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ABSTRACT 

 
Nuclear power plants are typically characterized as high reliable organizations. In other words, they are 

organizations defined as relatively error free over a long period of time. Another relevant characteristic of the 

nuclear industry is that safety efforts are credited to design. However, major accidents, like the Fukushima 

accident, have shown that new tools are needed to identify latent deficiencies and help improve their safety 

level. Safety archetypes proposed elsewhere (e. g., safety issues stalled in the face of technological advances and 

eroding safety) consonant with International Atomic Energy Agency (IAEA) efforts are used to examine 

different aspects of accidents in a systemic perspective of the interaction between individuals, technology and 
organizational factors. Safety archetypes can help consider nonlinear interactions. Effects are rarely proportional 

to causes and what happens locally in a system (near the current operating point) often does not apply to distant 

regions (other system states), so that one has to consider the so-called nonlinear interactions. This is the case, for 

instance, with human probability failure estimates and safety level identification. In this paper, we discuss the 

Fukushima accident in order to show how archetypes can highlight nonlinear interactions of factors that 

influenced it and how to maintain safety levels in order to prevent other accidents. The initial evaluation of the 

set of archetypes suggested in the literature showed that at least four of them are applicable to the Fukushima 

accident, as is inferred from official reports on the accident. These are: complacency (that is, the effects of 

complacency on safety), decreased safety awareness, fixing on symptoms and not the real causes and eroding 

safety. 

 

 

1. INTRODUCTION 

 

In industrial facilities that deal with dangerous technologies it is highly desirable to link the 

contribution of human factors to safety management through a holistic model [1]. Safety is an 
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emergent property of a system and cannot be determined or explained by the sum of its 

components alone. Compared to technical factors, human and organizational components of a 

technological system are characterized by their multi-dimensional nature and intrinsic 

complexity due to nonlinear interactions that influence their behavior [2].  

 

Human Failure Probability (HFP) estimation in a facility or organization should be an 

individual approach. Many studies on human failure have been developed in last years [3]. 

We can consider J. Reason [4] as a precursor of these studies. The Three Mile Island (TMI) 

nuclear accident was strongly influenced by human failures and in sequence Swain and 

Guttman developed THERP [5]. HFP values from this technique are also used nowadays in 

semi-quantitative hazards analyses, like LOPA [6]. Other techniques have been proposed, 

like CREAM [7] and ATHEANA [8]. All of them take into account Performance Shaping 

Factors (PSFs) that contribute to adjust HFPs. Basically, HFP is an average of a number of 

observations and a probability density function (pdf) represents the uncertainties of these 

observations. PSFs are used to translate this average to the upper or lower limit from the pfd 

statistical confidence interval. 

 

In a recent paper [9], a methodology to incorporate human factors into HFPs, based on the 

OGP Model used in a CCPS guideline on human factors [10] is discussed. An auditing check 

list was adapted from this guideline and it gives us a tool to create a factor for adjusting the 

existing data from the aforementioned techniques. Twelve features related to people, 

technology and organizational factors compose the check list. The global adjusting factor is 

composed by an auditing factor and three further weighting factors: 1) expert opinion; 2) a 

cognitive map created by the authors, based on systematic thinking theory [11] and system 

dynamics [12]; 3) past accidents (retrospective analysis). 

 

The method presented in [9] allows for a more detailed analysis of human and organizational 

features in a process plant. The objective of this paper is to go a step further in the discussion 

by considering archetypes [13] for evaluating the impact of safety culture of organizations 

over human failure probabilities. 

 

 

2. COMPLEX SYSTEMS (LEVESON’S PERSPECTIVE) 

2.1. Approach 

 

In the light of the accident at the Fukushima Daiichi nuclear power plant, the nuclear 

community has been increasingly engaged in activities that involve safety evaluation of 

different aspects of the accident, e.g. site evaluation, design basis, accident management, and 

regulatory infrastructure [14]. 

 

Based on the interim investigation report provided by the investigation committee on the 

accident at the Fukushima Nuclear Power Stations of Tokyo Power Electric Company, which 

has indicated causes related to technology (design basis, site evaluation), individuals (human 

error during the mitigation), and organizational factors (decision making, regulatory authority 

infrastructure, communication), the nuclear community has broadened the discussion in the 

sense that severe accidents are viewed from the systemic perspective of the interaction 

between individuals, technology and organization, hereafter referred to as ITO. The main 
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objective of this new perspective is leverage the lessons learned from severe accidents in high 

reliability organizations – HRO [14]. 

