝑎̂𝑡ℎ values are considered. Following the
above equations, the HFEC signal amplitude probabilities are computed for the experimental
and numerical tests of different defect lengths. For the experimental campaign, the signal
amplitudes were seven results to compute this probability due to using seven inspectors per
defect length. For the numerical model, the signal amplitudes used are really high (~105).
The probabilities of detection computed in the below tables are corresponding to the most
critical defect lengths considered after a previous statistical calculation. The HFEC
experimental and numerical results are presented for two different scenarios (laboratory and
A321 aircraft) in Table 6.3 and Table 6.4 or different 𝑎̂𝑡ℎ .
Table 6.3. HFEC experimental and NGM probabilities of detections for different normalized
defect lengths in laboratory conditions
HFEC
Scenario
Defect
length
0,92
1,03
1,14
1,37

Lab (𝑎̂𝑡ℎ = 10 %𝐹𝑆𝐻)
𝑃𝑜𝐷𝑒𝑥𝑝
[%]
0,8572
1
1
1

𝑃𝑜𝐷𝑛𝑢𝑚
[%]
0
0,9963
1
1

Lab (𝑎̂𝑡ℎ = 15 %𝐹𝑆𝐻)
𝑃𝑜𝐷𝑒𝑥𝑝
[%]
0,7143
1
1
1

𝑃𝑜𝐷𝑛𝑢𝑚
[%]
0
0,0114
0,994
0,994

Lab (𝑎̂𝑡ℎ = 20 %𝐹𝑆𝐻)
𝑃𝑜𝐷𝑒𝑥𝑝
[%]
0,7143
1
1
1

𝑃𝑜𝐷𝑛𝑢𝑚
[%]
0
0
0,1711
0,1711

K-S
𝐷+
-0,714
-0.004
-0,006
0

Table 6.4. HFEC experimental and NGM probabilities of detections for different normalized
defect lengths in A321 aircraft conditions
HFEC
Scenario
Defect
length
0,78
1,05
1,10
1,37

Lab (𝑎̂𝑡ℎ = 10 %𝐹𝑆𝐻)
𝑃𝑜𝐷𝑒𝑥𝑝
[%]
0,8333
0,8333
1
1

𝑃𝑜𝐷𝑛𝑢𝑚
[%]
0
0,9849
1
1

Lab (𝑎̂𝑡ℎ = 15 %𝐹𝑆𝐻)
𝑃𝑜𝐷𝑒𝑥𝑝
[%]
0,8333
0,8333
1
1

𝑃𝑜𝐷𝑛𝑢𝑚
[%]
0
0,038
0,4228
0,994

Lab (𝑎̂𝑡ℎ = 20 %𝐹𝑆𝐻)
𝑃𝑜𝐷𝑒𝑥𝑝
[%]
0,8333
0,8333
1
1

𝑃𝑜𝐷𝑛𝑢𝑚
[%]
0
0
0,0052
0,1711

The above tables suggest that the null hypothesis is not rejected using the one-sample onesided Kolmogorov-Smirnov test and the probabilities in the experimental campaign are
usually higher (See equation (6. 15). Hence, the validation of the NGM methodology is
confirmed using this statistical test.
The one-sample one-sided Kolmogorov Smirnov test is also applied for the UT study. Table
6.5 and Table 6.6 describe the probability results in laboratory and A380 aircraft conditions.

K-S
𝐷+
-0,833
0,152
0
0
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Table 6.5. UT experimental and NGM probabilities of detections for different normalized
defect lengths in laboratory conditions
UT
Scenario
Defect
length
0,55
1,11
1,47

Lab (𝑎̂𝑡ℎ = 25 %𝐹𝑆𝐻)
𝑃𝑜𝐷𝑒𝑥𝑝
[%]
1
1
1

𝑃𝑜𝐷𝑛𝑢𝑚
[%]
0
0,9961
1

Lab (𝑎̂𝑡ℎ = 30 %𝐹𝑆𝐻)
𝑃𝑜𝐷𝑒𝑥𝑝
[%]
0,5714
1
1

𝑃𝑜𝐷𝑛𝑢𝑚
[%]
0
0,9624
1

Lab (𝑎̂𝑡ℎ = 35 %𝐹𝑆𝐻)
𝑃𝑜𝐷𝑒𝑥𝑝
[%]
0,2857
1
1

𝑃𝑜𝐷𝑛𝑢𝑚
[%]
0
0,9286
1

K-S
𝐷+
-0,286
-0,004
0

Table 6.6. UT experimental and NGM probabilities of detections for different normalized
defect lengths in A380 aircraft conditions
UT
Scenario
Defect
length
0,55
1,14
1,47

Lab (𝑎̂𝑡ℎ = 25 %𝐹𝑆𝐻)
𝑃𝑜𝐷𝑒𝑥𝑝
[%]
0,5714
0,8571
1

𝑃𝑜𝐷𝑛𝑢𝑚
[%]
0
0,9965
1

Lab (𝑎̂𝑡ℎ = 30 %𝐹𝑆𝐻)
𝑃𝑜𝐷𝑒𝑥𝑝
[%]
0,4286
0,8571
1

𝑃𝑜𝐷𝑛𝑢𝑚
[%]
0
0,9897
1

Lab (𝑎̂𝑡ℎ = 35 %𝐹𝑆𝐻)
𝑃𝑜𝐷𝑒𝑥𝑝
[%]
0,4286
0,8571
1

𝑃𝑜𝐷𝑛𝑢𝑚
[%]
0
0,9759
1

K-S
𝐷+
-0,427
0,139
0

Similar UT results in terms of new methodology conservativeness are demonstrated. Then,
the experimental signal amplitudes are suggested in probability of detection higher than the
simulation ones.

6.4 Results and advantages
In the section here presented, the normalized defect length results are analysed and
compared between the data using Berens and the new generic methodology. The
normalized defect length results were obtained for most of the different scenarios (laboratory
and aircraft) and both NDT methods (HFEC and Shear Wave UT).
Firstly, the HFEC results are presented to be compared and discussed. The Berens
experimental and numerical results analysed were obtained from the experimental and
numerical campaigns described in Chapter 2 and 3. And then, the new generic methodology
computed the numerical results of two HFEC simulated scenarios (laboratory and A321
aircraft) based on the mathematical algorithm. A summary of the normalized defect lengths
results obtained in both campaigns are illustrated in Table 6.7.
Table 6.7. HFEC normalized defect lengths with the 90% probability to fulfil the 29/29 method
𝑃29/29 (𝑎) and the 90% probability 𝑃𝑂𝐷(𝑎) for the experimental, numerical (Berens) and NGM
in different scenarios
HFEC Scenarios
Experimental Laboratory PoD (Berens)
Simulation Laboratory PoD (Berens)
Simulation Laboratory PoD (NGM)
Experimental A321 PoD (Berens)
Simulation A321 PoD (Berens)
Simulation A321 PoD (NGM)

Normalized defect length
∗
(𝑎29/29
) at 𝑃29/29 (𝑎) = 90%
1,42
1,33
1,03
1,73
1,39
1,10

Normalized defect length
∗
(𝑎90
) at 𝑃𝑜𝐷(𝑎) = 90%
0,95
1,04
0,98
1
1,06
1,07
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The results presented consist in the normalized defect lengths which fulfil with 90% of
probability the 29/29 method (𝑃29 (𝑎)) and the ones which have the standard probability of
90% (𝑃𝑜𝐷(𝑎)). It can be observed that the normalized defect lengths results are really
different for a similar probability of detection in each case (laboratory and A321 aircraft
conditions). The normalized defect lengths applying the Berens theory are sometimes higher
∗
∗
(𝑎29/29
) or others lower (𝑎90
) than the obtained in the new generic methodology (Table 6.7).
This means that the Berens results sometimes are conservative and others are risky in
∗
comparison to the proposed methodology. For the 𝑎29/29
defect length in the laboratory
scenario, the simulation Berens difference is 30% than the new generic methodology. For the
∗
𝑎90
defect length, the numerical Berens difference is 6% than the proposed methodology. In
∗
∗
the A321 aircraft scenario, these differences are 29% for the 𝑎29/29
and 1% for the 𝑎90
. This
showed that the Berens method can suggest defect length results which are not true
because the data do not respect the strong mathematical hypotheses knowing that the
probabilities of the new generic methodology are strictly exact in simulation. The NGM
results are also different from the experimental Berens values. More discussions about
Berens assumptions can be founded in Appendix B.
Secondly, the Shear Wave UT results are subsequently used for the Berens and new generic
methodology comparison. Table 6.8 contains all the normalized defect lengths found with the
probability of detection of 90% to fulfil the 29/29 method (𝑃29/29 (𝑎)) and with the probability of
90%, 𝑃𝑜𝐷(𝑎)).
Table 6.8. UT normalized defect lengths with the 90% of 𝑃29/29 (𝑎) and the 90% of 𝑃𝑜𝐷(𝑎) for
the experimental, numerical (Berens) and NGM in different scenarios
Shear Wave UT Scenarios
Experimental Laboratory PoD (Berens)
Simulation Laboratory PoD (Berens)
Simulation Laboratory PoD (NGM)
Experimental A380 PoD (Berens)
Simulation A380 PoD (Berens)
Simulation A380 PoD (NGM)

Normalized defect length
∗
(𝑎29/29
) at 𝑃29/29 (𝑎) = 90%
1,67
1,37
1,10
1,77
1,46
1,12

