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Abstract

Nondestructive Testing (NDT) is an important means to ensure structural integrity and safe
operation of components in many industries, as for example nuclear power plants, aerospace
or civil engineering. Within the qualification of Nandestructive Testing personnel as well as
validation of NDT procedures, practical demonstrations on test blocks with realistic flaws
play akey role. Adequate test pieces need to be designed according to specific criteria such as
quantity, shape, orientation, size and position of the test flaws, depending on the requirements
of the national codes and standards in the specific industries. The performance of the
candidates and inspection systems is quantified and analyzed with respect to criteria, such as
detection, positioning, characterization as well as length and height sizing of flaws. Statistic
measures are applied to express the resulting accuracy and overall performance. The
indication reports obtained from different candidates contain ample information, which might
not appear evident at first sight. The complexity of the situation requires an intelligent
extraction of the information from the data. An analysis tool IndEva was developed to handle
this complexity and provide an accurate, detailed and reliable evaluation of inspection
systems and personnel. Besides the plain evaluation regarding the fulfilment of the
qualification requirements, critical test flaws as well as test block sections, which arelikely to
cause false positive indications can be identified. Statistic results display the dependency of
the system performance on various parameters and parameter combinations to provide a clear
picture of the performance. Country-specific evaluation standards can be applied and
compared, especially with regard to the continuous improvement of the qualification
methodol ogy.

Keywords: Nondestructive Testing and Evaluation (NDT, NDE), Performance Evaluation,
Qualification, Nuclear Power Plants, Methodology Transfer
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1. Introduction

Nondestructive Testing (NDT) is applied in various industries to ensure quality and safety.
Especially in the nuclear energy sector, safety is the primary focus. Failure of safety-relevant
components can lead to severe hazards. This makes it necessary to implement effective
processes ensuring a high level of safety and to establish safety quantification approaches.

A primary aspect of the safe operation of nuclear power plants is the structural integrity of
safety-relevant components. Nuclear components are classified according to the safety
standards (IAEA, 2014) of the International Atomic Energy Agency IAEA. To ensure the
structural integrity, NDT methods are applied in in-service inspections (ASME, 2015) and
play a key role in detecting, sizing and monitoring cracks and other flaws. If an inspection
system does not capture an existing flaw correctly, this could affect the overall safety of a
component and might pose a risk to system operation. Consequently, lack of reliability
regarding the applied inspection techniques will affect the overall safety of a component. The
high reliability requirements for NDT applications are met by the implementation of a
qualification process, which inspections systems have to undergo.

In this respect, the term inspection system describes all elements of the inspection that can
affect the inspection outcome, namely equipment, procedure (including inspection standards,
if applicable) and personnel. The qualification process has to cover al these elements to
evaluate the overall reliability. While different qualification systems have been established in
different countries, qualification in European countries follows the methodology of the
European Network of Inspection and Qualification (ENIQ) (The European Methodology for
Qualification of Non-destructive Testing, Third Issue, 2007). Ultimately, the quantitative
reliability-oriented results of the qualification process provide essential parameters in the
quantification of the overall component safety, thus serving the goal of making safety
measurable.

2. Position of Nondestructive Testing regar ding Safety and Safety M easures

In the overall pursuit of ensuring a high level of safety and establishing quantitative measures
for it (Figure 1, left), NDT can contribute significantly to component safety in terms of
structural integrity. Structural integrity is evaluated based on fracture mechanical calculations,
which need to take into account the actual component condition.

Since NDT inspection results provide an important decision basis (Erhard, 2007) regarding
the safe operation of nuclear power plants, there are highly developed reliability-ensuring
processes. Performance evaluation includes practical demonstration as well as theoretical
assessment of the inspection system. Figure 1, right, shows the safety chain, along which the
performance assessment based on practical trials as well as technica justification are linked
to the overall goal of safe operation. They are important means to ensure the reliability of the
information obtained from testing and evaluation with regard to the structural integrity.

