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Abstract  

This paper gives an introduction to the field of human factors with the focus on their influence on the reliability 
of NDT in the nuclear energy production (in-service inspections) and final storage of highly radioactive nuclear 
waste. A set of methodological tools has been developed in the scope of three projects, namely: 1) a theoretical 
model describing potential human factors influencing manual ultrasonic inspection performance during in-
service inspections in nuclear power plants; 2) a method for identifying potential human errors during acquisition 
and evaluation of data gathered with mechanized ultrasonic, radiographic and eddy-current systems, as well as 
visual testing with a remote camera (Failure Modes and Effects Analysis, FMEA); and 3) use of eye tracking 
methodology to optimize existing procedures and practices. The experimental results have shown that time 
pressure, mental workload and experience influence the quality of the inspection performance. Noticeable were 
influences from the organization of the working schedule, communication, procedures, supervision and 
demonstration task. Implementing human redundancy in critical tasks, such as defect identification, as well as 
using an automated aid (software) to help operators in decision making about the existence and size of defects, 
could lead to other kinds of problems, namely social loafing (excerpting less effort when working on tasks 
collectively as compared to working alone) and automation bias (uncritical reliance on the proper function of an 
automated system without recognizing its limitations and the possibilities of automation failure) that might affect 
the reliability of NDT in an undesired manner. 

Keywords: Human Factors, Time Pressure, 4-Eye Principle, Automation Bias, Nuclear Waste Storage, In-
Service Inspection (ISI), Nuclear Power Plants, Eye Tracking, Failure Modes and Effects Analysis (FMEA) 

 

1. Introduction  

 

For a long time considered as a black box and more or less neglected in the Non-Destructive 
Testing (NDT) reliability evaluation, human factors are now again in the centre of interest. 
The motivation for addressing the human factors in the reliability of NDT first came from a 
number of inspections, where significant variations in the individual performances were 
observed, but could not be overcome by physical or engineering methods. At an early stage 
the problem of varying performance in non-destructive testing has typically been approached 
by improving the equipment used and by changing the procedures; but very few resources 
have been invested in research in the human factors field. In order for an NDT inspection to 
be reliable the whole system, as well as its parts, needs to be reliable (equipment, procedure 
and personnel). The largest source of performance variation can be found in an operator. After 
all, it is the operators who interpret the signals provided by the equipment [3][5].  
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1.1. Human Factors Definition 

Many definitions of human factors can be found in the literature. According to the Health and 
Safety Executive (HSE, [12] “human factors refer to environmental, organizational and job 
factors, and human and individual characteristics, which influence behaviour at work in a way 
which can affect health and safety". The 2nd American-European Workshop on Non-
Destructive Inspection Reliability, 1999 [31] offered a more specific, NDT oriented, 
definition – “Human factors are the mental and physical make of the individual; the 
individual's training and experience; and the conditions under which the individual must 
operate which influence on the ability of the NDE system to achieve its intended purpose.” 

Human factors are often mistaken for human error and both terms can be falsely used as 
synonyms. In fact, it is human action, i.e. human factors, which helps to avoid accidents and 
helps to mitigate the consequences of an accident or incident. Generally, human factors refer 
to “all of those things that need to be controlled to obtain reliable human performance”, i.e. 
human (qualification), team (norms), technology (design), organization (structure) and 
environment (regulator, manufacturer). Human errors, on the other hand, are considered to be 
a result of unreliable human performance and occur due to an inadequate interaction between 
the human and the situation [7]. 

 

1.2. Human Factors in NDT – state of the art 

With the advance in technology, human errors surfaced more frequently and inspired a desire 
for deeper understanding of the nature of these errors which resulted, among others, in 
identification of various performance shaping factors. Starting with the Human Reliability 
Analysis by Swain and Guttman [32]  in the early eighties, the importance of human factors in 
NDT, especially in the field of nuclear energy, has been recognized around the world and in 
various NDT applications. Research in the nineties focused on various aspects of human 
factors, including training [13], operators‟ selection process [30], working conditions [26], 
quantifying the inspection capability [13] and the effects of information processing and 
decision making [9][10][11]. The European Programme for the Inspection of Steel 
Components (PISC III) aimed at identifying causes of variability between inspectors in 
calibration, inspection and interpretation; at studying of the influence of industrial conditions 
on inspector performance; and at aiding in development of relevant methods of reducing the 
incidence of human error [21]. While appreciated for its pioneer role, this project was highly 
criticized for its poor design and statistical background [26].  