Normalized defect length
∗
(𝑎90
) at 𝑃𝑜𝐷(𝑎) = 90%
0,92
0,98
1,04
1,02
0,98
1,06

Similar conclusions can be extracted in the UT campaign. Sometimes, the Berens method
∗
gives conservative and others risky normalized defect lengths. For the 𝑎29/29
defect length in
the laboratory scenario, the simulation Berens difference is 27% than the new generic
∗
methodology. For the 𝑎90
defect length, the simulation Berens difference is 6% than the
proposed methodology. In the A380 aircraft scenario, these differences are 34% for the
∗
∗
𝑎29/29
and 8% for the 𝑎90
. Also for the UT campaign, the Berens method suggests results
which are not true assuming that the probabilities of the new generic methodology are strictly
exact in simulation.
∗
After knowing the 𝑎29/29
of each scenario per NDT method, Step 2 is applied for the

numerical selection of the conservative case. The simulated 29/29 method is launched with
the uncertain parameters PDFs. Then, the signal amplitudes of 29 cases are obtained and
the lowest signal amplitude is selected as the conservative case. This conservative case will
be built in Step 3 for an experimental test to validate the simulated results. The conservative
cases of each NDT method (HFEC and UT) and conditions (laboratory, A321, A380 aircraft)
are described in Table 6.9 and Table 6.10.
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Table 6.9. New methodology HFEC results for each scenario
Conservative case

Laboratory scenario

A321 aircraft scenario

Normalized defect length
Depth [mm]
Width [mm]
Skew [°]
Lift-off [mm]
X Rot. [°]
Y Rot. [°]
X Dis. [mm]
Y Dis. [mm]

1,03
0,236
0,016
96,96
0,009
6,74
0,76
0,77
1,71

1,10
0,253
0,011
81,83
0,001
-7,05
4,78
1,01
3,79

Table 6.10. New methodology UT results for each scenario
Conservative case

Laboratory scenario

A380 aircraft scenario

Normalized defect length
Depth [mm]
Probe rotation [°]
X Dis. [mm]
Y Dis. [mm]

1,10
0,253
0,39
-0,07
2,96

1,12
0,257
0,30
0,17
2,18

These simulated results were not tested due to the lack of time to design and inspect the inservice defect after obtaining these data. However, several tests were performed with
already existing real in-service defects to study if the simulated results can be confirmed. To
conclude, each conservative case is experimentally detected using the corresponding
uncertain parameters.
The new generic methodology has several advantages in comparison to the current
experimental Airbus process using the Berens method. The advantages of the new generic
methodology are:
-

-

-

Use a reliable method to be implemented in the NDT Airbus process. The NDT
simulation model takes into account the operational human and the environmental
factors close to the in-service tasks with the help of the video analysis during the
laboratory and aircraft scenarios. This methodology defines a reliable new minimum
detectable length (𝑎29/29). The main advantage compared to the experimental tests is
that a huge sampling (Monte Carlo) can be obtained to analyse all possible
scenarios.
The new generic methodology does not have to follow strong mathematical
hypotheses. This advantage is important in comparison to the Berens methods (e.g.
linearity, homoscedasticity, residual normality, etc.).
Experimentally validate the conservative case obtained from the simulation step with
the minimum experimental specimens. The experimental campaign is composed by:
 Two specimens, the first one containing the conservative case defined by the
simulation step and the second one free defect to prevent biased responses.
Both of them with the same specimen material and size characteristics.
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-

-

Allows to obtain faster new minimum detectable defect lengths (𝑎29/29) than the
existing Airbus method. The current Airbus method takes 1 year and a half compared
to around 3 months of the new proposed methodology.
Computes results more cost and time efficient. In this proposed methodology, two
specimens instead of 70 or 100 are used. This is an economical solution which allows
a faster development and a quicker application case.

For the computation time and cost, Table 6.11 displays a comparison between the
experimental and the proposed methodology (NGM) cases taking into account all the
process of a PoD curve.
Table 6.11. Computation time and cost in the PoD campaign
PoD Campaign
Experimental using Berens
Simulation using NGM

PoD total computation
time [days]
393
95

PoD total cost [€]
200.000-50.000
20.000

There is suggested reduction of the 75% in the PoD total computation time using the new
generic methodology. In addition, there is suggested 50% reduction on the PoD total cost.
The main reason is the production of only the conservative specimen which was selected
during the proposed algorithm and the free defect specimen.

6.5 Conclusions
The Berens method suggests defect length results sometimes conservative and others risky
compared to the new generic methodology which computes strictly exact probabilities in
simulation due to a really large quantity of data taking into account most of the possible
∗
∗
scenarios. The simulation Berens defect length differences are 30% for 𝑎29/29
and 6% for 𝑎90
compared to the new generic methodology in the laboratory for the HFEC study. In the A321
∗
∗
. For the Shear
aircraft scenario, these differences are 29% for the 𝑎29/29
and 1% for the 𝑎90
Wave UT study in the laboratory conditions, the simulation Berens differences are 27% and
∗
∗
6% compared to the NGM for the 𝑎29/29
and 𝑎90
respectively. These differences in A380
∗
∗
aircraft conditions are 34% for the 𝑎29/29
and 8% for the 𝑎90
.

The quantification of data is directly linked to the reliability aspect. The experimental
campaigns were carried out with a big amount of data but the new simulated methodology
was carried out with 𝑁 ≈ 105 taking into account almost every possible scenarios and being
strictly exact in simulation. This is one of the most important points of the simulation
approach.
To conclude, these reliable results of the new generic methodology provides encouraging
and promising results to replace or complete experimental test by numerical simulation which
are less costly and time consuming (50% cost and 75% time development reduction).
Moreover, the NDT numerical model takes into account the operational human and
environmental impact with the help of the video analysis. Future related work will attempt at
extending our approach to the broader NDT techniques (Ultrasonic, Radiography, Computed
Tomography, Guide Waves, etc), materials (steel, other aluminum and titanium allows, etc.)
and NDT sectors (nuclear, automotive, medical industries, etc.).

Chapter 6: New generic methodology to obtain PoD using numerical simulation
136
__________________________________________________________________________
__________________________________________________________________________

Synthesis of this chapter:
-

-

A new construction method for PoDs integrating operational human and
environmental factors is proposed using numerical simulations. This methodology
makes it possible to acquire the probabilities of detecting the defect lengths by not
having recourse to any of the strong mathematical assumptions.
The Berens results sometimes are conservative and others are risky in comparison to
the proposed new generic methodology.
This new methodology suggests a reduction of cost and cycle and an improvement of
the relevance of the PoDs by integration of the operational human and environmental
factors minimizing the number of experimental test.

_________________________________________________________________________

Conclusions & Perspectives
Conclusions
The PoD curve estimation is current major challenge for the NDT aerospace sector due to
the high cost and the long experimental campaigns: reliable studies require a high quantity
of data (database), resulting from large number of defects and inspectors experiences. An
additional difficulty is the impact assessment of the environmental factors (aircraft conditions
during real experimental tests) in the PoD results obtained in the laboratory.
In this thesis, the impact on PoD curves of the human and environmental factors were
demonstrated in the experimental campaigns in Chapter 2 and 4 (High Frequency Eddy
Currents (HFEC) and Shear Wave Ultrasounds (Shear Wave UT)). The analysis of the
experimental database carried out for the different scenarios (laboratory and aircraft) allows
measuring their influence on the signal amplitudes and the minimum detectable defect length
determined by the statistical methods based on the Berens Theory. The difference between
scenarios is based on changing specimen visibility, NDT screen proximity and human
position which allowed us to quantify the real influence.
Compared to the laboratory conditions, the minimum detectable defect length increases by
8% in A321 aircraft scenario and by 18% in A400M aircraft scenario for HFEC NDT
technique. For the Shear Wave UT study, the difference of the minimum detectable defect
length is 9% between laboratory and A380 aircraft conditions. This difference shows that the
use of laboratory conditions to develop a POD compatible with in-service NDT operations is
dangerous because the the minimum detectable defect is statistically underestimated and
ignores the environmental factors and their impact on human factors.
Then, a new generic methodology to obtain robust in-service Probability of Detection (PoD)
was proposed integrating the operational human and environmental factors coupling
experimental and numerical simulation. To reliably reproduce the experimental campaign,
the simulation model proposed to integrate the human factors by the modelling of
inspectors’ trajectories and gestures (probe angles and scanning displacements). These
uncertain parameters introduced as statistical distributions are determined with the help of
the specimen and defects’ supplier report and the inspection video analysis. Then, the
numerical model created is able to reproduce with great reliability the in-service
experimental campaign conducted by different inspectors. This approach consists in an
operational inspector integration which indirectly linked to the human traits (experience,
certification level, mechanical expertise, etc.).
This proposed new methodology enables to acquire the probabilities of detecting the defect
lengths by not having recourse to any of the strong mathematical assumptions (linearity,
139
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homoscedasticity, residual normality). From the experimental results developed in each
scenario (laboratory and aircraft) for the two NDT methods (eddy currents and ultrasounds),
the robustness and reliability of this new generic methodology are shown limiting the number
of experimental tests to one specimen. Furthermore, it has been suggested that the Berens
∗
∗
method is sometimes conservative, for the 𝑎29/29
, or risky, for the 𝑎90
, with respect to the
new methodology which is strictly exact in simulation.
This new methodology allows a reduction of cost and cycle and an improvement of the
relevance of the PoDs by integration of the operational human and environmental factors.
This cost and time reduction is due to the fact of minimizing the experimental tests. From a
theoretical point of view, it makes possible to dispense with mathematical hypotheses on
the structure of the underlying model (e.g. linearity, kriging, etc.) using the principles and
physical laws of the NDT.
To conclude, these reliable results of the new generic methodology provides encouraging
and promising results to replace or complete experimental test by numerical simulation
which are more cost and time effective for future works. In addition, the suggested
conservativeness of the simulated results was demonstrated using the one-sample onesided Kolmogorov-Smirnov test with respect to the experimental data.

