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Abstract 

The quest to explain and understand the cause of accidents is both ever-present and ongoing amongst 

the safety science community.  In an attempt to advance the theory and science of accident causation, 

researchers have recently formalised a set of ‘15 systems thinking tenets’ that cover the conditions 

and characteristics of work systems that are believed to contribute to the cause of accidents.  The 

purpose of this study was to attempt to identify the systems thinking tenets across a range of different 

systems and accidents using the Accident Mapping (AcciMap) method.  The findings suggest that the 

tenets can be attributed to play a role in accident causation, however as a result of this process, the 

capability of AcciMap has been brought into question.  Implications and directions for future research 

are described. 

Keywords: Accident causation, accident theory, accident analysis, AcciMap, systems thinking tenets 

Practitioner statement 

This study is an extension of previous work that suggested there was a need to test for the ‘systems 

thinking tenets of accident causation’ in a multi-incident dataset.  We used AcciMap to evaluate 

whether it has the capability to support ongoing accident analysis activities in ergonomics research. 
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1.0 Introduction 

For the better part of a century, safety scientists have attempted to identify and predict the conditions 

that create accidents (Bird et al. 1974; Dekker 2011; Harvey and Stanton 2014; Heinrich 1931; 

Hollnagel 2008; Leveson 2004; Perrow 1984; Rasmussen 1997; Reason 1990; Salmon et al. 2011).  

Research of a similar kind is still underway given that in many domains accident rates are either 

plateauing, or worse are actually increasing (Dekker and Pitzer 2016; Salmon et al. 2017a; Walker et 

al. 2017).  In an attempt to further the theory and science of safety, a recent review of accident 

causation models has identified a set of 15 ‘systems thinking tenets’ that cover the conditions and 

characteristics of work systems that are believed to contribute to accident causation (Grant et al. 

2018).  The review found considerable agreement across the models examined regarding why 

accidents occur, including the complex nature of the interactions among both human and non-human 

factors (Grant et al. 2018).  Viewed as a unified construct, the system thinking tenets could 

conceivably provide a more comprehensive, holistic approach to accident investigation than the 

adoption of one model in isolation.  In their closing remarks, the authors (Grant et al. 2018) proposed 

a new research agenda to examine and test for the presence of the tenets in a sub-set of accidents. 

In addition to Grant et al.’s (2018) initial work in this area, the need to formally investigate whether or 

not the systems thinking tenets can be identified across various accident scenarios is necessary due to 

the observed research-practice gap in the field of ergonomics more generally, as well as accident 

analysis and prevention more specifically (Chung et al. 2014; Salmon 2016; Salmon et al. 2017a; 

Shorrock and Williams 2016).  If accident analysis methods cannot capture the tenets, then the 

research-practice gap is likely to extend further as scientists and practitioners will not be able to fully 

understand and explain accident aetiology in all its forms.  As such, it is necessary to examine 

whether accident analysis methods used by practitioners can consider the systems thinking tenets in 

order to demonstrate their potential contribution to accident causation (Grant et al. 2019; Stanton et al. 

2019).  Whilst there are many models and methods to support accident analysis activities, the most 

comprehensive approaches take a systems-based perspective and have the capability to model the 

interactions among factors from across entire sociotechnical systems. 
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There are various systems-based accident analysis methods available to the practitioner (e.g., 

Hollnagel 2012; Leveson 2004; Shappell and Wiegmann 2001).  The ‘Accident Mapping’ (AcciMap) 

method (Rasmussen and Svedung 2000) is arguably the most widely used in academia and safety 

research (Hulme et al. 2019; Salmon et al. 2019).  AcciMap is underpinned by a multi-faceted theory 

and model (i.e., the Risk Management Framework; RMF) (Rasmussen 1997); it does not require a 

taxonomy of error modes which otherwise may constrain analysts’ ability to identify all factors; and, 

the resulting output is relatively straightforward to develop and interpret (Stanton et al. 2019; 

Waterson et al. 2017).  AcciMap outputs represent complex sociotechnical systems as a hierarchy of 

levels, ranging from the government and legislative level down to the physical processes and 

equipment and environment levels (Parnell et al. 2017).  The factors that have contributed to an 

accident are then mapped across those levels and the relationships between them described (Branford 

et al. 2009).  The popularity of AcciMap is attributable, in part, to the fact that it is relatively versatile 

and domain generic (Stanton et al. 2019).  For example, a recent systematic review of the peer 

reviewed accident causation literature has identified 20 AcciMaps that have been applied in various 

different contexts, including public health, aerospace, led outdoor recreation, emergency response, 

transport, and civil engineering (Hulme et al. 2019).  Given the contribution of the AcciMap approach 

to the field of safety science over the last two decades, recent work has successfully piloted the 

method to test for the presence of the systems thinking tenets using a single case study (Grant et al. 

2019).  However, as discussed above, a proposed recommendation and direction for future research is 

a need to apply the tenets to a multi-accident dataset or collection of incidents (Grant et al. 2019).  In 

particular, there is a need to both confirm that the tenets are present in accident scenarios and 

determine whether AcciMap has the capacity to describe each of the tenets. 

The purpose of this study, therefore, is to attempt to identify the systems thinking tenets across a 

range of different systems and accidents using the AcciMap method in which to do so.  The modelling 

of accident mechanisms and trajectories with AcciMap produces a coherent, structured output that 

explicitly describes the relationships between contributory factors which, in turn, supports the tenet 

identification process.  The identification of the tenets and their relative contribution to accident 
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aetiology addresses the research agenda proposed by previous authors (Grant et al. 2019; Grant et al. 