In the late nineties the focus was shifted on human and organizational factors influencing the 
reliability of NDT and NDT working practices, as well as on motivation and social influences. 
The Finnish Centre for Radiation and Nuclear Safety (STUK) had performed three studies in 
the late „90s on human and organizational factors influencing the reliability of NDT and NDT 
working practices. Their overview of existing literature points out at the complexity of human 
factors in NDT - no single human or organizational factor is responsible for the NDT 
performance fluctuations [15]. Their research shows that the attitudes of the inspectors 
significantly influence the inspection [16][23]. The Swedish Nuclear Power Inspectorate 
(SKI) sponsored several studies on operator performance in NDT. They have shown that trust 
in their own performance [5], motivation [5][6], optimal working conditions and feedback [4] 
(etc.) are considered as determinants of performance quality. 

The attempts to further address the human factors issues have for a while stopped emerging 
again in the past several years following the new trends of work and organizational 
psychology, with focus on abilities, personality, procedures and organization. One of the 
newest studies in this field was sponsored by the UK Health and Safety Executive (HSE) and 



published in 2008 under the name Programme for the Assessment of NDT in Industry 
(PANI). In PANI III the focus was put on optimizing performance and minimizing operator 
variation in the application of manual ultrasonic inspections, as well as on the organization of 
NDT and NDT process. Their results revealed the correlation of ability and personality with 
the ultrasonic inspection performance. They have also documented a positive influence of de-
briefing, understanding of the geometry, applying the procedure in a systematic way and of 
good preparation [18]. 

 

1.3. Human Factors in the Reliability of NDT 

According to the Modular model [20], reliability of the NDT depends on 3 modules: intrinsic 
capability of the NDT system (physical principle behind the defect indication and its technical 
realization), application parameters (realistic circumstances under which an inspection is 
performed) and human factors. The goal of the consideration of human factors in the 
reliability of NDT in safety of nuclear operations and nuclear waste disposal is a transparency 
regarding existing or potential human-caused problems, acknowledging them and directing 
effort into optimizing and changing current faulty practices.  

2. Human Factors investigations 
 

The work conducted at the Federal Institute for Materials Research and Testing (BAM) in the 
past five years in the field of reliability of NDT ventured into the fields of in-service 
inspections in nuclear power plants and permanent nuclear waste storage. Several analyses 
and experimental results will be shortly presented in the following two chapters. The first part 
deals with manual ultrasonic inspection of the pressure vessel during a regular in-service 
inspection in a German nuclear plant. The second part dives into the human factors issues 
surrounding NDT personnel during acquisition and evaluation of data gathered with 4 
mechanized NDT methods, i.e. UT, RT, ET and VT to ensure the structural integrity of the 
canister used for permanent nuclear waste storage.  

 

2.1.Influence of human factors on the manual UT performance  

2.1.1. Influence of time pressure on the manual ultrasonic performance during in-service 

inspection (ISI) in nuclear power plants (NPPs) 

Introduction: A model describing human factor influences in relation to the performance 
shaping factors and their effect on the manual ultrasonic inspection performance during in-
service inspections (ISI) had been built (see Figure 1) and a part of it empirically tested. The 
focus was put on the influence of organizational working conditions, i.e. time pressure. 

Hypotheses: Inspection performance was defined through measurement quality, i.e. the 
scattering of the inspection results around the mean of the group in the measurement of the 
defects‟ extension, depth and the signal amplitude. Several hypotheses were made and they 
can be seen in Table 1. 