Perspectives
The new generic methodology (NGM) developed was really interesting in terms of reliability
and efficiency for the progress of the industry in the PoD and NDT field. Nevertheless, the
current CIVA model slowly computed the simulation results. Then, due to the computation
time limitation of the random selection using Monte Carlo, an improvement could be using
meta-models [154, 155] which have the purpose to replace the time consuming forward CIVA
solver. The meta-model is acting as a fast and accurate substitute in a restricted range of
input parameters. For example, Neural Networks [156, 157] or kriging [16] methods can be
used but a validation of the model is needed to confirm the correct use of these tools.
Another alternative is using the Quasi-Monte Carlo sampling [158, 159] which draw the data
in a smart way, choosing the correct part of the statistical distribution. The last
complementary option is to run in pararel several computations.
The current statistical distributions of the uncertain parameters can be improved using two
options. The first option consists in using more powerful cameras to capture the exact probe
angle and displacements including few gyroscopes in the probe for accurate rotation
measurements without disturbing the inspector. The other option is to integrate guiding
supports in the manual procedures to restrict some inspectors’ movements which could help
to better detect the defects and reduce the uncertainty. Also, some guidelines in the manual
procedures should be included as setting the alarm in the detection threshold and the
possibility to directly obtain and save the maximum signal amplitude during an inspection.
Moreover, further studies in robustenesss of these statistical distributions should be
performed when is missing some inherent or unknown uncertainties from the experimental
tests.
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Otherwise, the sensitivity analysis of the various uncertain parameters deserves to be
studied in order to quantify with precision the impact of each parameter on, on the one hand,
the experimental inspection, and on the other hand, the numerical simulation of the NDT
technique.
Additionally, more work must be performed to integrate the inspectors traits such as
inspectors’ experiences, certification level, mechanical knowledge, stress, and judgements
during a NDT inspection in the PoD studies. Nowadays, a project is running called FOEHN
project [27, 28] which is trying to analyse and integrate these inspectors’ traits (human
decisions, criterias, judgements, etc.).
The new generic methodology obtained a really conservative case from the 29/29 method
which is used for the experimental test to minimize the cost and development time. One
possible improvement could be finding a method which penalizes less the new minimum
detectable defect length because is computed with 99,6% of probability of detection, which is
conservative.
Future related work will attempt at extending our approach to the broader NDT techniques
(Radiography, Computed Tomography, Guide Waves, etc), different structural parts, defects
types and emerging materials. The new generic methodology can be implemented not only in
the aerospace sector; it can be also applied in the nuclear, medical, automotive domain.
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Glossary
A-scan

Eddy current signal display representing the real (absissa) and
imaginary (ordinate) impedance during an inspection. Also, ultrasonic
signal display where the abscissa represents the time and the
ordinate its amplitude [160].

Al2024

Aluminium 2024, commonly used in aeronautic structures.

B-scan

Ultrasonic signal result of an inspection representing a cross section
of the test piece perpendicular to the scanning surface and parallel to
a reference direction [160]. The B-scan thus gives the amplitude of
the ultrasonic signal in 2 dimensions: a space dimension and the time.
It is also possible in eddy current but is not a common representation.

Bayesian binomial
PoD analysis

The analysis of binomial PoD data in which the uncertainty in the
estimate of PoD is modelled by a prior distribution that is updated by
data.

Binomial PoD
analysis

The approach to characterizing inspection capability in which a
constant detection probability is assumed for sample of inspection
results being analysed.

C-scan

Image of the ultrasonic test results representing a cross-section of the
test piece parallel to the scanned surface [160].

CAD (ComputerAided Design)

CAD is used by industrial people to create accurate drawings or
technical illustrations. This application can be in 2D (two dimensional)
or 3D (three dimensional).

CIVA

Commercial software for simulation of NDT methods by eddy
currents, ultrasounds and X-ray. This powerful simulation tool
developed by the CEA is used as a reference in this manuscript
because is one of the most used NDT simulation softwares.

Convergence

For a numerical scheme, measure the ability to approach the solution.

COSAC

COmité Sectoriel Aérospatial de Certification, branch of the French
Confederation for Non Destructive Testing (COFREND) for the
certification of NDT operators for aeronautical and space applications.

Coupling

Medium interposed between the translator and the test piece to allow
the passage of ultrasonic waves between them.

Covariance

Measure of the tendency of two random variables to vary in a similar
way.

Cumulative
Distribution
Function (CDF)

A summary of data that expresses the proportion of a population that
is less than the argument.

Cumulative log-

A standard CDF of statistics that has been found acceptable as a
xv
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normal model

model for the PoD(𝑎) function.

Defect Echo

Signal from a given defect.

Deviation

Measurement of the dispersion of estimates of a quantity around the
true values.

Element

Ultrasonic piezoelectric element.

False call

A “false call” occurs when an inspection technique is applied to a
location with no defect of any size and the inspection technique
indicates the existence of a defect.

Frame

In aeronautics, a piece that confers its mechanical resistance to the
skin.

Hit

A “hit” occurs when an inspection technique is applied to a damaged
location and the inspection technique indicates the existence of the
defect. The existence of the defect must be verified.

Homoscedasticity

In statistics, constraint of uniformity of the variance.

Human Factors

As part of the safety study of organizations, human factors include
positive (risk anticipation, response to a hazard, etc.) and negative
(manipulation error, procedure or security breach, etc.) effects. The
presence of a human being in NDT inspections.

Maximum
likelihood

A parameter estimation method that maximizes the probability of
obtaining a particular set of results.

Minimum
Detectable Length
(𝒂𝟗𝟎/𝟗𝟓 )

Term designating the minimum size of a defect below which it is no
longer detectable by the NDT method considered. Because of the
variable nature of an inspection, the detectable minimum can only be
defined statistically from a PoD curve for a given procedure,
equipment, type of defect, and part. It is generally the size of a
detectable defect with a probability of 90% and a confidence level of
95%.

Minimum NGM
Detectable Length
(𝒂𝟐𝟗/𝟐𝟗 )

It is the defect size with a probability of 90% to fulfil the 29/29 method
in the New Generic Methodology (NGM). This is the new term
introduced by the proposed methodology.

Miss

A “miss” occurs when an inspection technique is applied to a
damaged location and the inspection technique does not indicate the
existence of the defect, regardless of defect size.

NGM

New Generic Methodology. It is the proposed methodology to
compute the probability of detection of defect lengths using numerical
simulation. This methododology is cost and time effective.

Non-Destructive
Test

Set of methods to measure physical properties without altering them.
This includes checking the integrity of a structure without damaging it.

Normalized
Minimum
Detectable Length
̂ ∗𝟗𝟎/𝟗𝟓 )
(𝒂

Normalized statistical value using the laboratory conditions result
(𝑎90/95 ) as the reference.
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Organizational
Factors

As part of the organizational safety study, the organizational factors
include the positive effects (sufficient maintenance budget, functional
equipment, etc.) and negative effects (poor managerial decisions,
untenable time constraints, etc.) that the organization imposes to the
operator.

Probability of
Detection (PoD)

Study to assess the reliability of a NDT procedure. The PoD curve
summarizes this approach by giving the probability of detecting a
defect based on a characteristic size of the defect.

POD(𝒂)

The proportion of all cracks of size 𝑎 that will be detected by the NDI
system when applied by representative inspectors to the population of
structural elements in a defined environment.

POD(𝒂) model

The approach to characterize inspection capability in which a specific
model is assumed for the PoD(𝑎) function and the inspection results
are used to estimate the parameters of the model.

Probability of
Detection
supported by
Simulation - Model
Approach of
Probability of
Detection
(MAPOD)

POD study based on numerical simulations taking into account the
variability input parameters of the NDT application case.

Probe/Transducer

Device generally comprising one or more transducers for transmitting
and / or receiving eddy current or ultrasonic waves.

Random Variable

In probability theory, result representation of a random experiment.
The different values obtained during the draws of a random variable
are called realizations. The frequency of obtaining these values is
given by the probability density associated with the random variable.

Signal amplitude
̂ 𝒔𝒂𝒕 )
saturation (𝒂

Term designating the signal amplitude saturation of a defect. This
means that the signal cannot be higher than this value.

Signal amplitude
̂ 𝒕𝒉 )
threshold (𝒂

Term designating the signal amplitude threshold. This means that
higher signal amplitudes are considered as a defect.

Signal amplitude
̂ 𝒏𝒐𝒊𝒔𝒆)
noise (𝒂

Term designating the signal amplitude noise of an inspection structure
case.

Structure noise

Signal disturbances due to the microstructure of the material
inspected.

TA6V β-phase

Titanium containing in a high proportion β phases with bigger grains
than the usually titanium αβ. These grains give a high variability in
terms of eddy current results.