 

Organizational factors play a role in almost all accidents and are a critical part of 

understanding and preventing them. The organizational aspects of safety are addressed by 

two theories: Normal Accident Theory (NAT) and High Reliability Organizations (HRO) 

[15]. 

 

2.2. Normal accidents 

 

C. Perrow, in the aftermath of the accident at the TMI nuclear power plant in 1979, 

introduced the idea that in some technological systems, accidents are inevitable or ―normal‖ 

[16]. He defined two related dimensions — interactive complexity and loose/tight coupling 

— which he claimed together determine a system susceptibility to accidents. 

 

Perrow described interactive complexity as something related to the presence of unfamiliar or 

unplanned and unexpected sequences of events in a complex system, which are not 

immediately comprehensible. A tightly coupled system was described as one that is highly 

interdependent: each part of the system is tightly linked to many other parts and therefore a 

change in one part can rapidly affect the status of other parts. Tightly coupled systems 

respond quickly to perturbations, but this response may be disastrous. Loosely coupled or 

decoupled systems have fewer or less tight links between parts and therefore are able to 

absorb failures or unplanned behavior without destabilization. 

 

According to Perrow‘s theory, systems with interactive complexity and tight coupling will 

experience accidents that cannot be foreseen or prevented. When the system is interactively 

complex, independent failure events can interact in ways that cannot be predicted by system 

designers and operators. If the system is also tightly coupled, effect cascading can quickly 

spiral out of control before operators are able to understand the situation and perform 

appropriate corrective actions. In such systems, apparently trivial incidents can cascade in 

unpredictable ways and with possible severe consequences [15]. 

 

For Leveson et al [15] interactively complex and tightly coupled designs are created because 

they often allow greater functionality and efficiency to be achieved, but simpler, decoupled 

designs can usually achieve the same basic goals. The key problem is the tradeoffs and 

determining how much risk is acceptable in order to achieve goals other than safety. 

 

2.3. High reliability organizations 

 

Within the set of hazardous organizations, some organizations have operated nearly error free 

for very long periods of time. These organizations are "high reliability" organizations 

(HROs). To identify these organizations one must ask the question, "How often could this 

organization have failed with dramatic consequences?" If the answer to the question is many 

thousands of times the organization is highly reliable. In such organizations, performance 

reliability rivals productivity as a dominant goal [17]. It is right to say that HRO 

organizations have fewer than expected normal accidents.  
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This decrease in accidents occurs through culture changes. Technology has some influence 

but not in isolation, nor without a change in the organization culture.  

 

According to Perrow‘s theory, all organizations would eventually have accidents. On the 

other hand, some organizations were remarkably adept at avoiding them. However, some 

organizations have many failures as others and perhaps the cause of that is related to 

definition and characteristics of HROs. These key characteristics include organizational 

factors (i.e., rewards and systems that recognize costs of failures and benefits of reliability), 

managerial factors (i.e., communicate the big picture), and adaptive factors (i.e., become a 

learning organization) [18].  

 

More specifically, HROs actively seek to know what they don't know, design systems to 

make available all knowledge that relates to a problem to everyone in the organization, learn 

in a quick and efficient manner, aggressively avoid organizational hubris, train organizational 

staff to recognize and respond to system abnormalities, empower staff to act, and design 

redundant systems to catch problems early [19]. 

 
In Ref. [15], Leveson et al point out that the four primary HRO organizational characteristics 

that have been identified are: (1) prioritization of both safety and performance and consensus 

about the goals across the organization [20]; (2) promotion of a ―culture of reliability‖ in 

simultaneously decentralized and centralized operations; (3) use of organization learning that 

maximizes learning from accidents, incidents, and near misses [20]; and (4) extensive use of 

redundancy.  

 

2.4. An alternative system approach to safety 

 

Traditionally, nuclear safety is not based on a systemic approach. The traditional view of 

nuclear safety looks at human, organizational and technical factors as seen in IAEA 

fundamentals, principles and requirements (Severe accident management, Human and 

Organizational Factors, Defense in depth, Safety Culture, Leadership and management for 

safety). In a Systemic perspective, all these factors are contemplates, but they are, as Perrow 

[16] said, tightly coupled and interactively complex.  

 

Leveson et al [15] and other researchers, including Rasmussen, Hollnagel, and Woods, have 

been advocating an alternative systems approach to safety. As said in Ref. [15] a systems 

approach to safety will allow building safety into socio-technical systems more effectively 

and provide higher confidence than is currently possible for complex, high-risk systems. 