45



ISSN 2377-3219

\\ Macroth il'lk Journal of Safety Studies
‘ Institute™ 2016, Vol. 2, No. 2

/ » Safe Operation of Nuclear Power Plants over design life time
| Operation  * Long Term Operation based on actual condition

y
4 s Structural Integrity of Safety relevant components
Stmiet. » Significant aspect of technical condition

y
4 = Nondestructive Testing and Evaluation (NDE)

Testing®  » Provide information for condition assessment
\m

+ Information provided must be reliable, since it is the basis for determining safety
Reliability

N

Performance
Evaluation

A

Demo & TJ

\

» Performance Evaluation of NDE inspection systems to determine their reliability

* Performance d in practical d rations as well as theoretical
investigation (technical justification)

Figure 1. The position of NDT in establishing quantitative measures for safety in terms of
structural integrity (left), and the role of performance evaluation of NDE inspection systems
in ensuring safety in the nuclear energy industry (right)

3. Key elements of Nondestructive Testing

Figure 2 illustrates the process of nondestructive testing, in which key elements are linked
following the overall goal of providing information about a component. Therefore, the value of
the inspection can be quantified as the value of the information it provides. In order to be
valuable, thisinformation needs to be relevant and reliable.

NDT comprises the use of a physical principle, referred to as the NDT method, by means of
adeguate equipment in a certain way and using specific techniques, which isreferred to as the
procedure. This procedure is applied by personnel, which needsto be capable and trained. The
inspection is conducted on a component (test object) with the goal of extracting information
about the specific inspection target. Reliable functioning of the procedure implies that this
procedure is valid for any test object as it is, with all its characteristics, such as material,
geometry, surface condition, accessibility and environmental conditions.

| \ Test Object
— R *

Target

= NDT = Information Provider | _ I
= Value of NDT = Value of Information

= Information must be relevant and reliable

= Increase in reliability = increase in value

Figure 2. Elements in the process of hondestructive testing
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With the focus on safety-motivated NDT initiatives, the value of the inspection can be
expressed as the increase in safety it provides. Regarding structural condition assessment,
relevant information can be the detection and/or sizing of safety-relevant flaws, such as cracks.
Lack of reliability (e.g. missing or undersizing existing cracks) would directly affect the
reliability of the component regarding its structural integrity and therefore operatinal safety.

\ Macrothink Journal of Safety Studies

4. Simulation of Testing Problemsfor Performance Optimization and Evaluation

For procedure development, training of personnel and, ultimately, performance evaluation of
an inspection system in a practical demonstration, the testing problem needs to be simulated
by test targets (test flaws) placed in test blocks (Figure 3). The test block is supposed to
provide response to the inspection system that are comparable to those obtained from the
actual component. Test flaws can be actual flaws removed from the field and implanted in the
test block or artificially fabricated test flaws.

i
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Figure 3. Example of test blocks used for component-specific qualification of an ultrasonic
inspection system.

Left: Test block, realistically ssimulating the testing problem with regard to the ultrasonic
inspection technigque, made of the actual material, having the actual weld configuration and
realistic test flaws.

Right: Full-scale mockup, realistically simulating the component geometry with regard to
precise application of the inspection equipment, made of any material suitable for this
purpose.

A thorough study of the flaw type and degradation mechanism on the one hand as well as an
in-depth understanding of the testing method and signal characteristics is necessary to
achieve the goal of realistic test flaws. Any uncertainty in the actual realization of the cracks
will result in an uncertainty in the evaluation of the performance demonstration and will
therefore limit the value of the qualification in general.

An example of a test block used for the component-specific qualification of an ultrasonic
system is given in Figure 3. It represents a small portion of a cylindrical component of large
diameter. Thistest block is made of the same material asthe actual component and providesthe
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same cross-sectional geometry as the actual component, including its welds. Realistic test
flaws are implanted or artificially fabricated in the heat-affected zone of the welds.