2018) and contributes to the theoretical foundation required to support a unified model of accident 

causation.  Evaluating the presence of the tenets across AcciMap will also provide evidence around its 

ability to function in support of accident analysis activities, especially in consideration of the 

research-practice gap in ergonomics.  Accordingly, a component of the present research involves 

developing multiple new AcciMaps for accidents of variable severity, many of which have generated 

international attention over the last decade.  The inclusion of various different sociotechnical systems 

and accidents is required to produce a sufficiently diverse set of domain specific examples that could 

point to the existence of the systems thinking tenets. 

2.0 Methods 

The following methods section will briefly cover the systems thinking tenets, describe the 11 

accidents selected for inclusion, and provide details around AcciMap development and the tenet 

identification process. 

2.1 Tenets of accident causation 

The 15 systems thinking tenets of accident causation are presented in Table 1.  The definitions and 

unsafe system descriptions have been modified to enhance readability; however, the underlying 

meanings remain unchanged.  A detailed account of the process by which the tenets were identified, 

refined, and formalised can be found in the source material (Grant et al. 2018). 

 

<insert Table 1 about here> 

 

The tenets are a representation of the core features associated with both old and new accident 

causation models (Dekker 2011; Hollnagel 2012; Leveson 2004; Perrow 1984; Rasmussen 1997).  

The systems thinking tenets in their ‘unsafe mode’ reflect the conditions and characteristics of a 

system and its behaviour that, either together or alone, are thought to cause (or contribute to) accident 
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occurrence (Grant et al. 2018).  As a point of comparison, the tenets are similar to a set of ‘ideal 

types’ proposed by Turner in the seminal work ‘Man-Made disasters’ (Turner 1978). 

2.2 Sources of accident information 

The network of contributory factors involved in each of the 11 accidents were modelled using 

AcciMap (Rasmussen 1997; Rasmussen and Svedung 2000).  Different members of the author team 

have, alone or together in joint projects, published five of the included AcciMaps in the peer reviewed 

literature, i.e., the Kerang collision and derailment (Salmon et al. 2013); the Mangatepopo drownings 

(Salmon et al. 2012); the Murrindindi bushfires (Salmon et al. 2014); the Stockwell shooting incident 

(Jenkins et al. 2010); and, the Uber-Volvo collision (Stanton et al. 2019).  Therefore, six new 

AcciMaps were developed specifically for this study based on the official investigation reports that 

were identified following an electronic search.  Table 2 contains information about the sources of the 

accident information, including relevant sections of the reports that were used to develop the 

AcciMaps given that summaries did not always provide adequate detail. 

 

<insert Table 2 about here> 

 

2.3 Accident descriptions 

This section provides a brief overview of the 11 accidents examined.  Various types of accidents and 

systems were selected for inclusion, covering aviation, theme parks, rail, nuclear power, outdoor 

education, emergency response, public health, maritime, and road transport.  The inclusion of various 

accident scenarios and their outcome in terms of severity was necessary to test whether the systems 

thinking tenets could be found on a more widespread basis.  Consequently, the severity of the 

accidents covered critical injury and loss of individual life through to multiple fatalities and 

international economic impacts.  The following descriptions focus only on the immediate 

circumstances and factors underpinning the accidents. 
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2.3.1 Air France 

On the 31st May 2009, Air France flight AF447 flying from Rio de Janeiro to Paris, stalled and 

crashed into the Atlantic Ocean, killing all 228 people on board.  Following a major investigation, the 

Bureau d’Enquêtes et d’Analyses pour la Sécurité de l'Aviation Civile (BEA) (BEA 2012), the French 

authority responsible for civil aviation accident investigations, concluded that the accident resulted 

from a series of events that began when the aeroplane’s Pitot tubes froze upon entry into an adverse 

weather system.  Once frozen, the Pitot tubes communicated spurious airspeed data to the cockpit 

which resulted in the autopilot disconnecting, reverting to alternate flight law, and handing over flight 

control to the aircrew (Salmon et al. 2016).  Unsure of the reason for the autopilot disconnection, the 

Pilot Flying (PF) put the aeroplane into a steep climb, likely believing that the aeroplane was in an 

over speed situation (BEA 2012).  The aeroplane gained altitude rapidly but lost speed quickly, with 

the PF continuing to apply nose up inputs until the aeroplane entered into a stall and began to rapidly 

lose altitude.  Unable to diagnose the situation and with little helpful information from the cockpit 

displays, the aircrew called the resting Captain back into the cockpit to seek his assistance.  The PF 

told the Captain that he had ‘had the stick back the whole time’, at which point the Pilot Not Flying 

(PNF) took control of the plane and applied nose down inputs in an attempt to prevent the stall and 

gain speed (Salmon et al. 2016).  Unfortunately, this was too late to arrest the stall, and at 02.14am, 

the aeroplane crashed into the ocean. 