 

In this context, socio-technical systems are by their very nature complex, non-linear and non-

decomposable. These three qualities appear naturally from a unique outstanding characteristic 

of these systems: they are emergent. The fact of being emergent means that the complex 

relationships among inputs (causes) and outputs (effects) make unexpected and 

disproportional consequences to emerge, which lead one to the resonance concept, in other 

words, certain combinations of the variability of system functional actions as a whole can 

achieve the threshold allowed for the variability of a system function [21]. This is the 

approach of the systemic model of accidents. One identifies the concept of emergence as the 

main foundation of systemic models of accidents. According to systemic models, failures 

emerge from the normal variability of the action of the functions that compose the system. 

The concept of functional variability carries one to the concept of functional resonance, 
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which in turn can be derived from stochastic resonance [21]. This appears when a random 

noise is superposed to a weak signal in the output of the system or one of their component 

functions. 

 

The management concept, a typically organizational factor, represents a control function. 

Several formulations have been proposed based on control systems to model it. J. Rasmussen 

proposed a systemic model of the socio-technical system based on control systems [22]. An 

application example for modeling systems of nuclear power stations is described in [23]. 

 

It can be seen that it is a hard work for both nuclear reactors and for any other HRO to meet 

the aforementioned four primary HRO organizational characteristics. Initiating by safety 

goals, they almost never coincide with performance goals because safety is not the primary 

goal of most organizations. Usually, the mission of the organization is something other than 

safety, such as producing and selling products or pursuit of scientific knowledge. In addition, 

it is often the case that the non-safety goals are best achieved in ways that are not consistent 

with designing or operating for lower risks. In that case, each employee reliably performing 

his/her job is not enough to ensure safety — employees may behave in a highly reliable 

manner to satisfy the non-safety goals while compromising safety in the process [15]. 

 

In systems that are interactively complex and tightly coupled, it is not appropriate to think 

that individuals can provide uniform and appropriate responses to crisis situations. It is 

important to keep in mind that taking individual action and acting alone for interactively 

complex and tightly coupled systems may lead to accidents when local decisions are 

uncoordinated with other local or global decisions. 

 

When it comes to organizational learning, it is difficult to argue against learning from 

mistakes, the costs of implementing effective organizational learning are high and the 

problems of competition for resources arises. The difficulty should not be underestimated and 

sophisticated hazard analysis (that includes organizational and social factors in accidents) and 

system safety engineering methods (including engineering the safety culture) may be more 

effective for high-tech and rapidly or constantly changing organizations and systems than 

relying on past experience and ad hoc scenario generation.  

 

The last primary HRO organizational characteristic, the extensive use of redundancy in 

increasing the safety of socio-technical systems is a major point of disagreement between 

Normal Accident Theory (NAT) and HRO. Interactive complexity, tight coupling, and 

working in environments of uncertainty and imperfect knowledge are systems characteristics 

that limit the effectiveness of redundancy and, in fact, redundancy under these circumstances 

can actually increase the risk of an accident [15].  

 

 

3. ON ARCHETYPE APPLICATION TO THE FUKUSHIMA ACCIDENT 

 

3.1. The Fukushima accident [24-25] 

 

The Fukushima Daiichi nuclear accident was a set of equipment failures, partial nuclear 

meltdowns and releases of radioactive materials at the Fukushima I Nuclear Power Plant, 

following the Tohoku earthquake and tsunami on March 2011. It is the largest nuclear 
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disaster since the Chernobyl disaster of 1986 and only the second disaster (along with 

Chernobyl) to be classified as Level 7 on the International Nuclear Event Scale [26]. 

 

The plant comprised six boiling water reactors (BWR) designed by General Electric and 

operated by the Tokyo Electric Power Company (TEPCO). At the time of the earthquake, 

reactor 4 had been defueled and reactors 5 and 6 were in cold shutdown for planned 

maintenance. Immediately after the earthquake, the remaining reactors 1–3 shutdown 

automatically and emergency generators came online to start emergency cooling systems. 

However, the tsunami following the earthquake quickly flooded the rooms in which the 

emergency generators were installed. The flooded generators failed, cutting power to the 

critical pumps that must continuously circulate coolant water through the reactor for several 

days to keep it from melting down after shutdown (due to decay heat). After the pumps 

stopped, the reactors overheated. 