Method: A sample consisting of ten male highly experienced operators participated in the 
experiment. The inspection task was to measure the position, extension, depth and the signal 
amplitude of 18 defects situated on a mock-up of a reactor pressure vessel and nine austenitic 
test-pieces, according to the standard procedure and to protocol all the findings. The 
approximate positions of the defects were given to the operators. During two consecutive 



weeks, all of the inspection areas were to be inspected by each operator three times – under 
no, middle and high time pressure (8.5h, 6h and 4.5h per inspection area, respectively). In 
addition, mental workload of the task, perceived time pressure (“How much time pressure did 
you feel during the task?”), stress coping strategies, stress reaction and organizational factors 
have been measured.  

 

 
Figure 1 Human Factors Model explaining the influences on the  

manual UT inspection performance during ISI in NPPs 

 

Table 1 Measured variables and hypotheses 

Independent variable Categories Hypothesis  
Experimental condition 3 (A,B,C) Scattering increases with experimental condition (i.e. 

time pressure; C>B>A) 
Experience in 
NDT/UT/UT in NPPs  

2 (non 
expert/expert) 

Non experts (<8 years of experience) will have higher 
scattering than the experts (≥8 years of experience) 

Stress resistance 2 (high/low) Scattering decreases with higher stress resistance  
Stress reaction 2 (high/low) Scattering increases with higher stress reaction  
Mental workload 2 (high/low) Scattering increases with higher mental workload  
Perceived time pressure 3 (A,B,C) Scattering increases with higher perceived time pressure 

(C>B>A) 

 

Results: The influence of given time to perform the task, i.e. time pressure was not 
confirmed. In contrast, individually perceived time pressure has shown to have an effect on 
the manual ultrasonic testing performance, decreasing its quality. Higher demands of the task 
create mental workload which negatively affects the performance. With experience, the 
operators learn to compensate these problems and vary in their measurements less than the 
less experienced ones. Organization of the working schedule, communication with the 
operators, well-written procedures, qualified supervision and a demonstration task all show 
positive influences on the operators. 

Discussion: Contradictory to the expectation that the given time to perform a task 
(experimental condition) affects the quality of the inspection performance, the effect was not 
found to be statistically significant. However, when the operators perceived that they, in fact, 
felt time pressure, the effect was significant. This leads to the conclusion that time pressure is 
more complex than first thought of. First, felt time pressure differs between different 
operators; second, time pressure conditions need to be more carefully designed; and third, 
perception of time pressure does not only occur as a result of limitations in time to perform a 
task, but it rather stems from a series of different factors, such as organizational pressure, 
heat, noise, radiation etc. 

Performance

Stress 

Reaction

Satisfaction

ORGANIZATIONAL CONTEXT

(Standard operating procedures, management, industrial relations, etc.)

Technology

Organizational 

working conditions
(time pressure, duration of 

shifts, day/night work, 
etc.)

Physical 

working conditions
(radiation, heat, noise, 
humidity, PPE, etc.)Experience & 

Qualification

Social 

Interaction

Visual 

perception

Stress 

resistance

Cognitive 

processes

Mental 

Workload



Stress coping strategies and stress reaction have shown no significant effects on the inspection 
performance. One explanation might be that the pressure was not high enough, and the other 
that it resulted from methodological problems, such as not well defined experimental 
conditions (time pressure too low), different group dynamics between different teams of 
operators (one group being faster than the other), sample too small (leads to problems of 
statistical nature), organizational issues (anonymity, misunderstanding of the requirements, 
communication) etc. Although the model was not confirmed entirely, the hypotheses cannot 
be with certainty rejected. Repeating the experiment with a larger number of operators and a 
balanced design, avoiding currently encountered problems, is recommended. 

As a result of this work several suggestions for an update of the German norm for the 
application of NDT during in-service inspections in nuclear power plants (KTA 3201.4 [28]) 
were formulated, two of which were accepted: 1) Inspectors should be well prepared for the 
specific inspection task. They should train on a test block and demonstrate their ability in a 
test. 2) In-service inspection should be performed and evaluated by the utility, as well as by a 
third party (4-eye principle). 