The test block serves primarily to evaluate the performance of the ultrasonic inspection
procedure. To ensure that the equipment can be properly operated in the actual field
environment, full-scale mockups including all geometrical obtructions are used.

5. Practical Demonstration

The goal of the practica demonstration (Figure 4) is to prove that the inspection system is
capable of solving the inspection task reliably in realistic conditions. To ensure sufficient
reliability, the amount of samples (e.g. structura flaws investigated in the qualification,
number of individual s demonstrating the procedure, etc.) needsto be statistically sufficient.

Figure 4. Reactor pressure vessel nozzle inspections on-site (left) compared to practical
demonstrations in the qualification process (right).

6. Characteristics of the ENIQ methodology

6.1  Assessment of the testing problem

ENIQ methodology emphasizes the focus on the specific testing problem including the
(postulated) flaw type. The relevant degradation mechanisms and resulting flaw types need to
be determined. Experiences made under similar conditions need to be taken into consideration.
To determine the relevant size of a defect that the inspection system needs to find reliably
(qualification target), a fracture mechanic study is necessary. The potential growth of aflaw of
the specific type needs to be taken into account and an adequate safety factor hasto be applied.

6.2  Assessment and simulation of the general conditions for the inspection

For the practical demonstration to be representative of the field inspection, the relevant
conditions need to be assessed and simulated. This can include limited accessibility of the
component, under-water conditions (reactor pressure vessel), high temperature, time
limitations, orientation of the test object or obstructions in the inspection area.

6.3  Test blocks and targets (flaws)

Since ENIQ qualification is component- and flaw type <pecific, it requires thorough
assessment of the postulated flaw. A qualification target is defined as the basis for the
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qualification. Normally, this will be the smallest flaw size required to be detectable. The
qualification target has al characteristics according to the postulated flaw mechanism.

6.4  Technical Justification (TJ)

\\ Macrothink Journal of Safety Studies

Besides the practical demonstration, ENIQ qualification includes the use of technical
justification (TJ). Thismeans atheoretical assessment of the inspection system functionality by
experts. For instance, it can be established by modeling and simulation of the inspection
problem and technique (Calmon, Mahaut, Chatillon, & Raillon, 2006).

7. Quantitative Evaluation of Inspection System Performancein Practical
Demonstrations with the Evaluation Tool IndEva

The findings reported by candidates in practical demonstrations are evaluated regarding their
match with the information about the actual test block condition. The performance of the
candidates and inspection systems is quantified and analyzed. Statistical measures are applied
to express the resulting accuracy and overal performance. The complexity of the situation
requires an intelligent extraction of the information from the data. The software tool IndEva
(Figure 6) evaluates at four different levels (Figure 5), focusing on different objectives
(IndEva User Manual, 2014).

Evaluation 1: Test Set/Candidate Evaluation 2: Candidate
Kandidat 1 | Kandidat 2 | Kandidat 3 | ... Kandidat 1_| Kandidat 2 | Kandidat3 | ...
Testset1 || X | L o ] Testset 1 X X
Testset 2 ] X ] i IR Testset 2 X
Testset 3 X ‘[eslsel 3 X _ ___
Testset 4 [ X I I X I Testset 4 X X
Kandidat 1 | Kandidat 2 | Kandidat 3 | .. dKandidat 1 | Kandidal2 | Kandidat3 ...
Testset 1 |[ X X ] Testset 1 X X
Ti t2 |l X 1 Testset 2 X
Testset 3 || X [ ] Testset 3 X
Testset4 | X x| Testset 4 X X
Evaluation 3: Test Set(Test Flaw) Evaluation 4: All Test Sets (Procedure)

Figure 5. Evaluation Levelsin IndEva

The first level is the individual evaluation of the reported candidate findings (indication list)
for a specific test set (Figure 6, top right). The second level is the evaluation of the individual
candidate in relation to all test sets that have been assigned tao this candidate, thus revealing
the performance of the individual candidate (Figure 7). The third level is the evaluation of
each individual test flaw, taking into account the findings of al candidates, to whom this flaw
has been assigned, thus revealing the capabilities of the procedure regarding each specific
flaw. Finally, the fourth level of evaluation is taking into account all flaws and all candidates,
thus revealing the overall performance of the procedure including the identification of critical
flaws as well as areas with accumulations of false-positive indications (Figure 8).

