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Abstract 

The Swedish KBS-3 design for the disposal of spent fuel is based on encapsulation of the fuel in canisters 
consisting of cast iron inserts and an outer 5 cm thick shell of copper. The canisters are embedded in bentonite 
clay and will be disposed in crystalline bedrock at a depth of about 500 m. To verify that the canisters fulfil the 
requirements, an extensive programme for quality control is developed. In this programme the use of non-
destructive testing (NDT) is vital and therefore it is very important to develop reliable NDT methods. 
Commonly, the reliability of NDT in the nuclear field is only analysed on a technical basis, and only in the stage 
of the technical justification of the methods. Within the development of mechanised ultrasonic inspection 
techniques for the canister for the spent nuclear fuel, reliability analyses are used as an integrated tool already in 
the development phase. Sophisticated POD-models (Probability of Detection) are used to analyse the detection 
capabilities and thereby identify the weak spots and the needs for further improvement. Additionally, the 
reliability analyses also focus on the human factors during the application of mechanised inspection techniques, 
especially in the field of evaluation of collected data. Aided by the eye tracking methodology, the written 
instructions and their use during the data evaluation were experimentally investigated. The results have then 
served as a basis for optimisation of the instructions and definition of needs for specific operator training. 
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1.  Introduction 
 
The Swedish Nuclear Fuel and Waste Management Company (SKB) is responsible to take 
care of all radioactive waste produced in Sweden [1]. This includes first of all the waste 
produced by the nuclear power plants but also from the traditional industries, research and 
from the medical field (see figure 1). The spent nuclear fuel, which is the most critical portion 
of the waste, is stored for a minimum of 30 years in the central interim storage (Clab). The 
fuel is stored in water basins 30 metres below ground. The water works both as radiation 
shield and as coolant for the fuel. The operational waste is stored, surrounded by concrete, 
some tens of metres below the ground in the final repository for operational waste (SFR). 
These storages together and a ship, used for transportation of the fuel, are running since 25 
years.  
 
What still needs to be built is an encapsulation plant where the fuel will be encapsulated and a 
final repository for the spent nuclear fuel. In 2011 SKB submitted an application to the 
authorities to build the encapsulation plant in connection with Clab in Oskarshamn and the 
final repository in Forsmark. After approval from the authorities the construction work will 
start in 2019 and finally the deposition of canisters will start in 2029.  
 
SKB is developing a method, called the KBS-3 method, for final disposal of the spent nuclear 
fuel. The method is based on three protective barriers, see figure 2. The first barrier is the 
canister composed of a nodular cast iron insert surrounded by a copper shell. The 
impermeable copper canisters are then embedded in bentonite clay that serves as the second 
barrier and finally placed in the crystalline basement rock (third barrier) at a depth of about 
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500 metres, which serves as the third barrier. Finally, after the canisters have been disposed, 
the tunnels and rock caverns will be sealed.  
 

 
Figure 1. SKB’s system for managing the radioactive waste in Sweden. 

 
 

  
Figure 2. The KBS-3 system with the different barriers. 

 
To be able to develop the techniques that will be used for building the deep repository and 
deposit the canisters as well as to make research on the properties of the bed-rock, SKB has 
built a full scale laboratory (Äspö hard rock laboratory) in Oskarshamn with tunnels down to 
450 metres below the ground. For developing the encapsulation technique, SKB has built the 
Canister Laboratory in Oskarshamn. 
 

2. The Canister Laboratory 
 
The Canister Laboratory (CL) in Oskarshamn, see figure 3, was built in 1998 to develop and 
test techniques for full size welding of the copper lid to the copper tube, non-destructive 
testing (NDT) for weld inspection and handling of canisters in a similar way as for the 
planned encapsulation plant. In the first stage the work was focussed on electron beam 
welding of the copper shell but since 2005 the friction stir welding (FSW) has been applied. 
Over the years the activities at the laboratory have been expanded. It now works as the centre 
for encapsulation techniques for the canister. This means that the work also includes detailed 
construction and verifying calculations of the canister as well as development of both 



manufacturing processes (together with external suppliers) and NDT techniques for the 
canister components. 
 