2.3.2 Alton Towers theme park 

On 02 June 2015, an incident occurred on the ‘Smiler’ rollercoaster ride at the Alton Towers theme 

park, Staffordshire, United Kingdom (Health and Safety Executive; 2015a; HSE 2015b).  The Smiler 

ride operates according to a ‘bock zone system’ which ensures that only one train can occupy a single 

section of track at any given time (i.e., several trains can be in operation simultaneously).  If a train 

stalls on a designated section of track, the automated fail-safe system which is managed by a 

Programmable Logic Controller (PLC), shuts down operations until the hazard is cleared.  The 

operation of the Smiler ride relies on a Human Machine Interface (HMI) in the main housing that 

includes a visual display of the track layout, block zones, and ride status (HSE 2015a; HSE 2015b).  
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On the day of the accident, an unoccupied carriage had stalled in an area known as the ‘pit’.  In 

response to this, the ride’s PLC recognised the blockage and performed as it was designed, shutting 

down all activity to safeguard the ride and its passengers.  The train immediately behind the stalled 

carriage contained a full complement of 16 passengers and was ‘block stopped’ at the crest of the first 

major lift.  The attending engineers wrongly assumed that the stalled train in the pit was a ‘phantom’ 

train caused by glitch leftover from a previous fault.  In an effort to cancel the PLC alarms, reset the 

ride experience on the HMI, and clear a section of occupied track, two engineers began the process of 

manually overriding the system at two separate locations.  The stalled train was not observed on the 

CCTV systems by the operator, nor was it noticed by the engineer who performed the track-side block 

reset (HSE 2015a; HSE 2015b).  Upon completion of the manual override procedure, the loaded 

passenger train was released, striking the stalled carriage and critically injuring 14 people. 

2.3.3 Croydon Tram 

Early in the morning of 09 November 2016, a tram serving the Croydon and surrounding areas in 

South London, United Kingdom, derailed on sharp left-hand bend as it was approaching a junction 

(Rail Accident Investigation Branch; RAIB 2017).  With regard to the events leading up to the 

accident, heavy rain and early morning low light conditions compromised visibility, and signage and 

hard controls to indicate speed limits and track hazards were absent or inadequate.  This placed 

increased reliance on the ‘line-of-sight principle’, which affords train drivers full autonomy in terms 

of managing speeds and scanning the environment for hazards.  On the day of the incident, the tram 

passed through three tunnels at ~80km/h along a straight section of uneventful track (~1.6km).  When 

it emerged at the far end, its speed had not been significantly reduced and was still travelling at 

78km/h.  Upon reaching a sign indicating the start of a 20km/h zone, the driver attempted to apply the 

emergency service brakes, however the tram was still travelling at 73km/h when it entered the curve.  

The immediate cause of the accident was the overturning of the tram due to excessive speeds around a 

tight bend in the track.  Computer simulations conducted by the RAIB (2017) confirmed that the tram 

would have overturned had it entered the curve at any speed ≥49km/h.  Seven people were killed, 19 

were seriously injured, and 43 experienced minor physical injuries including the driver. 
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2.3.4 Fukushima Daiichi 

On 11 March 2011, an earthquake occurred in the Pacific Ocean off the East coast of the Oshika 

Peninsula of Tōhoku, Japan.  The subsequent tsunami overwhelmed a wide area of the Japanese 

coastline, with waves reaching as high as 10 meters.  At the Fukushima Daiichi nuclear power plant 

(NPP), operated by the Tokyo Electric Power Company (TEPCO), the earthquake caused damage to 

off-site power facilities and supply lines, and the tsunami caused substantial destruction to the 

operational and safety infrastructure on-site (International Atomic Energy Agency; IAEA 2015; 

National Diet of Japan; NDJ 2012).  The combined effect led to a total loss of power at the facility, 

which is commonly referred to as a ‘station blackout’.  The location of the back-up diesel emergency 

power generators in the basement of the reactor units made them susceptible to floodwater damage.  

With no means of supplying power to the reactor core isolation cooling systems, the nuclear fuel 

melted, and three containment vessels were breached (IAEA 2015; NDJ 2012).  Hydrogen was 

released from the reactor pressure vessels, leading to explosions inside the reactor buildings that 

damaged structures and equipment and injured personnel.  Radionuclides were released from the plant 

into the atmosphere and were deposited on both land and sea.  The economic cost and impact of the 

released radiation on human health makes the Fukushima Daiichi incident one of the worse nuclear 

accidents in modern times. 

2.3.5 Kerang 

On the 25th June 2007, a loaded semi-trailer truck struck a passenger train on a rail level crossing near 

the town of Kerang in northern Victoria, Australia, killing 11 train passengers and injuring a further 

14 passengers and the truck driver (Office of the Chief Investigator; OCI 2007; Salmon et al. 2013).  

Travelling at around 100km/h, the truck passed various passive warnings on approach to the crossing 

(e.g., ‘RAIL’ and ‘X’ road markings, followed by a rail level crossing warning sign) and continued to 

approach the crossing without slowing.  The truck driver later stated that, after noticing the warning 

sign, he checked the flashing light assembly, but did not detect the lights flashing.  Around 140m 

before the crossing, the train driver noticed that the truck was approaching the crossing at speed and 

sounded the train horn for several seconds (Salmon et al. 2013).  After noticing a stationary vehicle 
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waiting on the other side of the crossing, the truck driver finally became aware of the train, applied 

the brakes, and attempted to take evasive action by steering the truck into a gully to the left of the 

train tracks.  The truck struck the second passenger car of the train, causing the train to derail.  

Following their investigation into the incident, the Office of the Chief Investigator concluded that for 

undetermined reasons the truck driver did not respond in an adequate time and manner to the level 

crossing warning devices (OCI 2007; Salmon et al. 2013). 