 

2.2. Human factors in mechanized NDT: data acquisition and data evaluation 

By applying human error identification methods, such as customized Failure Modes and 
Effects Analysis (“human-FMEA”), or by looking deeper into the processes of defect 
identification, defect sizing or following of the procedures in the completion of an NDT 
inspection task, a series of potential risks, originating either from operators, technical 
failures/limitations or organization, have been identified and further evaluated. Evaluation of 
those risks includes identifying causes and consequences of errors and considering potential 
preventive measures. Some of the identified preventive measures, such as the implementation 
of human redundancy or automation in order to prevent errors of single operators during data 
evaluation, can, in spite of their numerous benefits, lead to new error sources and new risks. 
These have been experimentally tested within two projects dealing with the development of 
NDT methods including the consideration of human factors in the acquisition (using 
mechanized systems, such as UT Phased Array) and evaluation of NDT data for the final 
deposition of highly radioactive nuclear waste, currently under development in Sweden and 
Finland. 

 

2.2.1. Identifying human risks using the FMEA 

Introduction: Failure Modes and Effects Analysis (FMEA, widespread in the automotive, 
aerospace and other safety critical industries, is a classical system safety analysis technique 
[24]. Furthermore, it is a methodology for analyzing potential reliability problems early in the 
development cycle where it is easier to take actions to overcome these issues, thereby 
enhancing reliability through design. FMEA is used to identify potential failure modes, 
determine their effect on the operation of the product, and identify actions to mitigate the 
failures. A crucial step is anticipating what might go wrong. The analysis is successfully 
performed preferably early in the development cycle so that removal or mitigation of the 
failure mode is most cost effective [1][7]. 

Goal: The goal of the FMEA was to gather expert opinion about potential human risks during 
data acquisition and evaluation of 4 different mechanized NDT methods and to find means to 
avoid them. Additionally, it was a starting point for building hypotheses about human factors 
during the NDT process which were later to be experimentally tested. 



Method: Customized human-FMEA was specially designed to meet the needs of the problem 
of reliability of NDT. The method was shortened, due to the fact that the aim of the analysis 
was to study possible human errors and omissions and not component failures. However it 
still provided with a useful overview of potential failures and allowing space for a sufficient 
analysis of their causes, consequences and preventive measures.  

Several workshops were conducted to address the issues in UT data acquisition and the 
evaluation of data acquired by ultrasonic (UT), eddy current (ET), radiographic (RT) and 
visual testing (VT). 

Results: Errors in data acquisition can be divided into errors during component preparation, 
setup, calibration and measurement (scanning). The identified errors in data evaluation can be 
summarized into following categories: 1. errors in preparation, 2. errors in identification of 
defects, 3. errors in characterization, 4. errors in sizing and localization, 5. errors in decision 
making and 6. other. Possible causes of the listed errors include: shortcomings in the 
procedures, software/hardware limitations, individual differences between the operators, 
organization, not following of the rules or the procedures, technical causes etc. Consequences 

of critical errors in data acquisition can lead to missing defects, incorrect defect 
characterization, loss of data, etc. Errors in data evaluation could have an impact on safety or 
financial loss (through false acceptance or rejection of the inspected material part). Of special 
value is a list of possible preventive measures, including, among others, various software and 
hardware solutions (new design of equipment parts, optimizing probe adjustment etc.), 
automation or semi automation of both acquisition and evaluation processes, improvement of 
the procedures, improved training with consideration of possible human errors, human 
redundancy (4-eye principle), decision aids (e.g. a defect catalogue), etc. 

Some of these preventive measures, such as the implementation of human redundancy or 
automation in order to prevent errors of single operators, can, in spite of their numerous 
benefits, lead to new error sources and new risks, and were therefore further investigated.  

 

2.2.2. Social loafing within the 4-eye principle 

Introduction: The aim of this experimental study was to investigate problems related to 
human redundancy when applied to the evaluation of NDT data. Assigning several individuals 
to solve the same problem consecutively, therewith avoiding failures of single individuals is 
known as the redundancy principle [17]. However, a number of studies have shown that 
individuals often excerpt less effort when working on tasks collectively as compared to 
working alone, a phenomenon referred to as social loafing. In contrast, under some conditions 
(e.g. expecting other team members might perform insufficiently) people tend to work harder 
in order to compensate for others in the group, an effect referred to as social compensation 

[34]. Individuals in redundant systems are normally aware of each other [27], and one can 
reasonably assume that knowing someone else is carrying out the same task might counteract 
the benefits expected from human redundancy. 