 
Figure 3. The Canister Laboratory. 

 
In the Canister Laboratory full-scale inspection systems for the canister components and 
welds have been built. This includes systems for digital X-ray of friction stir welds as well as 
phased array ultrasonic and eddy current array inspection of friction stir welds and canister 
components (i.e. copper tubes, lids and bases and cast iron inserts). To increase the reliability 
of the inspection of the large components (copper tube and cast iron insert), the reference 
blocks are integrated in the inspection system (see figure 4), using the same geometry for the 
reference blocks as for the real components.  

 

 
Figure 4. Manipulator for the cast iron insert with the reference block to the left. 

 

3. The canister 
 
The copper canisters designed for encapsulating the spent nuclear fuel are nearly five metres 
long and over one metre in diameter [1]. The weight is between 25 and 27 tonnes including 
about 2 tons of spent nuclear fuel. The canister, see figure 5, is composed of a nodular cast 
iron insert surrounded by a 5 cm thick copper shell. The insert is manufactured in two 
different types: the PWR (pressure water reactor) type with four steel channels and the BWR 
(boiling water reactor) type with twelve steel channels. The main functions of the insert are to 
contain the fuel and withstand the mechanical loads in the repository. The copper shell, which 
serves as the corrosion barrier, consists of a lid and a base that are welded to the tube by 
friction stir welding.  
 



 
Figure 5. The canister components.  

 

4. Development of NDT techniques 
 
NDT techniques are developed at the Canister Laboratory with both long-term and short-term 
objectives. In the long term, the final techniques are developed for conducting inspections in 
the canister factory and in the encapsulation plant. In the short term, the techniques are 
developed with the goal of being used for inspection of manufactured components and welds 
in the developmental phase of manufacturing and welding processes. At this stage of 
development, the latter objective is crucial to enabling the development of reliable 
manufacturing and welding processes, and this highlights the need for reliable NDT at this 
stage.  
 
For the inspection of canister components and welds mechanised inspections are applied. This 
means that the inspection is conducted in two steps: first, the semi-automated data collection, 
and then the evaluation of collected data. The primary inspections are performed by phased 
array ultrasonics but for some applications also digital X-ray and eddy current inspection are 
applied [1]. To ensure that inspections, (data collection and data evaluation), are always 
conducted in the same way, the use of instructions during the inspection is crucial.  
 

5.  NDT reliability 

 
NDT reliability is defined as the degree to which an NDT system (procedure, equipment and 
personnel) is capable of achieving its purpose regarding detection, characterisation and false 
calls [2]. Over the years, reliability estimations have focused mainly on the NDT equipment’s 
ability to find defects, i.e. its intrinsic capability, by for example calculating the probability of 
detection (POD) for applied techniques. However, the Modular Reliability Model [3] shown 
in figure 6, which is widely accepted by the NDT community [4], suggests that application 
factors (i.e. realistic circumstances under which an inspection is performed) and human 
factors must be considered. 
 



 
Figure 6. Modular Reliability Model. 

 
5.1 Motives 

 

Commonly, the reliability of NDT in the nuclear field is only analysed on a technical basis 
and only during the stage of the technical justification of methods. During the early stage of 
NDT development, it was realised that the inspection of the canister components and welds 
will require a high degree of reliability and that the task clearly differs from normal in-service 
inspection performed in the nuclear industry. Another motive for initiating reliability studies 
in this early phase of development is the fact that in parallel to the development of the 
inspection techniques, NDT is used as a tool in the development of manufacturing and 
welding processes. Thus, the results obtained from inspecting canister components and welds 
are used as inputs for process development and also as a basis for verifying the level of 
quality attained.  
 