 

As workers struggled to cool and shutdown the reactors, several hydrogen-air explosions 

occurred. It is estimated that the hot zirconium fuel cladding-water reaction in each reactor 

produced about a ton of hydrogen gas, which was vented out of the reactor pressure vessel, 

and mixed with ambient air, eventually reaching explosive concentration limits (4% in 

volume) in units 1 and 3, and due to piping connections between units 3 and 4, unit 4 also 

filled with hydrogen, with the hydrogen-air explosions occurring at the top of each unit, that 

is in their upper secondary containment building.  

 

There were no deaths caused by radiation exposure, while approximately 18,500 people died 

due to the earthquake and tsunami. Future cancer deaths from accumulated radiation 

exposures in the population living near Fukushima are predicted to be extremely low to none 

[27]. 

 

 

3.2. The use of archetypes of system dynamics 

 

Effects are rarely proportional to causes and what happens locally in a system (near the 

current operating point) often does not apply to distant regions (other system states, so that 

one has to consider the so-called nonlinear interactions [12]. This is the case, for instance, 

with human probability failure estimations and safety level identification. Non-linear 

interaction and dynamic behavior assign complexity to systems and these latter can be 

modeled by decomposing them into behavioral flow towards events, for which feedback 

mechanisms may be relevant. 

 

Archetypes are used to develop dynamic models and treat the aforementioned nonlinear 

interactions for describing organizational and systemic factors that might contribute to an 

accident. Additionally, archetypes help clarify that safety-related decisions do not always 

result in the desired behavior, and how independent decisions in different parts of the 

organization may combine and result in an impact on safety [13]. 

 

Based on Refs. [24-25], it is possible to recognize that the following archetypes [13] might be 

helpful: 1) Complacency; 2) Safety issues stalled in the face of technological advances; 3) 

Decreased safety awareness; 4) Fixing on symptoms and not the real causes; 5) Unintended 

side effects of safety solutions; and 6) Eroding Safety.  

 



INAC 2013, Recife, PE, Brazil. 

 

The first archetype evaluates the effects of complacency on safety. In order to bring the 

accident rate down, the system is closely monitored, possibly both internally (company rules 

and procedures) and externally (government regulation). Close oversight may eventually 

contribute to a decreased accident rate, and may bring it to the point where people do not 

believe that accidents can or will occur. In the apparent absence of a threat to safety, 

extensive oversight may seem draconian and unnecessarily costly. Coupled with budgetary 

pressures, this anti-regulation sentiment creates pressure to decrease oversight. Decreased 

oversight is manifested on the one hand by less training and fewer or less strict certification 

requirements, and on the other hand by decreased inspection and monitoring. A decrease in 

these activities eventually leads to an increase in the risk of accidents, and so the accident rate 

increases. Safety fixes implemented in response to accidents increase perceived safety and 

thus encourage the relaxation of oversight. 
 

Refs. [24-25] among others, mention a complacency scenario. For Ref. [24] the regulator – 

operator relationship is a soft relationship and the country regulatory regime and culture of 

safety assurance are out of sync with global standards. In its conclusions, Ref. [25] shows 

evidence that the regulators did not monitor or supervise nuclear safety. They avoided their 

direct responsibilities by letting operators apply regulations on a voluntary basis. For Ref. 

[25] the accident occurred because TEPCO did not take preventive measures, and the Nuclear 

and Industrial Safety Agency (NISA) and the Nuclear Safety Commission (NSC) went along. 

They either intentionally postponed putting safety measures in place, or made decisions based 

on their organizations self-interest, and not on the interest of public safety. In this point, one 

can realize that the aforementioned safety goals never coincide with performance goals 

because Safety is not the primary goal of most organizations. 

 

The second archetype (decreased safety awareness) takes into account that whenever a safety 

program reaches fullness and success is realized by the organization top management, staff 

sets up a dynamics that can eventually get a decrease in safety. The perception of success 

pushes boundaries, and increases pressures and expectations of better performance by 

reducing the safety priority. Another consequence is the reduction in safety resources 

allocation. According to Ref. [22], a system super performance leads to new risks that may 

materialize in the form of disastrous accidents.  

 

Nuclear accident preparations were inadequate and Ref. [24] points out one factor that was a 

twisted myth - a belief in the ‗absolute safety‘ of nuclear power. This myth has been 

propagated by interest groups seeking to gain broad acceptance for nuclear power. NISA 

informed the operators that they did not need to consider a possible station blackout (SBO) 

because the probability was small and other measures were in place [25].  