Hypotheses: We hypothesized that both operators, i.e. members of the redundant system (4-
eye principle), could loaf. First operator, from now on referred to as Operator 1, could loaf in 
sizing, localization and identification of critical defects, knowing that someone else, in this 
proposal referred to as Operator 2, would repeat the same procedure all over again. Operator 2 
knows that someone already performed the task and is likely to loaf, especially if he is led to 
believe that Operator 1 is very experienced. 

Method: The task consisted of evaluation of 20 UT C-scans, i.e. looking for defects, sizing 
and localizing them (identifying task), or controlling those results (checking task), 
respectively. Altogether 93 NDT trainees took part in this study and were randomly assigned 



to 4 different experimental groups: 1) control group (CG): completing the task alone; 2) 
experimental condition 1 (EC1): completing a task in a team as operator 1 (first one to 
complete the task) (both identifying task); 3) EC2: completing a task in a team as operator 2 
(seeing the results of operator 1) and 4) EC3: completing the task in a team as operator 2 
knowing that operator 1 is a very experienced operator (both checking task). Experimental 
variation was achieved through a written instruction, which put the participants in one either 
control group or one of the three experimental conditions. The experimental task was to either 
to find and correctly size 36 defects (identifying task) or to control the data of the other team 
partner by checking whether 36 given indications were found and correctly sized (checking 
task). Four missing values, eight sizing errors and two false alarms were implemented in the 
task.   

Results: The results of the experiment support social loafing hypothesis in the case of defect 
sizing – participants make more sizing errors when thinking they are working as a part of a 
team, as opposed to working alone. Furthermore, it was expected that additional information 
about the experience of the team partner would decrease independency between the team 
partners and cause high agreement with the results of the experienced one, even if those are 
wrong. However, this was not confirmed.  

Discussion: No effect of experience on the social loafing was hypothesized to be due to the 
methodological problems of having too many errors in the task which led the participants to 
question the results of the “experienced” one. Almost 1/3 of the results of the team partner 
were wrong, which did not support the given written instruction (e.g. “operator 1 is very 
experienced”), which might have furthermore caused the participant to compensate and 
actually improve the result. Meta analysis of 59 studies by Karau and Williams [14] shows 
that individuals tend to loaf when working in groups (at physical and cognitive tasks), and 
that effect is robust across gender, culture and tasks. This effect happens in cases of real and 
imagined presence of others [2][27]. 

We suggest raising the awareness of possible failures, increasing the independency between 
the two operators, increasing the identifiability of each person as well as motivating people 
for the task as some of the ways we can use to solve this problem. 

 

2.2.3. Automation bias in human-computer interaction (HCI) 

Introduction: Eddy current testing data evaluation of one of our clients is highly advanced 
due to its sophisticated semi-automated software1. The data evaluation tool (a form of a 
decision aid) automatically detects indications and marks them. The task of the human 
operator is to control what the automation is doing, in other words, to check whether the 
indications had been correctly identified, sized and positioned and report about it. However, 
today automation has reached a point where it is seldom wrong. In a situation in which a 
person gets repeated information about high reliability of the software, one might ask oneself 
– what happens that one time when the software performs wrong? What are the odds of a 
person noticing this error?  

Hypothesis: In this study, it was hypothesized that the trust in software, caused by a belief in 
its reliability, can lead to uncritical reliance on the software, i.e. automation bias. Automation 
bias was defined through agreement with errors of the software (in reality implemented by the 
experimental team). 

                                                 
1 Note that the hypotheses and the results of this study are not only to be applied to ET data evaluation, but can be applied to 
other NDT methods as well. 