5.2 Reliability in NDT development 
 
In 2003 SKB initiated an NDT reliability project together with BAM (Federal Institute for 
Materials Research and Testing) with a focus on determining technical reliability by means of 
probability of detection (POD) curves of the weld inspection. Throughout the years, this 
reliability project has evolved to cover the technical reliability of inspection techniques for the 
canister components and also considers human factors in mechanised inspection. Initially, the 
objective of the work was to determine the reliability of the preliminary NDT techniques 
developed. However, based on increasing knowledge of NDT reliability and the more 
sophisticated reliability methodology developed, it was realised that reliability also could be 
introduced as part of the development of NDT techniques. 
 
5.2.1 Technical reliability 

 

From a technical point of view, NDT reliability is determined by the probability of detection 
and expressed in the form of POD curves. To create POD curves using the signal response 
approach, a statistical model for data distribution, developed by Berens [5], is used. This 
method gives a value of a90/95 which corresponds to the defect size that can be detected with 
certainty. However, the method has some limitations: first, it only considers one influential 
parameter (i.e. if several parameters are of interest, several individual PODs have to be 



calculated). Second, it is only valid when large enough data-sets (with special distribution) are 
available. In calculation of POD curves for the inspection of canister components and welds 
the above mentioned limitations exist and, therefore, a multi-parameter model [6, 7] was 
developed.  
 
As aforementioned, the initial objective of the NDT reliability project was to calculate POD 
curves for NDT techniques to determine the inspection performance. Based on the achieved 
results [7, 8] it was identified that they could also be used as an input for the further 
development of the inspection techniques. POD calculations have thereafter been applied as a 
tool in the NDT development in two different ways: (1) the detectability and coverage have 
been analysed and the results have been used to identify the needs for further improvement 
and (2) the sensitivity for different parameters has been analysed. POD was first introduced in 
the development of one of the preliminary phased array ultrasonic techniques applied for the 
cast iron insert. In the analysis of the POD curves (see figure 7) it was noticed that the 
detectable defect size clearly increased with increasing depth. Based on these results the 
inspection technique was further analysed and the need for optimisation of the focussing 
parameters and of the depth dependent gain were identified. The further developed technique 
was analysed and the preliminary results showed that the detectability was improved from the 
range of Ø2-8 mm to be better than Ø1 mm for side-drilled holes. 
 

 
Figure 7. POD curves for side-drilled holes at different depths for ultrasonic 0° phased array inspection of the 

cast iron insert.  

 
Another application, in which the development benefitted from POD analysis was the 
preliminary phased array ultrasonic techniques applied for the copper lid. For this application 
both the multi-parameter POD and the graphical volume POD [7] were applied. In figure 8 
(left) a multi-parameter POD diagram (of the thin central part of the lid) shows that the 
detectability varies depending on the depth and that the highest POD was achieved at depth of 
about 40 mm corresponding to the ultrasonic focus depth. Based on the fact that the ultrasonic 
inspection of the copper lid was conducted over six different inspections (with different 
settings); it was of interest to analyse the overall POD of the lid inspection. This was the 
motivation for the creation of the volume POD, which allows several techniques to be 
combined. In figure 8 (right) a volume POD presentation for detection of defects 
(perpendicular to the top surface of the lid) with the use of the six inspections is shown: the 
green colour corresponds to the volume where the a90/95 is reached and, as can be seen, several 
areas didn’t reach the a90/95 level. Based on this, the inspection techniques were further 



developed regarding focussing parameters and depth dependent gain. In addition, in order to 
reach the highest sensitivity in the volumes with the highest requirements, the POD also 
contributed to the decision to inspect the lid from the bottom instead of from the top side. 
 

  

Figure 8. Lower 95% confidence bands of POD for flat-bottom holes of different diameters along the inspection 
depth for ultrasonic 0° phased array inspection of the central part of the copper lid (left). Volume POD where the 

green colour indicating the volumes where the a90/95 is reached for any of the six inspections of the copper lid. 