UP

Uncertain parameters taken into account for the MAPOD approach

Acronyms
AE

Acoustic Emission

ANRT

Association Nationale Recherche Technologie

ByPASS

Bayesian methods for the diagnosis and the ProbAbility of detection
Supported by Simulation

CAD

Computer-Aided Design

CDF

Cumulative Distribution Function

CEA

Commissariat à l’Energie Atomique et aux Energies Alternatives

COFREND

COnfédération FRançaise pour les Essais Non-Destructifs

COSAC

COmité Sectoriel Aérospatial de Certification

CT

Computed Tomography

EASA

European Aviation Safety Agency

EDM

Electrical-Discharge Machining

EMAT

ElectroMagnetic Acoustic Transducer

ENIQ

European Network for Inspection and Qualification

ET

Eddy Current

FAA

Federal Aviation Administration

FOEHN

Facteurs Organisationnels Et Humains
méthodes d’évaluation Non-destructive

FSH

Full Screen Height

IF

Infrared Testing

HFEC

High Frequency Eddy Current

K-S

One-sample one-sided Kolmogorov-Smirnov test

MAPOD

Model-Assisted Probability of Detection

MT

Magnetic particle Testing

NDT

Non-Destructive Test

NGM

New Generic Methodology

PAUT

Phase Array Ultrasounds Testing
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PDF

Probability Density Function

PICASSO

imProved reliabIlity inspeCtion of Aeronautic structure through
Simulation Supported PoD

PoD

Probability of Detection

PT

Penetrant liquid Testing

RT

Radiography Testing

SDH

Side Drilled Hole

SISTAE

SImulation and STAtistics for non-destructive Evaluation

TOFD

Time Of Flight Diffraction

UP

Uncertain Parameters

UT

Ultrasounds Testing

VT

Visual Testing

Table of Symbols
𝑎𝑖

Defect length

𝑎𝑖 ∗

Normalized defect length

𝑎̂𝑖

Defect signal amplitude

𝑎29/29

Defect length with a probability of 90% to fulfil the 29/29 method

𝑎50

Defect length for a 50% of probability of detection

𝑎90

Defect length for a 90% of probability of detection

𝑎90/95

Defect length for a 90% of probability of detection obtained with 95% of
confidence level

𝑎𝑚𝑖𝑛

Defect length the inspector surely do not detect

𝑎𝑔𝑢𝑒𝑠𝑠

Defect length with a supposed probability to detect close to 90% to fulfil the
29/29 method (𝑎29/29 ) as an user hypothesis to start the NGM

𝑎𝑚𝑎𝑥

Defect length which the inspector will 100% detect

𝑎̂𝑠𝑎𝑡

Signal amplitude corresponding to the saturation of the screen display

𝑎̂𝑡ℎ

Signal amplitude to determine if the received signal is a defect

𝑎̂𝑛𝑜𝑖𝑠𝑒

Signal amplitude corresponding to the noise structure

𝛼

Confidence level

β

Vector of the parameters of a regression model

Cov

Covariance

𝑐

Material conductivity

𝐶𝑖

Variability parameters depending on the defect and material

𝐶𝑈

Desired confidence interval

𝐷+

Maximum difference between two probabilities for the one-sample one-sided
Kolmogorov-Smirnov

𝐷

Defect depth

Dint

Inner diameter

Dext

Outer diameter

𝐹

Quantile of the F-distribution (i.e. Fisher distribution) for a given confidence
level of 𝐶𝑈
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⥠

Identity matrix

H

Height

ℒ

Likelihood of hyper-parameters

𝐿

Defect length parameter measured in the supplier report

𝜇𝑟

Relative permeability

𝑛

Number of experiences of the experimental plan

𝒩

Normal law, 𝒩(0, 𝜎 2 ) is a normal distribution of zero mean and variance 𝜎 2

𝛷

Cumulative normal distribution function

𝑃

Probability of an event

𝑃𝑂𝐷(𝑎)

Probability of a defect length

𝑃29/29 (𝑎)

Probability of a defect length used in the proposed methodology (NGM) to
successfully pass the 29/29 method

𝜓(𝑎𝑖 , 𝐶𝑖 , 𝑂𝑖 )

Signal amplitude of a specific case (defect length, material and inspector
parameters) for the new generic methodology

Ø

Hole diameter

𝑂𝑖

Variability parameters depending on inspector

𝑅2

Coefficient of determination

𝜌

Material density

𝑠

Defect skew

𝜎

Standard deviation, squared it represents the variance

𝜎𝛿

Constant standard deviation

𝑡

Geometry thickness

𝜃

Parameter vector in the likelihood function

𝑤

Defect width

𝑥̅

Mean or average of a normal distribution (location)

𝑥𝑖

Inspection result respectively for the 𝑖 𝑡ℎ inspection in a trial comprising a total of
𝑁 inspections

Appendix A
Abstract:

The first appendix presents the identification of the parameters of the PoD function for
the Berens method. After, a graphical representation of the PoD function is showed. Then, several
material properties for eddy current and ultrasound are described for a better understanding of the
inspection parameters. In the end, the Binomial model is explained as the origin of the 29/29 methods
which is going to be used in the last chapter for the new proposed generic methodology.
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Identification of the parameters of the PoD function
Least squares method (linear regression) [92, 161]:
First, a realization ρ of the density function of the probability of detection 𝑓𝑝𝑎 for each
specimen is defined by calculating the empirical average of the test binary data (see
equation (A.1)).
𝑚

1
𝑝𝑖 = ∑ 𝑍𝑖𝑗
𝑚

(A.1)

𝑗=1

Then, equation (A.2) is expressed in a linear form showing the parameters and coefficients.
𝑃𝐷 (𝑎)
𝑙𝑛 (
) = 𝛼 + 𝛽ln(𝑎)
1 − 𝑃𝐷 (𝑎)

(A.2)

𝛼
The least squares method is used to find the value of the vector 𝑥 = (𝛽 ) that minimizes the
distance ‖𝑟(𝑥)‖ with 𝑟(𝑥) defines as follows:
𝑟(𝑥) = 𝐴𝑥 − 𝑏

1
𝑤𝑖𝑡ℎ 𝐴 = ( ⋮
1

𝑝0
ln(
)
ln(𝑎0 )
1 − 𝑝0
⋮ ) 𝑎𝑛𝑑 𝑏 =
⋮
𝑝𝑛
ln(𝑎𝑛 )
ln(
)
( 1 − 𝑝𝑛 )

(A.3)

If it is invertible, the solution of this minimization problem is:
𝑥 = (𝐴𝑡 𝐴)−1 𝐴𝑡 𝑏

(A.4)

Often it is not possible to do that because we do not have enough data to estimate the
probability.

Maximum likelihood method [1, 64]
This method, which is widely described in the literature, is a standard statistical method of
estimating parameters. This method is based on the principle of maximizing the likelihood
function of a sample of data. This noted function 𝐿(𝜃) is expressed as follows:
𝑛

𝑚

𝐿(𝜃) = ∏ ∏ 𝑓(𝑍𝑖𝑗 , 𝜃)

(A.5)

𝑖=1 𝑗=1

With 𝑍𝑖𝑗 representing the result of the 𝑗 𝑒𝑚𝑒 inspection carried out on the 𝑖 𝑒𝑚𝑒 specimen and
𝑓(𝑋𝑖 , 𝜃) representing the probability of obtaining 𝑋𝑖 according to the chosen modelling
function of parameter 𝜃. The estimate of this maximum likelihood corresponds to the value 𝜃̂
that maximizes 𝐿(𝜃). For the rest, it is better to work with the function 𝑙𝑜𝑔𝐿(𝜃) that keeps its
maximum in 𝜃̂ (See equation (A.6)).
𝑛

𝑚

𝑙𝑜𝑔𝐿(𝜃) = ∑ ∑ 𝑙𝑜𝑔𝑓(𝑍𝑖𝑗 , 𝜃)
𝑖=1 𝑗=1

(A.6)
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The solution of this problem of maximization passes by the resolution of the system of 𝑘
equations with 𝑘 unknowns of the vector 𝜃 (See system (A.7)).
𝜕𝑙𝑜𝑔𝐿(𝜃)
(A.7)
= 0, 𝑤𝑖𝑡ℎ 𝑖 = 1, … , 𝑘
𝜕𝜃𝑖
If this method is applied to a Hit/Miss data case, the function 𝑓(𝑍𝑖𝑗 , 𝜃) is expressed as
follows:
𝜕𝑙𝑜𝑔𝐿(𝜃)
= 0,
𝜕𝜃𝑖

𝑤𝑖𝑡ℎ 𝑖 = 1, … , 𝑘
𝑍

𝑓(𝑍𝑖𝑗 , 𝜃) = 𝑝𝑖 𝑖𝑗 (1 − 𝑝𝑖 )1−𝑍𝑖𝑗

(A.8)
(A.9)

With,
𝑝𝑖 (𝜃) =

ℎ(𝑎𝑖 , 𝜃)
1 + ℎ(𝑎𝑖 , 𝜃)

(A.10)

And,
ln(𝑎𝑖 ) − 𝜆
𝜆
)] , 𝑤𝑖𝑡ℎ 𝜃 = ( )
𝜉
𝜉
√3
Equation (A.12) is therefore equivalent to:
ℎ(𝑎𝑖 , 𝜃) = 𝑒𝑥𝑝 [

𝑛

𝜋

(

(A.11)

𝑚

𝑙𝑛𝐿(𝜆, 𝜉) = ∑ ∑[𝑍𝑖𝑗 ln(𝑝𝑖 ) + (1 − 𝑍𝑖𝑗 )ln(1 − 𝑝𝑖 )]

(A.12)