Method: Altogether 70 NDT trainees participated in the experiment. They were randomly 
assigned into two experimental groups – one in which participants were led to believe that the 
software they were working with is highly reliable, and the other, not highly reliable. The 
experimental task was to control the data of the software by checking whether 36 given 
indications were found and correctly sized. 3 missing values, 2 sizing errors and 2 false 
alarms were implemented in the task.   

Results: The hypothesis that information about reliability of an automated decision aid, i.e. 
software, would lead to automation bias, defined through higher agreement with the errors of 
the software, was in this experiment not confirmed. The identified problem was the lack of 
trust in the results of the automated software, which was apparently not induced only by the 
written instruction. Suggested methodological solutions involve supporting the experimental 
instruction with the task, lowering the number of automation errors, increasing the task 
difficulty and experimenting with an experienced and homogenous sample. Even though there 
were no differences between the two experimental groups, the participants in general agreed 
with about 50% of the implemented errors. A large number of errors agreed with, in spite of 
lower trust, could be assigned to a certain level of automation bias, which is supported by a 
vast amount of field research. Sizing deviations stem from distrust in the software and high 
self-confidence.  

Discussion: Large amount of research supports the theory that automation bias can and does 
happen and it happens in various applications, i.e. aviation, health care, process control, 
command and control in military domain, etc. (e.g. see [25][19][29]). Trust in automation, 
perceived automation reliability, mental workload, self-confidence and task complexity are 
some of the factors that shape automation use. Suggestions for the prevention of automation 
bias include raising individual accountability, lowering the workload, introducing adaptive 
automation and raising awareness about potential decision making biases.  

Examples and practical exercises with the goal of raising the awareness of potential decision 
making biases should become a part of NDT personnel training. Less workload, proper trust 
in an automated aid, raised individual responsibility for the evaluation outcome and 
proscribed use of the software as a help tool, rather than as a decision making tool, are 
suggested ways to prevent automation bias. Further research in the field of NDT should focus 
on processes involved in defect sizing and detecting or agreeing with different types of errors, 
i.e. missing values, sizing errors and false alarms.  

 

2.2.4. Procedures' optimization 

Introduction: The FMEA analysis helped to identify several guidelines how the inspection 
procedures could be changed and optimized. However, a more objective method was needed 
to identify the problems with the procedure by the users themselves. For that purpose, eye 
tracking methodology was used.  

Eye tracking: Eye tracking is a technique used to follow eye movements. It is based on the 
assumption that there is a relationship between fixations, our gaze and what we are thinking 
about. It is commonly used to identify and analyze patterns of visual attention of individuals 
when performing specific tasks (e.g. reading, searching, scanning an image, driving, etc.). The 
eye tracker used in our study is a Tobii T60XL, a 24‟‟ widescreen monitor with an integrated 
camera that follows and records the eye movements over the monitor. With a use of Tobii 
Studio 3.0 software collected data can be visualized and analyzed. 

Goal: The goal of the study was to identify shortcomings in the inspection procedure and 
create an optimized version of the procedure. 



Method: The task of four participants with various experiences in the evaluation of UT data 
was to conduct evaluation of UT data using specifically designed software and following a 
specific inspection procedure. Participants were instructed to read the procedure on the 
computer screen.  

Results: Preliminary qualitative analysis pointed out several ways to optimize the procedure, 
for example - regarding information that could be added to the procedure explaining rare 
cases or adding images that would help the evaluator with decision making. Some suggestions 
have been made regarding how to organize information so they would be easier to follow. 
Some information should be clarified and the most relevant ones highlighted. A special 
emphasis was put on the future training of the inspection personnel. Following the guidelines 
resulting from the PANI 3 (Programme for the Assessment of NDT in Industry) project, a 
new outline of the procedure, including specific information gained through this study, should 
be created and retested using the same methodology. 

3. Conclusions 
 

This approach is of a qualitative nature, rather than quantitative. It shows the complexity of 
human factors, methods and different ways how to approach them. The common goal is the 
optimization of current practices. Further efforts in the human factors evaluation of NDT 
methods for the inspection of the nuclear waste canisters are required. Decision making 
process (acceptance or rejection of the part), sizing of defects and further improvement of the 
inspection procedure need enhanced engagement in future investigations. 
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