 
The multi-parameter POD was also used to investigate the effects different influencing 
parameters have on the reliability. It has been noticed that the copper tube material exhibits 
varying levels of ultrasonic attenuation and, therefore, a question was raised: How does this 
variation in ultrasonic attenuation affect the POD? This question was answered by an 
extensive study [9], the results of which (see figure 9) show a clear decrease of POD with 
increase of attenuation. 
 

 
Figure 9. POD curves from ultrasonic inspection of flat-bottom holes in copper tube material with different level 

of ultrasonic attenuation. The curves corresponds to inspection of copper with low (α min), medium (α med), 
high (α max) and extremely high (α supermax). 

 
5.2.2 Human factors 

 
When discussing human factors in non-destructive testing, the use of manual testing is 
primarily considered, and when mechanised inspection techniques are applied, most of the 
human factors are considered to be overcome. Because most inspections performed on 
canisters will be conducted by mechanised inspection, the following questions were raised: 
What human factors must be considered when mechanised inspection techniques are applied, 
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and what can be done to prevent human errors from occurring? Based on this it was decided 
to systematically analyse the inspection process. To identify potential risks that can arise 
during mechanised inspection a Failure Modes and Effects Analyses (FMEA) was customised 
and applied. The FMEA was conducted in two separate workshops: one for the data collection 
and one for the data evaluation. 3-4 ultrasonic experts took part in the workshops, moderated 
by two human factors’ experts. The workshop began by listing all of the steps performed in 
data collection and data evaluation, after which, a detailed analysis of each step was 
performed. After listing potential errors, their causes, consequences, and existing and future 
preventive measures, each of the participants assessed the error probability, relevance of 
effects and detection probability of each error. The final risk priority was calculated by 
multiplying the error probability, the relevance of effects and the detection probability. 
 
The results showed errors can happen during the entire inspection chain. For example, 
choosing the wrong or malfunctioning equipment or software are some of the errors that could 
occur during the preparation phase. Additionally, it was identified that a number of errors 
could occur during the calibration and during the scanning of a component. Examples of 
errors include using the wrong instrument or scanning parameter settings and 
misinterpretation of reference defects (i.e. using the wrong inspection sensitivity). During data 
evaluation, typical errors included missing or incorrect characterisation/sizing of indications 
or misinterpretation of data. Report-writing errors were related to typing errors or badly 
described results. The errors could result in either the need for re-inspection of the component 
or, in the worst case, that the component (or a part of it) is not inspected with the desired 
sensitivity. In addition, errors in the data evaluation could result in either incorrectly accepting 
components with critical defects or incorrectly rejecting acceptable components. 
 
Based on these errors, possible preventive measures were identified. For example, several 
hardware/software solutions were discussed: e.g. automation of parts of the inspection by 
implementing alarms when the equipment malfunctions or by using barcodes to avoid typing 
errors. In addition, it was considered important that the organisation maintains up-to-date 
instructions, computers, and setup files and that the personnel are properly trained. Moreover, 
human redundancy should be considered and special focus should be set on assuring that 
instructions (with decision aids included) are clear and easy to follow. 
 
According to the FMEA, instructions play an important role in the inspection process. In this 
early stage, the focus has been on technical development, not written instructions. Thus, the 
need for a systematic development of instructions from a human factors’ point of view was 
identified. This served as the starting point for a study [10] with the goal of applying human 
factors’ principles onto the development of NDT instructions. Moreover, the goal was to 
optimise the instructions to support a more reliable and accurate NDT performance and to 
promote the use of the instructions. The motives for beginning this study at this early stage of 
technical development are twofold. First, only a handful of canisters are manufactured and 
inspected yearly (until the operation of the repository will begin in approximately 15 years) 
and the results are used as an input for the development of the manufacturing and welding 
processes. Second, during the initial operation phase, good instructions can compensate for 
the lack of continuity and skill over time; which is why the need for good instructions is 
emphasised. 
 