49



Macrothink
Institute™

Journal of Safety Studies

ISSN 2377-3219
2016, Vol. 2, No. 2

;\

X (mm)

Bl Testbiock Cegfiguration [
[reTee—
TypeofBlock | S, 0 (| | Ee=
Pipe
from X (deg) o X (deg) 40
o = 360 - 2 20
* Conversion o
from ¥ (inch)  to ¥ (inch) by diameters ¥ -20
3 = o
nner Diameter (men) o
124612 1087448 mm/” 0
outer Diameter (mm)
157328 1372942 mm/*
ok Cancel
Xi{cire/ax) Vicirc/ax)
Circ & Axial ./
i deg ¥ inch =

Figure 6. User Interface, selected examples

Top left: test block designer

Top right: Evaluation 1, test set/candidate, detection: graphic display of actual flaw position
(according to as-built information) and reported indication (according to candidate report)
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Figure 7. Evaluation 2, candidate, overall: quantitative results on candidate performance
regarding evaluation criteria detection, false calls, characterization, height sizing and length
sizing, taking into account all test sets assigned to the specific candidate.
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Figure 8. Evaluation 4, procedure, overall: quantitative results on procedure performance
regarding evaluation criteria detection, false calls, characterization, height sizing and length
sizing, taking into account all test sets assigned to all candidates.

At each level, the evaluation includes detection percentage, missed flaws, thru-wall sizing,
length sizing and the amount of false-positive findings. Results can be expressed in different
statistical terms (RMS; standard deviation, mean, median, max, min,...) and units. Pass/Fail
criteriacan are defined at all levels. The evaluation servesin quantifying the performance of all
inspection system elements with the ultimate goal of the expressing quantitative measures for
the reliability of the inspection system.

8. Quantification of Technical Justification within the Qualification Process

To establish an adequate (statistical) level of confidence, practical demonstrations need to
include a sufficient number of samples. However, an important confidence building aspect of
the qualification is not only the number of practical trials, but especialy the thorough
theoretical assessment conducted by knowledgeable and experienced technical experts. Within
the ENIQ methodology, this theoretical assessment is documented in the technical justification
(TJ). In particular, the use of modeling and simulation tools, such as semi-analytical
computation software (Calmon, Mahaut, Chatillon, & Raillon, 2006) can provide valuable
information and help in making the qualification process effective and efficient.

Since the fabrication of realistic test blocks and test flaws is a very complex and expensive
process, the number of samples used in practical demonstrations will be limited, thus resulting
inlimited statistical confidence. High confidence can still be achieved by having the inspection
system investigated by experts. Usually, thisis not covered by the numerical expression result
obtained from the practical demonstration on the samples. On the one hand, thiswould result in
underestimation of the confidence level of the qualification and therefore the resulting
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reliability of the inspection system. However, on the other hand, purely relying on the
numerical result of the practical demonstration alone could bear the risk of missing flaws with
regardsto very specific flaw positions, shapesor sizes, which are not included in the samples of
the practical demonstration. A deeper theoretical understanding of the inspection system will
be necessary to grasp these specific cases and accurately evaluate the reliability of the
inspection system.

Therelevance of technical justification in the qualification process being identified, the need to
include it in the quantitative expression of the qualification outcome becomes evident. To
express technical justification quantitatively, an approach has been introduced in Gandossi &
Simola (2007) based on Bayesian statistics. A key aspect of this approach is the expression of
meaningfulness of the TJ as an equivalent number of practical trials Nty and the result of the TJ
regarding the performance of the inspection system as an equivalent number of successful trials
Nrs. Naturally, such expressions require detailed and adequate criteria to determine these
numbers.