2.3.6 Mangatepopo 

The Mangatepopo gorge tragedy occurred on the 15
th
 April 2008 when six students and their teacher 

drowned during a gorge walking activity in the Tongariro National Park, New Zealand (Bookes 2009; 

Salmon et al. 2012).  The incident occurred when a group of 10 college students and their teacher, led 

by an instructor from a local outdoor pursuit centre, became trapped on a ledge in the gorge due to a 

flash flood caused by heavy rain in the area (Bookes 2009).  Fearing the group would be washed off 

the ledge, the inexperienced instructor attempted to evacuate the group from the ledge and gorge via 

an improvised plan.  This involved tying strong swimmers to weak swimmers in pairs and asking 

them to enter the water, following which the instructor would extract them downstream using a ‘throw 

bag’ technique whereby a bag attached to a length of rope is used to pull people out of the water 

(Bookes 2009; Salmon et al. 2012).  Tragically, only the instructor and two students managed to 

escape the river as intended, with the remaining eight students and teacher being swept downstream 

and then over a spillway.  Six students and their teacher eventually drowned, with only two of those 

swept over the spillway surviving (Bookes 2009). 

2.3.7 Murrindindi 

The Black Saturday Bushfires were a series of major bushfires that burned across the state of Victoria 

in February 2009 (Salmon et al. 2014; Victorian Bushfires Royal Commission; VBRC 2009).  One of 

the fires, known as the Murrindindi fire, burned through 168,542 hectares of land, caused 40 fatalities 

and 73 injuries, and destroyed over 500 houses along with the commercial centre of Marysville and 

much of its public infrastructure (VBRC 2009).  The fire began at approximately 14:55pm on the 7
th
 

Acc
ep

te
d 

M
an

us
cr

ipt



February 2009.  After travelling rapidly to Narbethong, early evening wind changes caused the fire to 

sweep through the neighbouring communities of Marysville, Buxton and Taggerty.  Due to the 

intensity and speed of the fire, many were killed either attempting to defend their properties or 

attempting to evacuate the area (Salmon et al. 2014; VBRC 2009).  The fire continued to burn for 

weeks and was only fully contained on 5
th
 March 2009.  In the aftermath, the official inquiry 

identified various failures that impacted the efficiency of the response to the Murrindindi fire.  These 

included an inadequately staffed Incident Management Team (IMT), various IMT failures (e.g. 

planning, use of information, warnings, command and control), lack of coordination between 

agencies, poor communication and inadequate warnings (VBRC 2009). 

2.3.8 Pike River 

On 19 November 2010, there was an underground explosion at the Pike River coal mine.  Situated in 

the West Coast region of New Zealand’s South Island, the Pike River coal mine was officially opened 

in 2008.  Access to the mine workings was through a 2.3km stone ‘drift’, or tunnel, which ran on a 

slight uphill angle through complex geological faulting to intersect a major coal seam where a 

majority of the activities occurred.  The immediate cause of the explosion was the ignition of a 

substantial volume of methane gas, however the source of the accumulated methane and the 

circumstance in which it was ignited are subject to several possible explanations (Royal Commission 

of Pike River; RCPR 2012).  Methane gas, which is found naturally in coal seams, is highly explosive 

when it comprises 5%-15% volume of air.  The monitoring and control of methane with the 

appropriate technologies and ventilation systems is a critical requirement in both the design and 

operational phases of coal mining.  There were numerous warnings of a potential catastrophe at Pike 

River, including reports of high methane levels by underground workers and deputies (RCPR 2012).  

For a range of reasons, these warnings were not taken seriously, and the drive to produce coal before 

the mine was ready from a safety perspective resulted in an explosion that led to the death of 29 

workers.  
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2.3.9 Stockwell 

In July 2005, the city of London, United Kingdom, was targeted by one of the worst terrorist attacks 

in its history when four suicide bombs were detonated at different locations killing 52 innocent people 

and injuring hundreds more.  The city was immediately placed on high alert, with citizens and 

authorities fearing the worst regarding the possibility of further attacks.  These fears were soon 

realised.  Two weeks following the initial bombings on July 21
st
, four failed explosive devices were 

found at separate locations around London, however, all four bombers escaped (Independent Police 

Complaints Commission; IPCC 2007; Jenkins et al. 2010).  At one of the crime scenes, the Shepherds 

Bush tube station, the police found evidence to help identify the main potential suspect, Hussain 

Osman, including the description of an address of interest (IPCC 2007).  A decision was made to 

undertake covert surveillance of Hussain and known affiliates and coordinate an operation to gather 

intelligence on any person or persons entering or leaving the identified Scotia Road premises (IPCC 

2007; Jenkins et al. 2010).  Operation ‘Nettle tip’ commenced on July 22
nd

, and involved a network of 

policing units, covering specialised firearms (CO19), a national security branch (SO12), a counter 

terrorism command department (SO15), and support staff in the main control room at Scotland Yard 

headquarters (IPCC 2007; Jenkins et al. 2010).  A shoot-to-kill policy known as ‘Operation Kratos’ 

was mandated.  At approximately 09:30am on the morning of the 22
nd

, special branch SO12 at the 

Scotia Road location were first alerted to Jean Charles de Menezes (JCdM), an innocent civilian of 

Brazilian Portuguese decent.  Mistaking him to be Hussain Osman, special branch SO12 followed 

JCdM for over half an hour to the Stockwell underground train station.  After boarding a stationary 

train, two CO19 officers opened fire, shooting and killing JCdM. 