𝑖=1 𝑗=1

𝜆̂
Thus, it can be written that the maximum likelihood 𝜃̂ = ( ̂ ) estimate is solution of the
𝜉
following system (A.13), (A.14):
𝜕𝑙𝑛𝐿(𝜆, 𝜉)
=0
𝜕𝜆
𝜕𝑙𝑛𝐿(𝜆, 𝜉)
=0
{
𝜕𝜉

(A.13)

Where,
𝑛

𝑚

𝑖=1

𝑗=1

𝑛

𝑚

𝑍𝑖𝑗 1 − 𝑍𝑖𝑗
𝜕𝑝𝑖
∑(
∑( −
))
𝜕𝜆
𝑝𝑖
1 − 𝑝𝑖
(A.14)

𝑍𝑖𝑗 1 − 𝑍𝑖𝑗
𝜕𝑝𝑖
∑(
∑( −
))
𝜕𝜉
𝑝𝑖
1 − 𝑝𝑖
𝑗=1
{ 𝑖=1
After derivation and simplification we obtain the following system (A.15), (A.16):
𝑛

𝜋
𝜉√3
𝜆𝜋
𝜉√3
{
Or,

𝑚

𝑚 ∑ (𝑝𝑖 − ∑

𝑛

𝑖=1

𝑗=1

𝑍𝑖𝑗
)=0
𝑚
𝑚

𝑚 ∑(1 − 𝑙𝑛𝑎𝑖 ) (𝑝𝑖 − ∑
𝑖=1

𝑗=1

(A.15)
𝑍𝑖𝑗
)=0
𝑚
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𝑛

𝑚

∑ (𝑝𝑖 − ∑
𝑖=1

𝑗=1

𝑍𝑖𝑗
)=0
𝑚

(A.16)
𝑍𝑖𝑗
∑ 𝑙𝑛𝑎𝑖 (𝑝𝑖 − ∑ ) = 0
𝑚
𝑗=1
{ 𝑖=1
The resolution of this system can be achieved by a Newton-Raphson iterative calculation
method. I chose not to detail the method for obtaining PoD curves with confidence intervals
using the Fisher information matrix. For more information, you can refer to Alan P. Berens'
study [1, 64].
𝑛

𝑚

Graphical representation of the PoD function

Material properties for eddy current and ultrasound
NDT methods
In this appendix the material properties for the ET and UT methods are presented because
they are key elements for a correct inspection performance. In ET application cases, the
material conductivity is important for the choice of the working frequency and then, the
electromagnetic depth penetration.
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Table A.1. Material conductivity range for eddy current NDT method
Material
Aluminium Alloy Materials
Aluminium Lithium
Austenitic Steel
Inconel Alloys
Titanium Alloy (nonaluminium/zinc coated)

MS/m
15 – 25
8 – 12
1.0 – 1.4
0.7 – 0.9

Conductivity Range
% IACS
27.5 – 48.3
13.8 – 20.7
1.7 – 2.4
1.2 – 1.55

0.5 – 0.7

0.85 – 1.15

In the UT method, the longitudinal and shear velocities with the acoustic impedance of the
material are important for a correct UT beam propagation in the geometry. Knowing material
properties, the UT results can be correctly interpreted.
Table A.2. Material characteristics to calibrate the Ultrasounds device following the NDT
inspection procedure

Metals
Aluminium
Inconel
Steel 1020
Steel 4340
Steel 302
austenitic stainless
Steel 347
austenitic stainless
Titanium Ti 150A

Acoustic properties of materials
Longitudinal
Shear Velocity
Velocity
𝑐𝑚/𝜇𝑠
𝑖𝑛/𝜇𝑠
𝑐𝑚/𝜇𝑠
𝑖𝑛/𝜇𝑠
0.632
0.2488
0.313
0.1232
0.229
5.820
0.119
3.020
0.232
5.890
0.128
3.240
0.230
5.850
0.128
3.240

Acoustic Impedance
𝑔/𝑐𝑚3 − sec 𝑥 105
17.10
49.47
45.41
45.63

0.223

5.660

0.123

3.120

45.45

0.226

5.740

0.122

3.090

45.40

0.240

6.100

0.123

3.120

27.69

The Binomial model
The Binomial model [162, 98] presents the advantage to be an easy method. Only one PoD
for all inspected defects of a given size can be modelled in terms of the probability of
detection. The proportion of defects detected in a random sample is an estimate of the PoD
for that size. Each experiment is seen as a Bernoulli trial, and the binomial distribution theory
can be used to compute a lower confidence bound on the estimate [163, 164].
To use the Binomial distribution of X(n), the rule of thumb; n/N < 10% should be satisfied.
The mean and the variance of this Binomial approximation (i.e. B(n,p) are respectively np
and np(1-p). It is desired to construct a 100(1-α)% confidence interval of the form Lp(1-α/2) ≤
p ≤ Up (1-α/2) such that P (Lp(1-α/2) ≤ p ≤ Up (1-α/2)) ≥ 1-α, with and P (p ≤ Up (1-α/2)) ≥ 1α/2 and P (p < Lp(1-α/2)) ≥ α/2)).
For a given number of findings X(n) = x, 0 ≤ x ≤ n, the lower confidence bound can be
obtained by solving the following equation:
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𝑛

𝛼
𝑛
∑ 𝑗 𝐿𝑝 𝑗 (1 − 𝐿𝑝)𝑛−𝑗 =
2

(A.17)

𝑗=𝑥

And the upper confidence bound by solving:
𝑥

𝛼
𝑛
∑ 𝑗 𝑈𝑝 𝑗 (1 − 𝑈𝑝)𝑛−𝑗 =
2

(A.18)

𝑗=0

The following relationship relates the tail of a binomial distribution with the tail of Fisher
distribution (i.e. F-distribution):
𝑥

(1 − 𝑝)(𝑥 + 1)
𝑛
∑ 𝑗 𝑝 𝑗 (1 − 𝑝)𝑛−𝑗 = 𝑃(𝑌 ≤
𝑝(𝑛 − 𝑥)

(A.19)

𝑗=0

Where, Y follows a F-distribution with 2(n-x) and 2(x+1) degrees of freedom (i.e. Y ~ F(2(nx), 2(x+1))
Now it follows immediately that:
𝛼
1
𝐿𝑝 (1 − ) =
, 𝑓𝑜𝑟 0 < 𝑥 ≤ 𝑛
𝑛−𝑥+1
𝛼
2
1+
𝐹(1
−
,
2(𝑛
−
𝑥
+
1),
2𝑥)
𝑥
2

(A.20)

𝛼
𝐿𝑝 (1 − ) = 0, 𝑓𝑜𝑟 𝑥 = 0
2

(A.21)

𝛼
1
𝑈𝑝 (1 − ) =
, 𝑓𝑜𝑟 0 ≤ 𝑥 < 𝑛
(A.22)
𝑛
−
𝑥
𝛼
2
1+
𝐹( , 2(𝑛 − 𝑥), 2(𝑥 + 1))
𝑥+1 2
𝛼
𝑈𝑝 (1 − ) = 1, 𝑓𝑜𝑟 𝑥 = 𝑛
(A.23)
2
Where, F(β, a, b) denotes the β quantile of the F-distribution with a and b degrees of freedom
(i.e. P(Z ≤ F(β, a, b)) = β), with Z ~ F(a, b))
Remarks,
1) F(β, a, b) is the reciprocal of F(1-β, b, a), that is:
𝐹(𝛽, 𝑎, 𝑏) =

1
𝐹(1 − 𝛽, 𝑏, 𝑎)

(A.24)

2) If the result of computing an upper confidence bound exceed 1, then we assign to this
upper bound the value of 1. In the same way, if the result in computing a lower
confidence bound is less than 0, we assign to this lower bound a zero value.

Appendix B
Abstract:

Appendix B presents the entire experimental linearity analysis for the HFEC database
of each scenario: laboratory, A321 and A400M aircraft conditions. These experimental databases are
composed of the inspectors’ signal amplitudes for the fatigue defects set in titanium β-phase. This
analysis is performed to better understand and apply the Berens Signal Response Method.
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HFEC laboratory linearity analysis
The following figures show the inspectors’ signal amplitude measured with different possible
transformations (Figure B.1) for the samples set in the laboratory scenario. These proposed
trnasformations try to follow the Berens linearity hypothesis [165]. Notice two horizontal
cursors, the upper black one indicates the saturation threshold (𝑎̂𝑠𝑎𝑡 ) and the lower red one,
the detection threshold (𝑎̂𝑡ℎ ). Once the inspectors’ amplitudes are obtained and the correct
transformation is chosen, a statistical analysis of the experimental data has been developed
to reach an accurate PoD curve.
a)

b)

c)

d)

Figure B.1. Data distribution from NDT inspectors in laboratory scenario for different
transformations: (a) linear-linear, (b) linear-log, (c) log-linear and (d) log-log
Here, the proposed transformations to achieve the best linearity are detailed (Table B.1).
Other possibilities were explored as the Box-Cox transformation but with not a sustancial
difference [166, 167, 168].
Table B.1. Proposed transformations to follow linearity hypothesis for laboratory scenario
Transformation
Linear(𝑎̂) vs Linear(𝑎)
Linear(𝑎̂) vs Log(𝑎)
Log(𝑎̂) vs Linear(𝑎)
Log(𝑎̂) vs Log(𝑎)

Laboratory - 𝑅 2
0,6753
0,7161
0,4289
0,4716
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HFEC laboratory device switch linearity analysis
Similar linearity analysis was performed for the laboratory device switch scenario. Then, the
corresponding figures are presented below.
a)

b)

c)

d)