9. Addressing Different International Qualification Standards

Compatibility of qualification systems is needed when inspection systems are transferred to
application in a different country (Dressler, Ernst, Scherrer, & Trautmann, 2012). To avoid
redundancy, the demonstrated scope needs to be investigated with regard to acceptance and the
resulting confidence level. Due to different requirements and also the component-specific
focus of qualifications, the existing qualification will often need to be complemented by
additional demonstrations and theoretical considerations.

The tool IndEva makes it possible to analyze the distribution of flaws in test sets regarding
predefined criteria, which can be adapted to the specific needs. Furthermore, the dtatistical
performance evaluation can be expressed according to the country-specific requirements.
Based on the qualification standards, it is also possible to take into account and quantify the
outcome of technical justification according to the approach explained in section 8.

10. Methodology Transfer to Other Industries: Example Civil Engineering

While adavanced NDT has a long tradition in the nuclear energy industry, there are newer
applications for NDT, as for instance NDT in civil engineering (NDT-CE), especially when
applied on concrete structures. While in the past there was a primary focus on the research and
development of capable inspection methods, techniques and prototype equipment, the number
of commercial devices and applications is currently increasing. Consequently, the range of
users and inspection problems is becoming wider and the demand for the quantification of
inspection reliability is growing.

Quality assurance and qualification standards established in the nuclear industry can generally
be used for civil engineering applications as well. However, for the methodology transfer to
serve its purpose (Jolly & Creighton, 1977), be efficient, and gain acceptance in the new
industry, it needs to take into account the specific practices, needs and resources there.

Validation centers (Figure 9) have been initiated, in which the performance evaluation studies
are conducted (Algernon, Hiltunen, Ferraro, & Ishee, 2011). The optimization of the inspection

52



ISSN 2377-3219

\ Macrothink Journal of Safety Studies
A Institute ™ 2016, Vol. 2, No. 2

key elements, as identified above (section 0), for the new application, is a primary focus of
validation committees (Algernon, 2016).

Figure 9. Laboratory Test Frame for automated application of nondestructive testing in civil
engineering (NDT-CE)

11. Conclusion

A primary application of NDT inspections is the structural integrity assessment of
safety-relevant components. In many industries, the information provided by NDT is directly
used to judge components regarding their safe operation. Consequently, the reliability of the
information provided by NDT inspection systems has a direct effect on the operational safety
of a component. Due to the large number of safety-relevant components in the nuclear
industry, this industry provides a primary field for the application of NDT. Consequently,
strong processes serving to ensure NDT reliability have been established in this industry in
terms of qualification systems (e.g. ENIQ). Based on the exact definition of a qualification
target and the statistical distribution of trials, quantitative measures for the inspection system
reliability are obtained.

Having identified the theoretical assessment of the inspection system functionality and
performance by experts as documented in TJ documents according to ENIQ, there is a need
to express the outcome of the TJ in a quantitative way and combine it with the results of the
practica demonstration. An approach based on Bayesian statistics is found to be capable,
though challenging, since it requires adequate evaluation criteria.

The tool IndEva has been implemented by the Swiss Qualification Body for NDT. It supports
the qualification process in providing a detailed statistica evauation of the practical
demonstration and identifying strengths and weaknesses of inspection systems. Furthermore,
the TJ quantification approach is covered by the tool and currently analyzed and optimized.
The highly-developed NDT qualification process in the nuclear industry can be transferred to
other industries, but needs to be adapted to the specific characteristics, needs and resources.
In particular, it has been started to transfer the qualification methodology to the relatively
new application of advanced NDT in the field of civil engineering (concrete structures).
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Glossary
NDT: Nondestructive Testing
NDE: Nondestructive Evaluation

NDT-CE: Nondestructive Testing in Civil Engineering, mostly used when referring to
concrete structures

ENIQ: The European Network for Inspection and Qualification
TJ: Technical Justification
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