2.3.10 Swanland 

On 27 November 2011, the 34-year-old Cook Islands-registered general cargo ship ‘Swanland’ 

experienced a structural failure as it navigated rough seas and high winds approximately 20km off the 

Welsh coast, United Kingdom (Marine Accident Investigation Branch; MAIB 2013).  The major 

factors contributing to the sinking of the vessel included the non-homogenous loading of high-density 

limestone which placed considerable stresses in the vessel’s midships area.  The rough seas and high 
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winds produced wavelengths similar to the length of Swanland, further exacerbating the stresses on 

the midship.  The longitudinal strength of the vessel had weakened significantly in the years leading 

up to the accident, both as a direct result of corrosion and wastage as well as the fact that overall 

maintenance and repair of Swanland lacked focus and oversight (MAIB 2013).  The reasons for poor 

compliance with safety standards and maritime regulations were many and complex, covering 

surveying and auditing factors through to the decisions around registering cargo ships with a 

classification society.  Of the eight crew on board, only two were rescued.  Other than the chief officer 

who was later recovered during an air and search rescue, the remaining crew members were never 

found (MAIB 2013). 

2.3.11 Uber Volvo 

At around 9:58pm on Sunday 18th March 2018, a Volvo XC90 Sport Utility Vehicle (SUV) fitted 

with Uber’s self-driving system struck and killed a pedestrian on Mill Avenue, in Tempe, Maricopa 

County, Arizona (National Transportation Safety Board; NTSB 2018; NTSB 2019).  The vehicle was 

being tested as part of Uber’s Arizona testing program and was occupied by a vehicle safety operator 

at the time of the collision (Stanton et al. 2019).  The collision occurred when a female pedestrian 

attempted to cross Mill Avenue from a centre median strip rather than a nearby pedestrian crosswalk.  

Although the test vehicle detected an obstacle in the road ahead, it failed to initiate an emergency 

braking manoeuvre, and the vehicle operator failed to intervene until it was too late, only seeing the 

pedestrian immediately prior to impact (Stanton et al. 2019).  The Uber system first registered radar 

and LIDAR observations of the pedestrian around 6 seconds before impact (NTSB 2018; NTSB 

2019).  The self-driving system first classified the pedestrian as an unknown object, then as a bicycle, 

but could not forecast the intended path.  Around 1.3 seconds before impact, the self-driving system 

determined that an emergency braking manoeuvre was required in order to avoid a collision (NTSB 

2018; NTSB 2019).  Such a manoeuvre could not be initiated by the vehicle under computer control 

as the Volvo ‘City Safety’ system had been disabled when fitting the Uber system.  
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2.4 Development of AcciMaps 

Before creating the six proposed AcciMaps, it was useful to firstly review relevant sections of the 

official investigation reports to become familiar with the circumstances described.  It was here that 

any specialised terminology and domain-specific jargon were noted and clarified.  Following an initial 

read, the AcciMaps were developed in the following way.  First, a model of the RMF (Rasmussen 

1997) containing six hierarchical levels was drawn using electronic software (Microsoft Visio for 

Windows) and the contributory factors identified in each report were mapped onto the appropriate 

system level covering the equipment and environment at the lowest level to the government and 

legislative at the highest.  For example, in the case of the Swanland accident, the official report of the 

MAIB (2013) explained that the registration of said vessel was transferred to the Cook Islands and 

was entered into class with the International Naval Surveys Bureau (INSB).  Given the nature and 

profile of the organisations involved, this decision/factor was placed at the regulatory bodies, state 

government departments, and industry associations level of the AcciMap.  Thus, the contributory 

factors were identified by reading and annotating the relevant sections of the official reports as 

indicated in Table 2.  The factor mapping exercise was considerably iterative as nodes were added, 

merged, removed, renamed, and refined.  Given the large quantity of available information to work 

with, including the finest of details (e.g., failed components) through to macro-level concepts (e.g., 

inadequate safety regulations), it was essential for the developed AcciMaps to find a balance and 

convey the main reasons for why the accidents occurred.  Consistent with existing AcciMap 

guidelines, only those factors that were necessary for making sense of the accident scenario were 

included (i.e., the accident would probably not have occurred in their absence or would not have been 

severe in terms of outcome) (Branford et al. 2009).  Second, when all factors across the system had 

been positioned on the appropriate level of the RMF, the relationships between them were described.  

The relationships were based on the official report, were not subject to analyst judgement, and 

reflected the temporality and associations between and among factors that had been described.  The 

process of identifying the systems thinking tenets commenced once all AcciMaps were finalised.  
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2.5 Tenet identification process 

Two authors (AH, PS) examined the contributory factors and their relationships within each AcciMap 

and identified domain specific examples that were considered to reflect the systems thinking tenets.  

For instance, in the case of the Fukushima Daiichi accident, evidence for the tenet ‘tight coupling’ 

was derived by examining the relationship between two factors, namely, ‘damage to off-site power 

facilities’ and the subsequent ‘loss of on-site power’.  Based on the unsafe system description for tight 

coupling, the example chosen above was deemed representative of the tenet as the loss of on-site 

power to the NPP was an inevitable consequence of an external power failure.  To take another 

example, the tenet ‘sensitive dependence on initial conditions’ was identified in the Pike River 

AcciMap based on the factor ‘industry deregulation’ which was a critical antecedent occurring 

decades before the mine explosion.  Industry deregulation was linked to both the initial mine design 

and its construction, as well as the strategy and regulation around mine management.  The causal 

effect of the mine design and deficient management regulation propagated throughout the system and 

influenced a range of additional factors.  It is worth noting that many of the tenets could have been 

identified with more than one example from the AcciMaps.  To address the main purpose of this 

research, that is, to identify the tenets and evaluate the capability of AcciMap, only a single example 

was required.  A meeting was held with all five authors to discuss the appropriateness and suitability 

of the identified tenets for two of the accidents – Fukushima Daiichi and Croydon Tram – with the 

goal of achieving group consensus.  This was to ensure that the examples were ontologically 

consistent with the underlying premise of all 15 tenets. 