Figure B.2. Data distribution from NDT inspectors in laboratory scenario using different
devices for different transformations: (a) linear-linear, (b) linear-log, (c) log-linear and (d) loglog
Table B.2 summarizes the coefficients of correlation for the proposed transformations.
Table B.2. Proposed transformations to follow linearity hypothesis for laboratory device
switch scenario
Transformation
Simple(â) vs Simple(a)
Simple(â) vs Log(a)
Log(â) vs Simple(a)
Log(â) vs Log(a)

Laboratory Device Switch - 𝑅 2
0,5399
0,5805
0,2916
0,3154

Appendix B
xxxii
__________________________________________________________________________

HFEC A321 aircraft linearity analysis
For the A321 aircraft conditions, the linearity analysis was also studied and presented in the
figures below.
a)

b)

c)

d)

Figure B.3. Data distribution from NDT inspectors in A321 aircraft scenario for different
transformations: (a) linear-linear, (b) linear-log, (c) log-linear and (d) log-log
Table B.3 presents the coefficients of correlation for the proposed data transformations.
Table B.3. Proposed transformations to follow linearity hypothesis for A321 aircraft scenario
Transformation
Simple(â) vs Simple(a)
Simple(â) vs Log(a)
Log(â) vs Simple(a)
Log(â) vs Log(a)

A321 Aircraft - 𝑅 2
0,5686
0,6199
0,3231
0,3835
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HFEC A400M aircraft linearity analysis
As for the previous scenarios, the A400M data transformations figures and the table which
summarizes the coefficients of correlations are illustrated below.
a)

b)

c)

d)

Figure B.4. Data distribution from NDT inspectors in A400M aircraft scenario for different
transformations: (a) linear-linear, (b) linear-log, (c) log-linear and (d) log-log
Table B.4. Proposed transformations to follow linearity hypothesis for laboratory scenario
Transformation
Simple(â) vs Simple(a)
Simple(â) vs Log(a)
Log(â) vs Simple(a)
Log(â) vs Log(a)

A400M Aircraft - 𝑅 2
0,5225
0,5488
0,3376
0,3671

Berens linear hypothesis discussion
The Berens hypotheses (linearity, homoscedasticity, residual normality) are important to
constitute a reliable PoD curve. The data linearity is one of the Berens hypotheses which
must be followed to guarantee a proper application of the statistical method. During the PoD
building, we noticed that the experimental database in each scenario have linearity problems
to compute the PoD curves. This strong hypothesis was not well fulfilled due to a low
coefficient of determination (𝑅 2) [169] using the inspectors’ signal amplitudes, especially in
the HFEC experimental campaign. Then, it is likely that this uncertainty may affect the
computation of the estimated PoD.
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For the HFEC study, Table B.5 shows low coefficients of determination (𝑅 2 ) which means
that non-data linearity was fulfilled (𝑅 2 ≈ 0,5). This is the principal reason why the linearity
data effect is analysed in this application case.
̂ 𝒗𝒔 𝒂 and 𝒂
̂ 𝒗𝒔 𝒍𝒐𝒈(𝒂) transformation
Table B.5. Coefficients of determination (𝑹𝟐 ) of 𝒂
𝑹𝟐
𝑎̂ 𝑣𝑠 𝑎
𝑎̂ 𝑣𝑠 𝑙𝑜𝑔(𝑎)

Laboratory
0,6753
0,7156

Device switch
0,5399
0,5805

A321 aircraft
0,5686
0,6199

A400M aircraft
0,5225
0,5488

The PoD curves computed in the four different scenarios are presented for 𝑎̂ 𝑣𝑠 𝑎 and
𝑎̂ 𝑣𝑠 log(𝑎) data transformations in Figure B.5. In this study case, more data transformations
were used as it was shown previously. These four figures (Laboratory, laboratory device
switch, A321 and A400M PoD curves) have a common shape for the two proposed
transformations respectively. The 𝑎̂ 𝑣𝑠 𝑙𝑜𝑔(𝑎) (blue curve) has a sudden progression from the
beginning which differs from the 𝑎̂ 𝑣𝑠 𝑎 transformation (black curve). It can be observed that
below the probability of 70% the statistical values are really different between the two
transformations. However, up to 70% of probability the 𝑎̂ 𝑣𝑠 𝑎 PoD curve gives conservative
defect length values. The difference above 70% of probability is really small for the two
proposed data transformations.
a)

b)

c)

d)

Figure B.5. PoD curves for (a) laboratory, (b) laboratory device switch, (c) A321 Aircraft
̂ 𝒗𝒔 𝒂 and 𝒂
̂ 𝒗𝒔 𝒍𝒐𝒈(𝒂)
scenario and (d) A400M Aircraft scenario using 𝒂
Despite the negligible difference between the coefficients of determination of both
transformations, the PoD parameters are distinct in particular for the probability of detection
less than 70% (Figure B.5a and Table B.6). These conclusions can be extended to the other
three scenarios carried out during the HFEC PoD study (Figure B.5b, Figure B.5c and Figure
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B.5d). These comparisons allow to demonstrate the relevance of an appropriate choice of
the data transformation and its impact on the PoD parameters.
∗
In fact, the 𝑎50
difference between the best linear transformation (𝑎̂ 𝑣𝑠 𝑙𝑜𝑔(𝑎)) and the 𝑎̂ 𝑣𝑠 𝑎
is 34% in the laboratory scenario (Table B.6). This parameter is suggested really sensitive to
∗
∗
the transformation applied to build the PoD. For 𝑎90
and 𝑎90/95
this difference is meaningless

(less than 6%) with the two proposed transformations in the laboratory conditions. These
∗
∗
∗
conclusions linked to 𝑎50
, 𝑎90
and 𝑎90/95
can be extrapolated to the other three scenario
cases (See Table B.6).
Table B.6. Comparative table for statistical values for each experimental scenario.
Statistical
parameter
∗
𝑎50
∗
𝑎90

∗
𝑎90/95

Laboratory Device
A321 Aircraft
A400M Aircraft
Switch
𝑎̂ 𝑣𝑠 𝑎 𝑎̂ 𝑣𝑠 𝑙𝑜𝑔(𝑎) 𝑎̂ 𝑣𝑠 𝑎 𝑎̂ 𝑣𝑠 𝑙𝑜𝑔(𝑎) 𝑎̂ 𝑣𝑠 𝑎 𝑎̂ 𝑣𝑠 𝑙𝑜𝑔(𝑎) 𝑎̂ 𝑣𝑠 𝑎 𝑎̂ 𝑣𝑠 𝑙𝑜𝑔(𝑎)
0,47
0,63
0,30
0,56
0,35
0,67
0,48
0,71
0,93
0,95
1
1
1
1
1,14
1,13
1,02
1
1,12
1,06
1,12
1,08
1,25
1,18
Laboratory

As it was remarked in this linearity analysis, the currently PoD validation is quantified with
approximate values of 𝑅 2. These approximate values do not suggest a clear statement of the
Berens hypotheses satisfaction.
For the UT study, the data linearity hypothesis must be also followed to guarantee a proper
application of the Berens Hit/miss Method. In this method, the functional form has to be
selected to fit with the experimental database (𝑙𝑜𝑔𝑖𝑡 or 𝑝𝑟𝑜𝑏𝑖𝑡). Both functional forms are
used to build the PoD curves to perform a comparison.
a)

b)

Figure B.6. PoD curve using the probit and logit approaches in the (a) laboratory and (b)
A380 Aircraft scenario
The difference between the 𝑙𝑜𝑔𝑖𝑡 and 𝑝𝑟𝑜𝑏𝑖𝑡 form for the statistical PoD results in each
∗
scenario (laboratory and A380 aircraft) are: 14% and 8% for the 𝑎90/95
respectively (Table
B.7). These differences suggest that the selected curve shape form in the Berens method is
important to obtain a reliable PoD curve and the statistical parameters.
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Table B.7. Statistical parameters from the PoD curve for laboratory and A380 aircraft
scenario using the 𝑝𝑟𝑜𝑏𝑖𝑡 and 𝑙𝑜𝑔𝑖𝑡 approaches
Statistical
parameter
∗
𝑎50
∗
𝑎90
∗
𝑎90/95

Laboratory
PoD (𝑙𝑜𝑔𝑖𝑡)
0,55
0,92
1

Laboratory
PoD (𝑝𝑟𝑜𝑏𝑖𝑡)
0,51
1,05
1,14

A380 Aircraft
PoD (𝑙𝑜𝑔𝑖𝑡)
0,64
1,02
1,09

A380 Aircraft
PoD (𝑝𝑟𝑜𝑏𝑖𝑡)
0,63
1,09
1,17

In the Berens Hit/Miss Method, the linearity hypothesis is not fulfilled for the 𝑙𝑜𝑔𝑖𝑡 and 𝑝𝑟𝑜𝑏𝑖𝑡
transformations. This statement was demonstrated because the probabilities from the NGM
and the Berens method were different.
In conclusion, the results demonstrated that the choice of a suitable data transformation or
shape curve is crucial to define relevant PoD parameters. In addition, the parameters used to
evaluate if the Berens hypotheses were fulfilled are an approximatively value of 𝑅 2. This
aspect was a critical point of the current statistical study. Therefore, the designed new
generic methodology is proposed to avoid this strong linearity hypothesis.