The development of NDT instructions was conducted in several iterative stages and the focus 
was set on data evaluation because this was identified as the task that, to the highest degree, 
relies on the quality of the instructions. The objectives of the study were 1) to evaluate the 



quality of the current instruction by assessing the performance resulting from the use of the 
specific instruction and 2) to generate improvements. During the data evaluation phase, 
participants were observed with the aid of an eye tracker [10], a device that records eye 
movements across a computer screen. The eye-tracking data were stored together with all 
screen recordings, mouse clicks, etc. The collected data and information gathered from 
discussions with the participants were analysed and combined with a theoretical analysis from 
the perspective of a human factors expert. This analysis resulted in a number of suggested 
changes and, consequently, in the creation of an updated instruction.  
 
In the next step the updated instruction was tested using the same methodology aiming 1) to 
determine whether the generated changes improved data evaluation performance and 2) to 
generate additional improvements. The analysis of the results showed only minor 
improvements in the results obtained from the data evaluation. However, user satisfaction 
increased. When investigating the cause for the limited improvements, it was realised that 
important information in the instruction, related to the data evaluation, had not been updated. 
This finding, together with all of the obtained results, was taken into account when the “final” 
NDT instruction was created.  
 
To determine whether the changes improved the usability of the instruction, a second study 
was formulated. The goal of this study was to identify the writing patterns that helped users, 
regardless of their experience, to understand the written material. The underlying assumption 
was that if the information in the instruction is clearly understood, NDT performance should 
improve. The study was performed in two sections, understanding and usability. The studies 
were performed on a group of 20 participants with different levels of NDT experience by 
using eye tracking to design and collect the information. 
 
In the understanding section, participants were asked to read the instruction and then answer a 
number of questions. Half of the participants were given the old instruction, and the other half 
the latest updated version of the instruction. The results showed no significant difference 
between the two versions of the instruction. However, some valuable information was drawn 
from qualitatively analysing the answers regardless of the instruction version. The results 
showed that the understanding of the information can be affected by the information order, 
information organisation, logics and clarity in the writing, and cognitive demands. The study 
also emphasised the relevance of placing information in a logical order. It was observed that 
the participants familiar with this type of instruction showed better results, which can be 
explained by a number of limitations in the methodology used. First, the instruction was 
written to be followed while working, not to only be read in search for information. Second, 
the number of experienced participants was limited. Finally, the concept of understanding is 
difficult to define and is particularly difficult to investigate quantitatively.  
 
In the usability section, participants were asked a question and then directed to a page where 
they were required to click on the correct answer using a mouse as fast as possible. Five 
variables (use of bold, use of notes, use of titles, presentation of task steps, and presentation of 
actions) were investigated. Each participant was shown 20 instruction pages, 10 with the 
characteristics of the old instruction and 10 with the characteristics of the new instruction. In 
the analysis of the results, it was observed that the variables that supported a more efficient 
use of the instruction (shorter time before the information was found) were highlighting 
(using notes) and the presentation of tasks and actions (stepwise with one action per step). 
 



The study emphasized the importance of developing the instructions and the procedures in 
accordance with the users, as well of reviewing the instructions by action, not solely by 
reading. Both the instruction content and the format play an important role in supporting 
reliable inspections. The instruction content is the greatest contributor to the successful 
completion of an evaluation task. Attention must be given to identifying missing information 
and making sure that the content is equally understood by all users. Understanding of 
information can be affected by information order, information organisation, logic, clarity in 
writing, and cognitive demands and the efficiency can be improved by highlighting notes and 
by presenting tasks in a one-action-per-step stepwise manner.  

 

6. Conclusions 

 
NDT reliability was introduced as an important tool in the development of the NDT 
techniques. For example, several shortcomings of the inspection techniques were identified by 
calculating POD curves, and the multi-parameter methodology was extended to also consider 
the effect of varying attenuation of the detectability in ultrasonic inspection of copper tubes. 
Human factors aspects were also incorporated into the NDT development by evaluating the 
inspection process with respect to potential risks using the FMEA and by conducting a 
systematic analysis of the development of NDT instructions. 
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