2.6 AcciMap reliability 

Inter-rater reliability testing was undertaken for the Croydon Tram derailment AcciMap.  The analysis 

aimed to ascertain the level of agreement regarding the number and types of factors identified.  The 

assessment involved comparing the contributory factors identified in the original Croydon Tram 

derailment AcciMap, constructed by AH, with a second version of the AcciMap constructed 

independently by PS using the same sections of the RAID report as outlined in Table 2.  This revealed 

a percentage agreement score of 66.7%, with both analysts agreeing on 26 out of a total of 39 

Acc
ep

te
d 

M
an

us
cr

ipt



contributory factors across both AcciMaps.  This result is higher than a recent study that examined the 

inter-analyst reliability of AcciMap, finding the degree of overlap of causal factors to be 38.0% 

(Goncalves Filho et al. 2019).  All AcciMaps were reviewed by PS and any disagreements were 

resolved via discussion until consensus was achieved. 

3.0 Results 

3.1 AcciMap characteristics 

A total of 478 (M=43.5, SD=12.5) contributory factors were identified across the 11 AcciMaps, 

ranging from a minimum of 32 factors in Croydon Tram to a maximum of 71 in Murrindindi (Figure 

1).  Contributory factors in nine of 11 AcciMaps were identified across all of the six system levels.  In 

both the Air France and Alton Towers AcciMaps, contributory factors were identified at five out of 

the six levels (i.e., no factors were identified at the government/parliament level for both accidents). 

 

<insert Figure 1 about here> 

 

A majority (n=139) of the contributory factors were identified at the equipment and surroundings 

level, followed by physical processes and actor activities (n=125), local government and company 

management (n=70), technical and operational management (n=61), regulatory bodies, state 

government departments, and industry associations (n=47), and the government and parliament level 

(n=36).  Figure 2 presents the mean number of factors identified on each level of AcciMap across the 

11 accidents.  The AcciMaps can be viewed in Electronic Supplementary Material 1. 

 

<insert Figure 2 about here>  
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3.2 Tenet identification results 

The first main finding is that the tenet ‘functional dependencies’ was merged with ‘tight coupling’.  

This was due to the fact that the examples identified were applicable to both tenets according to their 

definition and unsafe system description (Table 1).  Overall, 137 (83.0%) out of a total 165 possible 

examples were classified as one of the tenets (i.e., 15 [tight/loose coupling] x 11 AcciMaps).  Figure 1 

also presents the frequency of the presence of the systems thinking tenets across the 11 accidents.  

The tenets were identified across all systems and accidents, regardless of context or type of accident.  

Figure 3 highlights that feedback loops (n=3 AcciMaps), modularity (n=6 AcciMaps), 

decrementalism (n=2 AcciMaps), and unruly technologies (n=4 AcciMaps) were the least frequently 

identified tenets. 

 

<insert Figure 3 about here> 

 

3.3 Unsafe conditions and characteristics supporting the tenets 

The following section describes examples of the tenets identified in three of the 11 accidents, 

including aviation (Air France), nuclear (Fukushima Daiichi), and mining (Pike River).  The selection 

of these three accidents in different systems offers a suitable number of varied examples that were 

used as a basis to identify the systems thinking tenets.  For further information, the complete tenet 

identification tables across the 11 accidents can be viewed in Electronic Supplementary Material 1. 

3.3.1 Air France 

Twelve examples reflecting the tenets were identified in the Air France accident.  The tenet ‘normal 

performance’ contributed to the disaster when the captain took a scheduled relief break leaving two 

less experienced co-pilots in control of the aircraft.  This was a routine behaviour that had occurred on 

many previous occasions and represented normal performance in flight operations.  The tenet 

‘performance variability’ was identified based on the fact that the co-pilot erroneously put the aircraft 
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into a steep climb.  The correct action would have been to keep the aircraft straight and level which 

required minimal control inputs.  The tenet ‘tight coupling’ was found when the on-board computers 

disconnected the autopilot and reconfigured the aircraft’s flying mode to alternate law.  In this case 

the autopilot and the flight mode were tightly coupled in that a disconnection meant an automatic 

reversion to alternate law.  In terms of the tenet ‘non-linear interactions’, the freezing of the pitot 

tubes, a seemingly inconsequential event, created a sequence of branching decisions and actions that 

were ultimately linked to 228 fatalities.  The tenet ‘feedback loops’ was visually identified in the 

AcciMap.  Specifically, the co-pilot put aircraft into a steep climb based on assumption that aircraft 

was in an overspeed situation.  This action contributed to the buffeting phenomenon (i.e., high-

frequency instability), which in turn reinforced the belief the aircraft was in an overspeed situation, 

encouraging further climbing control inputs.  The tenet ‘sensitive dependence on initial conditions’ 

was identified based on the Airbus cockpit design philosophy which was linked to a number of 

limitations influencing the aircrew’s response to the unfolding situation (e.g., absence of force 

feedback on flight control sticks). 