Appendix C
Abstract:

Appendix C presents the Henry’s line theory as a graphic method to verify if the data
distribution is normal. Then, the analysis of the selected HFEC uncertain parameters (defect and
operational human) to quantify their statistical distributions is described for a better understanding of
the integrated MAPOD approach model. These simulated statistical distributions are structured in the
laboratory, A321 and A400M aircraft conditions.

Contents:
Henry’s line theory ...................................................................................................................................... xxxviii
Analysis of HFEC uncertain parameters .........................................................................................................xxxix

xxxvii

Appendix C
xxxviii
__________________________________________________________________________

Henry’s line theory
Henry's line [170] is only a graphical method to verify if the distribution is a normal. This
theory adjusts a Gaussian distribution to a series of observations of a continuous numerical
variable. In case of adjustment, it allows to quickly read the average and the standard
deviation of such distribution.
This line is named after its developer J.P.P. Henri (or Henry) (1848 - 1907). This is a similar
method to the Quantile-Quantile Diagram technique applied to normal distributions.

Figure C.1. Graphical representation of the Henry’s line
If 𝑋 is a Gaussian variable of mean 𝑥̅ and variance 𝜎 2 , and 𝑁 is a reduced normal centered
law variable. Then, we have the following equalities:
𝑋 − 𝑥̅ 𝑥 − 𝑥̅
𝑥 − 𝑥̅
𝑃(𝑋 < 𝑥) = 𝑃 (
<
) = 𝑃(𝑁 < 𝑡) = 𝛷(𝑡), 𝑤𝑖𝑡ℎ 𝑡 =
𝜎
𝜎
𝜎

(C. 1)

Where,
𝛷 is the distribution function of the normal centered reduced law.
For each value 𝑥𝑖 of the variable 𝑋, we can compute 𝑃 (𝑋 < 𝑥𝑖 ) and obtain 𝑡𝑖 such that
𝛷(𝑡𝑖 ) = 𝑃 (𝑋 < 𝑥𝑖 ) using a table of the function. If the variable is Gaussian, the coordinate
points (𝑥𝑖 ; 𝑡𝑖 ) are aligned on the equation line. Therefore, it is compared the quantile values
of the empirical law (𝑥𝑖 ) with the quantiles of the reduced normal centered law 𝑡𝑖 . This
method can also be generalized to other distributions by comparing again the theoretical
quantiles to the empirical quantiles, quantile-quantile plot.
In our case to better use the information given by the Henry’s line theory, the coefficient of
determination 𝑅 2 indicates the intensity of the linear connection between two variables. More
the points will be aligned in the quantile-quantile graph, more the value of 𝑅 2 will approach
+1. In the ideal case, the points form a straight line, we will have 𝑅 2 = +1. The value of 𝑅 2
does not make sense in our context. Do not try to interpret it. We do not want to measure the
association between theoretical quantiles and quantiles observed. This criterion intended to
characterize the alignment of points.
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Analysis of HFEC uncertain parameters
The remaining uncertain parameters analysis are computed and represented in the below
graphs for more details about the process.
Defect skew
The defect skew was confirmed by the Henry’s line theory as a truncated normal distribution
with the supplier measurements and NDT engineering experience.
Table C.1. Defect skew corresponding to the experimental specimens
Defect
Defect 1
Defect 2
Defect 3
Defect 4
Defect 5
Defect 6
a)

Length [mm]
1,85
2,2
2,62
4,3
5,84
6,95

Skew [°]
0
0
-2
3
-7
8

b)

Figure C.2. (a) Defect skew probability density function and (b) skew Henry’s line
Operational parameter distribution determined by video analysis
The analysis consists in noting each inspectors’ gesture which indirectly implies the signal
amplitude. The inspection videos analysis is described in the below paragraphs.
Inspectors X rotation
Several video acquisitions concerning the inspector X rotation are analysed for the Henry’s
line theory which is presented below for the laboratory conditions.
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a)

b)

Figure C.3. (a) Frontal video view of the HFEC inspection and (b) the inspector’s X rotation
analysis in the laboratory scenario
a)

b)

Figure C.4. (a) X-rotation probability density function and (b) X-rotation Henry’s line in the
laboratory scenario
Then, the same procedure was applied for the A321 and A400M aircraft conditions. The
results concerning these scenarios are illustrated below.
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a)

b)

Figure C.5. X-rotation Henry’s line in the (a) A321 and (b) A400M aircraft scenarios
a)

b)

Figure C.6. (a) Frontal video view of the HFEC inspection and (b) the inspector’s X rotation
analysis in the A321 aircraft scenario
a)

b)

Figure C.7. (a) Frontal video view of the HFEC inspection and (b) the inspector’s X rotation
analysis in the A400M aircraft scenario
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Inspector’s Y rotation
A Similar study was performed for the inspectors’ Y rotation.
a)

Laboratory scenario
b)

Figure C.8. (a) Y-rotation probability density function and (b) Y-rotation Henry’s line in the
laboratory scenario
a)

b)

Figure C.9. (a) Profile video view of the HFEC inspection and (b) the inspector’s Y rotation
analysis in the laboratory scenario
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-

A321 and A400M aircraft scenario
a)

b)

Figure C.10. Y-rotation Henry’s line in the (a) A321 and (b) A400M aircraft scenarios
Inspector’s displacement
-

Laboratory scenario

Figure C.11 illustrates an example of one inspector trajectory in X and Y axis in the
laboratory scenario filmed during his inspections.
a)

b)

Figure C.11. (a) X and (b) Y probe trajectory charts during the HFEC inspection in the
laboratory scenario
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a)

b)

Figure C.12. (a) X-displacement probability density function and (b) X-displacement Henry’s
line in the laboratory scenario
a)

b)

Figure C.13. (a) Y-displacement probability density function and (b) Y-displacement Henry’s
line in the laboratory scenario
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a)

b)

Figure C.14. (a) Profile video view of the HFEC inspection and (b) the inspector’s Y rotation
analysis in the laboratory scenario
a)

A321 aircraft scenario
b)

Figure C.15. (a) X-displacement and (b) Y-displacement Henry’s lines in the A321 aircraft
scenario
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a)

A400M aircraft scenario
b)

Figure C.16. (a) X-displacement and (b) Y-displacement Henry’s lines in the A400M aircraft
scenario

Appendix D
Abstract:

Appendix D presents the uncertain statistical distributions due to the defect and the
operational human factors for the Shear Wave UT method. The results are organized in two simulated
scenarios: laboratory and A380 aircraft conditions.
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Analysis of Shear Wave UT uncertain parameters
The details of the statistical distributions analysis are described below for a better
understanding of the UT uncertain parameters and their statistical distributions.
Operational probe angle
The operational probe angle based on the inspector gestures is analysed to determine the
exact statistical values. This analysis is performed in the laboratory and A380 aircraft
conditions.
Laboratory scenario
a)

b)

Figure D.1. (a) X-rotation probability density function and (b) X-rotation Henry’s line in the
laboratory scenario
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A380 aircraft scenario

Figure D.2. X-rotation Henry’s line in the A380 aircraft scenarios
Operational probe X-displacement
In addition, the operational probes X-displacements are analysed in both scenarios to find
the corresponding statistical values. These values correspond to the seven inspectors which
were filmed during the UT inspections.
Laboratory scenario
a)

b)

Figure D.3. (a) X-displacement probability density function and (b) X-displacement Henry’s
line in the laboratory scenario
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A380 aircraft scenario

Figure D.4. X-displacement Henry’s line in the A380 aircraft scenarios
Operational probe Y-displacement
A Similar process was applied to the operational probe Y-displacement.
Laboratory scenario
a)

b)

Figure D.5. (a) Y-displacement probability density function and (b) Y-displacement Henry’s
line in the laboratory scenario

Appendix D
li
__________________________________________________________________________
A380 aircraft scenario

Figure D.6. Y-displacement Henry’s line in the A380 aircraft scenarios

Appendix E
Abstract:

Appendix E describes the tools used in Chapter 6 to compute the proposed
methodology. These tools are integrated in the proposed algorithm as the Dichotomy method and the
first order linearization. In addition, the one-sample one-sided Kolmogorov-Smirnov test theory is
presented for the statistical validation of the NGM simulation results with the help of the experimental
ones.
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Dichotomy Method
The dichotomy method [149, 150] considers the equation 𝑓(𝑥) = 0 with a continuous function
𝑓 on the interval [𝑎, 𝑏] which takes values of different signs at the ending points of the interval
and which has a single root 𝑥 ∗ within [𝑎, 𝑏]. To find 𝑥 ∗ , [𝑎, 𝑏] is divided by two and 𝑓(𝑥1 ) is
calculated at the midpoint 𝑥1 =

𝑎+𝑏
.
2

This continues the division into intervals and gives a

sequence 𝑥1, 𝑥2, …, which converges to the root 𝑥 ∗ with the rate of a geometrical progression
(E. 1):
𝑥𝑛 − 𝑥 ∗ ≤

𝑏−𝑎
,
2𝑛

𝑛 = 1, 2, …,

(E. 1)

Where, the bound cannot be improved upon in this class of functions. If 𝑓 has more than one
root in [𝑎, 𝑏], the sequence will converge to one of them.