 

The archetype that shows the competition between symptomatic solutions and fundamental 

solutions is based on the fact that in most organizations positive results of symptomatic 

solutions are immediately seen, since the visible symptoms are eliminated. Once a 

symptomatic solution has been successfully applied, the pressure to implement a basic 

solution tends to decrease. Solutions may become less effective over time or different 

symptoms of the underlying problem may arise, and in response new symptomatic solutions 

are designed and implemented.  

 

A significant number of reports of root cause analysis are restricted to the immediate removal 

of causes and causal factors. This approach (correct only for the immediate cause) is a 
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simplistic approach that may prevent a similar incident from occurring again in the same 

place, but will not prevent similar incidents. Another problem arising from this approach is 

the occurrence of unintended side effects. This archetype shows some situations where the 

fundamental problem is not understood, or when solutions to the fundamental problem are 

not appropriate or are improperly implemented.  

 

All measures against a severe accident (SA) that were in place in Japan were practically 

ineffective. The assumptions made in SA countermeasures only included internal issues, such 

as operational human error, and did not include external factors such as earthquakes and 

tsunamis, even though Japan is known to frequently suffer from these natural events [25].  

 

The archetype that analyzes eroding safety shows how safety objectives can be eroded or 

become subverted over time. Often this declining trend is difficult to observe because 

changes tends to happen gradually. On reduced time scales, changes may be imperceptible. 

Usually, only after the occurrence of an accident the scale of change is noticed in its entirety.  

 

Usually, root cause analyses generate a large number of recommendations over time and 

these measures are not part of an action plan, so that the organization loses the potential 

benefits of preventing the occurrence of new adverse events. 

 

Another contributing factor is the apparent lack of or inappropriate judgment of a safety 

threat for oversight may seem draconian and unnecessarily costly. Coupled with budgetary 

pressures, this anti-regulation feeling creates pressure to decrease oversight, which is 

manifested on one hand by less training and fewer or less strict certification requirements, 

and on the other hand, by decreased inspection and monitoring. A decrease in these activities 

eventually leads to an increase of the eroding safety phenomenon. 

 

As the nuclear power business became less profitable over the years, TEPCO‘s management 

began to put more emphasis on cost cutting and increasing Japan‘s reliance on nuclear power. 

While giving lip service to a policy of ―safety first,‖ in reality, safety suffered at the expense 

of other management priorities. An emblematic example is the fact that TEPCO did not have 

the proper piping and instrumentation diagrams (P & ID) and other instruments at the Daiichi 

plant. The absence of the proper diagrams was one of the factors that led to a delay in venting 

at a crucial time during the accident. 

 

The archetypes can be used to describe flaws in an organization‘s behavior in general and 

safety culture in particular. In accident analysis, the archetypes can be used to model the 

dynamic aspects of safety-related behavior at the organizational level. They are also useful in 

structuring post-investigation recommendations, by highlighting the mechanisms or root 

causes that have led to the accident. Archetypes explain why safety-related decisions do not 

always result in the intended outcomes, and how independent decisions in different parts of 

an organization can inadvertently interact to decrease safety [13]. 

 

In the light of the archetypes analysis for accident at the Fukushima Daiichi nuclear power 

plant it is possible concluded that the list of events occurred during the accident, such as the 

RCIC in unit 2 operating for so many hours, the blow-out panel falling out and the total 

station blackout [25], are not some coincidental events they were consequence of deficiencies 

in training and preparation for the unexpected. The government, the regulators and TEPCO 
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management missed in the preparation and the mindset to efficiently operate an emergency 

response to an accident of this scope. 

 

For anticipating and becoming aware of the unexpected HROs should maintain focus in some 

characteristics like (i) preoccupation with failures rather than successes; (ii) reluctance to 

simplify interpretations; (iii) sensitivity to operations (iv) commitment to resilience and (v) 

deference to expertise.  

 

 

4. CONCLUSIONS  

 

The initial evaluation of the set of archetypes suggested in Ref. [13] showed that at least four 

of them are applicable to the Fukushima accident, as is inferred from official reports on the 

accident, as, for instance, [1] and [14]. These are: complacency (that is, the effects of 

complacency on safety), decreased safety awareness, fixing on symptoms and not the real 

causes and eroding safety. 

 

The next step in the analysis will be the development of models for these archetypes, as 

suggested in Ref. [13], in order to have a deeper understanding of their role. However, this 

analysis will be possible only when technical information on the Fukushima accident is made 

available to the necessary detail level, which goes far beyond the information available in the 

literature [14, 24-25].   
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