3.3.2 Fukushima Daiichi 

Twelve examples reflecting the tenets were identified in the Fukushima Daiichi accident.  The tenet 

‘constraints’ contributed to the accident when the isolated condenser and the reactor core isolation 

cooling systems could no longer control increasing temperatures within the nuclear cores.  With 

regard to the tenet ‘normal performance’, on-site replacement power facilities, such as the emergency 

diesel generators and the isolated condenser in unit one, automatically started to restore AC power in 

all six units.  The tenet ‘linear interactions’ was identified due to the loss of emergency DC power 

which led to operators being unable to monitor essential NPP parameters, including the temperature of 

the reactor cores.  The tenet ‘sensitive dependence on initial conditions’ was demonstrated based on 

the facility’s location on the water’s edge for heat sink purposes.  This increased the vulnerability of 

the system to the effects of a tsunami.  
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3.3.3 Pike River 

Thirteen examples reflecting the tenets were identified in the Pike River accident.  The tenet ‘vertical 

integration’ (or lack thereof) could be traced back to deficient incident reporting practices at higher 

system levels which subsequently resulted in poor compliance with safety-related protocols at lower 

system levels.  The tenet ‘constraints’ was supported when it was found that financial pressures and 

cost-cutting strategies affected the maintenance and number of gas monitoring installations 

throughout the mine.  Gas monitoring devices were (and are) essential for alerting workers to a 

potential build-up of methane, however mining activities continued despite the associated risks.  A 

tenet that was identified across all 11 accidents was ‘emergence’.  In the case of the Pike River 

accident, the increasing accumulation of hazardous methane was an emergent outcome that cannot be 

reduced down to inadequate gas monitoring technologies or physical mining processes.  Rather, 

political, regulatory, organisational, and cultural factors played a considerable role in the 

accumulation of methane via multiple mediating pathways.  The tenet ‘loose coupling’ was evident in 

the AcciMap as front-line operations occurred independently and away from management systems.  

As a result, potential risk-taking behaviours were obscured from governance teams who were 

preoccupied with financial concerns.  A tenet that was found in Pike River yet appeared less 

frequently across all accidents was ‘unruly technologies’.  In particular, to accelerate productivity, an 

aggressive hydro-mining approach was adopted.  Unfortunately, the use of hydro-mining technology 

in an area involving complex geological faulting unexpectedly contributed to significant roof 

collapses which released large quantities of hazardous methane. 

4.0 Discussion 

The purpose of this study was to attempt to identify the systems thinking tenets across a range of 

different systems and accidents using the AcciMap method in which to do so.  Evaluating AcciMap 

for this purpose provides evidence regarding its capability as an accident analysis method.  The 

findings can be viewed as a continuation of recent work that suggested there was a need to test for the 

presence of the tenets in a multi incident dataset or collection of accidents (Grant et al. 2019; Grant et 

al. 2018).  The following discussion will cover the tenet identification process, including the specific 
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examples that were deemed to reflect the tenets, and will comment on the capability and scope of 

AcciMap for this purpose.  Future directions for research are proposed. 

4.1 Identification of the systems thinking tenets 

The analysis demonstrates that all of the tenets were found across the 11 accidents, although some 

were found more frequently than others.  Specifically, 137 out of a total 165 possible examples were 

classified as one of the tenets.  This result provides further support for the systems thinking tenets as a 

set of conditions and characteristics that play a role in accident causation (Grant et al. 2018).  

Examples of the tenets were found in all 11 accidents and, perhaps more importantly, they were 

shown to interact with one another as part of the causal networks identified.  The findings also point 

to the need for further work.  For example, the less frequently identified tenets included feedback 

loops, modularity, decrementalism, and unruly technologies.  It may be the case that some tenets are 

harder to identify relative to others either due to the analysis method adopted, including the way 

outputs are interpreted, or simply because in reality the tenets do not feature as prominently in 

accident causation.  Further research exploring the frequency with which each tenet appears in 

accidents across a large-scale dataset is therefore recommended.  One useful avenue could be to use 

the information and data derived from an incident reporting and learning system such as the 

Understanding and Preventing Led Outdoors Accident Data System (UPLOADS) (Salmon et al. 

2017b).  At the time of writing, the UPLOADS national incident dataset contains over 5000 incidents 

that have been analysed using the AcciMap framework.  Lastly, the analysis revealed that two of the 

tenets, functional dependencies and tight coupling, were describing the same phenomena.  This 

occurred as the identified examples deemed to represent functional dependencies were also reflective 

of tight coupling.  For this reason, these tenets were merged, and it is proposed that the original 15 

systems thinking tenets be reduced to 14. 

4.2 Unsafe conditions and characteristics reflecting the tenets 

The contributory factors, decisions and actions deemed to reflect the tenets varied across the included 

systems and accidents.  For example, in the Murrindindi bushfire system, the tenet linear interactions 
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was based on the relationship between two naturally occurring environmental factors, namely a severe 

and prolonged heatwave that directly resulted in dry forest and grasslands (Salmon et al. 2014).  This 

is unlike the physical, technology-based example identified in the Uber-Volvo collision.  In that 

accident, the tenet linear interactions was identified when the vehicle city safety system was disabled, 

leading to the automated emergency braking systems being unable to respond when required (NTSB 

2018; NTSB 2019).  Another example from the Murrindindi incident to support the tenet performance 

variability was the act of dividing police functions between three separate units to facilitate 

intraorganizational coordination during the crisis.  Despite the intent of this decision to streamline the 

sharing and management of workloads across the organisations involved, it unfortunately led to 

confusion over roles and responsibilities and contributed to communication failures via operational 

fragmentation (Salmon et al. 2014).  Interestingly, this factor was located at the government policy 

and budgeting level of the Murrindindi AcciMap, whereas in the Uber-Volvo accident, the equivalent 

example was found at the physical processes and actor activities level.  In the case of the latter, 

performance variability was identified when the driver of the vehicle, distracted by a smartphone and 

the in-vehicle display, intervened too late and the car collided with the pedestrian (Stanton et al. 