First order linearization
To establish the next defect length after the first iteration (𝑎𝑚𝑖𝑛 , 𝑎𝑔𝑢𝑒𝑠𝑠 𝑎𝑛𝑑 𝑎𝑚𝑎𝑥 ), the first
order linearization is applied and described in the next paragraphs. Just after the dichotomy
method selects the interval, the first order linearization will use the interval limits (two defect
lengths with an interval which theoretically contains the defect length with the 90% of
detection probability) to define the new defect length (𝑎29,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 ),
𝜓(𝑎2 ) = 𝛼2 > 90%

(E. 2)

𝜓(𝑎1 ) = 𝛼1 < 90%

(E. 3)

Where, 𝜓(𝑎) is the detection probability of a defect length, 𝑎.
Then, assuming a linear relationship,
𝛼 = 𝐴𝑎 + 𝐵

(E. 4)

Being A and B the coefficients of the linear correlation. Both linear correlations,
𝛼2 = 𝐴𝑎2 + 𝐵

(E. 5)

𝛼1 = 𝐴𝑎1 + 𝐵

(E. 6)

And then if we perform (𝛼2 − 𝛼1 ), A is found,
𝛼2 − 𝛼1 = 𝐴(𝑎2 − 𝑎1 )
𝐴=

(𝛼2 − 𝛼1 )
(𝑎2 − 𝑎1 )

(E. 7)
(E. 8)

Then, after finding A, we can find B in the linear equation,
𝐵 = 𝛼2 −

(𝛼2 − 𝛼1 )
𝑎
(𝑎2 − 𝑎1 ) 2

(E. 9)
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Finally, 𝑎29/29,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 (new defect length), called 𝑎𝑔𝑢𝑒𝑠𝑠 , corresponding to the theoretical
90% of probability of detection will be as follows,
𝐴𝑎29/29,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 + 𝐵 = 90%
𝑎29/29,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =

90% − 𝐵
𝐴

(E. 10)
(E. 11)

One-sample one-sided Kolmogorov-Smirnov tests
The one-sample one-sided Kolmogorov-Smirnov test is a statistical hypothesis test [171,
172, 173]. This test is non-parametric and entirely agnostic. The one-sample one-sided
Kolmogorov-Smirnoff test is used to compare an observed cumulative distribution function,
computed from a sample, to a specific continuous distribution function. The theory of this test
was obtained directly from the “CRC Standard Probability and Statistics Tables and
Formulae” book.
This test is supposed that a sample of size 𝑛 is drawn from a population with known
cumulative distribution function 𝐹(𝑥). Then, the empirical distribution function, 𝐹𝑛 (𝑥), is
defined by the sample and is a step function given by,
𝐹𝑛 (𝑥) =

𝑘
𝑛

when

𝑥(𝑖) ≤ 𝑥 ≤ 𝑥(𝑖+1)

(E. 12)

Where 𝑘 is the number of observations less than or equal to 𝑥 and {𝑥(𝑖) } are the order
statistics. If the sample is drawn from the hypothesized distribution, then the empirical
distribution function, 𝐹𝑛 (𝑥), should be close to 𝐹(𝑥). Defined the maximum difference
between the two distributions to be,
𝐷 = 𝑚𝑎𝑥(𝐹𝑛 (𝑥) − 𝐹(𝑥))

(E. 13)

For a two-tailed test, the table in [173] gives critical values for the sampling distribution of 𝐷
under the null hypothesis. One should reject the hypothetical distribution 𝐹(𝑥) if the value 𝐷
exceeds the tabulated value. A corresponding one-tailed test is provided by the statistic,
𝐷 + = 𝑚𝑎𝑥(𝐹𝑛 (𝑥) − 𝐹(𝑥))

(E. 14)

Résumé
Nouvelle méthodologie générique permettant d’obtenir la
probabilité de détection (POD) robuste en service avec couplage
expérimental et numérique du contrôle non destructif (CND)
L'estimation de la courbe PoD est actuellement le principal défi du secteur aérospatial des CND en raison du
coût élevé et des longues campagnes expérimentales: des études fiables nécessitent une grande quantité de
données (base de données), résultant d'un grand nombre d'expériences de défauts et d'inspecteurs. Une
difficulté supplémentaire est l'évaluation de l'impact des facteurs environnementaux (conditions de l'aéronef
lors de tests expérimentaux réels) dans les résultats de PoD obtenus en laboratoire et l’implication des fortes
hypothèses mathématiques couramment utilisées.
Dans cette thèse, l'impact sur les courbes PoD des facteurs humains et environnementaux a été démontré dans
les campagnes expérimentales pour deux méthodes de CND (Courants de Foucault (CF) à haute fréquence et
Ultrasons (UT) à onde transversale). L’analyse de la base de données expérimentale réalisée pour les différents
scénarios (laboratoire et avion) permet de mesurer leur influence sur les amplitudes du signal et les valeurs
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statistiques (𝑎50
, 𝑎90
𝑒𝑡 𝑎90/95
). La différence entre les scénarios consiste à modifier la position des
échantillons, la proximité de l’écran CND et la position humaine, ce qui nous a permis de quantifier l’effet réel.
Ensuite, une nouvelle méthode de construction de PoD intégrant des facteurs humains opérationnels et
environnementaux est proposée à l'aide de simulations numériques. Le défi consiste à créer un modèle de
simulation capable de reproduire avec une grande fiabilité la campagne expérimentale en service menée par
différents inspecteurs. En utilisant l’approche MAPOD (Model-Assisted POD), le modèle de simulation intègre
les sources d’incertitude (défauts, matériaux et inspection) identifiées et quantifiées sous forme de
distributions statistiques via le rapport des fournisseurs de spécimens et de défauts et l’observation des vidéos
d’inspections expérimentales. Cette méthodologie permet d’acquérir les probabilités de détecter les longueurs
de défaut en utilisant les amplitudes de signaux simulées basées sur les lois physiques et en n’ayant recours à
aucune des hypothèses mathématiques fortes (par exemple, la linéarité, le krigeage, etc.). La comparaison des
résultats expérimentaux développés dans chaque scénario (laboratoire et avion) pour les deux méthodes de
CND (courants de Foucault et ultrasons) montrent la robustesse et la fiabilité de cette méthode.
En conclusion, la nouvelle méthodologie générique fournit des résultats encourageants et prometteurs pour
remplacer ou compléter les tests expérimentaux par la simulation numérique, qui sont plus efficaces en termes
de coût et de temps pour les travaux futurs en réduisant au minimum le nombre d'essais expérimentaux. Les
travaux futurs viseront à élargir notre approche aux techniques plus générales des essais non destructifs
(radiographie, tomographie par ordinateur, guides de vagues, etc.), des matériaux (acier, autres profilés en
aluminium et titane, etc.) et des secteurs des essais non destructifs (industrie nucléaire, automobile, médical,
etc.).

Mots clefs : Probabilité de détection (POD), Contrôle Non-Destructive (CND), simulation numérique
des CND, POD assistée par modèlen (MAPOD), facteurs humains opérationnels et
environnementaux, méthodes de CND (courants de Foucault haut fréquence et ultrasons à onde
transversale), contrôle d'inspection CND des aéronefs et intervalles de maintenance.

Abstract
New generic methodology to obtain robust in-service Probability
of Detection (POD) coupling experimental and numerical
simulation of Non-Destructive Test (NDT)
The PoD curve estimation is current major challenge for the NDT aerospace sector due to the high cost and the
long experimental campaigns: reliable studies require a high quantity of data (database), resulting from large
number of defects and inspectors experiences. An additional difficulty is the impact assessment of the
environmental factors (aircraft conditions during real experimental tests) in the PoD results obtained in the
laboratory and the implication of the strong mathematical hypotheses commonly used.
In this thesis, the impact on PoD curves of the human and environmental factors is demonstrated in the
experimental campaigns for two NDT methods (High Frequency Eddy Currents (HFEC) and Shear Wave
Ultrasounds (UT)). The analysis of the experimental database carried out for the different scenarios (laboratory
and aircraft) allows measuring their influence on the signal amplitudes and the statistical values
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(𝑎50
, 𝑎90
𝑎𝑛𝑑 𝑎90/95
). The difference between scenarios consists in changing specimen positions, NDT screen
proximity and human position which allowed us to quantify the real effect.
Then, a new construction method for PoDs integrating operational human and environmental factors is
proposed using numerical simulations. The challenge is to create a simulation model that can reproduce with
great reliability the in-service experimental campaign conducted by different inspectors. Using the MAPOD
(Model-Assisted POD) approach, the simulation model integrates the uncertainty sources (defects, material
and inspection) identified and quantified as statistical distributions via the specimen and defects’ suppliers
report and the video observations of experimental inspections. This methodology makes it possible to acquire
the probabilities of detecting the defect lengths by using the simulated signal amplitudes based on the physical
laws and not having recourse to any of the strong mathematical assumptions (e.g. linearity, kriging, etc.). The
comparison from the experimental results developed in each scenario (laboratory and aircraft) for the two
methods of NDT (eddy current and ultrasound) show the robustness and reliability of this method.
To conclude, the new generic methodology provides encouraging and promising results to replace or complete
experimental test by numerical simulation which are more cost and time effective for future works minimizing
the number of experimental test. Future related work will attempt at extending our approach to the broader
NDT techniques (Radiography, Computed Tomography, Guide Waves, etc), materials (steel, other aluminium
and titanium allows, etc.) and NDT sectors (nuclear, automotive, medical industry, etc.).

Keywords : Probability of Detection (POD), Non-Destructive Test (NDT), numerical simulation,
Model-Assisted POD (MAPOD), operational human and environmental factors, NDT methods (High
Frequency Eddy Currents and Shear Wave Ultrasounds), aircraft NDT control and inspection
maintenance intervals.