2019). 

The descriptions above comparing two ostensibly different work systems suggest that the identified 

examples reflecting the tenets varied considerably.  The conditions and characteristics supporting the 

identification of the tenets covered relationships between factors within the natural environment 

through to the relationships between physical components within a technology-based system.  Before 

drawing any definitive conclusions about what this means for accident causation, it is important to 

acknowledge the interpretation involved during the process of finding and fitting examples to the 

tenets.  Despite agreement from all five authors regarding the applicability of the examples selected, 

their identification relied on analyst subjectivity and informed judgement.  With this caveat in mind, 

what the tenet identification process demonstrates is that there appears to be a set of archetypal 

conditions and characteristics underpinning the cause of accidents across work systems.  Indeed, in 

the case of the Murrindindi and Uber-Volvo accidents, there was evidence in both to support that at 
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least one case of ‘direct and predictable cause-effect relationships between system elements and 

production sequences’ contributed to their aetiology (i.e., linear interaction).  Whilst this conclusion 

may have been subject to expert opinion prior to the analysis, it had never actually been tested 

theoretically or empirically, nor have appropriate and diverse examples been offered.  The same 

reasoning applies to all of the systems thinking tenets and accidents. 

4.3 AcciMap capability and scope 

AcciMap has been labelled as one of the most popular state-of-the-art accident analysis methods 

(Hulme et al. 2019; Salmon et al. 2020; Stanton et al. 2019; Waterson et al. 2017).  An important line 

of inquiry for the present study was thus to determine whether AcciMap has the capacity to support 

the identification of the systems thinking tenets.  For example, Shorrock and Williams (2016) have 

commented on the so-called research-practice gap in ergonomics, explaining that such a gap exists 

due to the following three constraints: (i) information accessibility and the intellectual property rights 

of methods and journal articles; (ii) the usability of methods and complexities surrounding their 

application, including the testing of reliability and validity, or lack thereof; and, (iii) the context that 

ergonomics methods are applied to, specifically around the translation of ergonomics research 

findings that can then be used by practitioners.  In context of the current study, the second ‘usability 

constraint’ is most pertinent to address the question of whether or not AcciMap has the capacity to 

describe the tenets of accident causation.  Indeed, the ability to learn from adverse incidents and loss 

events through evidence-based accident analysis activities is an essential part of ergonomics science 

(Salmon et al. 2016).  A method that is capable of accurately modelling the complex and systemic 

nature of accident aetiology in both theory and practice is necessary in which to identify and 

implement appropriate remedial measures and safety interventions that could (and ideally should) 

reside across all system levels.  Accordingly, the findings of this study indicate that the majority of the 

tenets can be found via AcciMap, however as previously mentioned, it was challenging to identify 

feedback loops, modularity, decrementalism, and unruly technologies.  This suggests that AcciMap 

may not fully support analysts with the identification all of the tenets, particularly those that involve 

changes in behaviour over time (i.e., feedback loops, decrementalism). 
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With regard to feedback loops, the multi-linear nature of AcciMap in terms of how relationships 

among factors are typically described is not necessarily amenable at capturing more complex cyclical 

patterns of causation.  It may be that other methods are better suited at examining and modelling 

feedback.  For instance, STAMP (Leveson 2004) is a more appropriate accident causation approach 

given that feedback loops can be visualised on the control structure model.  In addition, causal loop 

diagrams developed either as part of a Causal Analysis based on STAMP (CAST) analysis (Leveson 

2011), or when applied on their own (Goh et al. 2010; Goh et al. 2012), are useful at modelling the 

interlocking nature of multiple balancing and reinforcing loops.  The AcciMaps providing evidence of 

feedback, namely Air France, Fukushima Daiichi, and Pike River, were the only three to visualise a 

cyclical relationship among factors in the output.  An implication of this finding more generally 

pertains to the reliability of the AcciMap method, particularly as analysts will tend to develop models 

differently based on personal expertise and/or prior experience (Stanton 2016; Stanton and Young 

2003). 

Similarly, the tenet decrementalism was identified in only two of 11 AcciMaps (i.e., Pike River, 

Swanland).  In the Pike River AcciMap, a number of connected nodes across the system suggested 

that decrementalism had occurred based on the fact that increased financial pressures, cost cutting 

strategies, and a growing sense of urgency to produce coal were contributing to the continued use of 

unsuitable machinery and equipment.  This observation is consistent with the definition of 

decrementalism which explains that organisational changes can eventually create unsafe behaviours 

and practices.  From this it can be concluded that using AcciMap to describe decrementalism may 

place greater reliance on both the subject matter knowledge of the analyst who is responsible for 

developing models, as well as any person who has the task of interpreting the output.  Consequently, 

AcciMap could be pushed to its methodological limits when attempting to convey the concept of 

system migration and drift (Dekker 2011), and again, other methods may be more suitable.  For 

instance, computational methods such as System Dynamics (SD) modelling and Agent-Based 

Modelling (ABM) can be used to simulate how systems and behaviours evolve and change over time 

(Cooke 2003; Hettinger et al. 2015; Holman et al. 2019).  Such approaches could complement more 

Acc
ep

te
d 

M
an

us
cr

ipt



traditional accident causation methods regarding the dynamic, real time tracking and modelling of 

systems (Salmon and Read 2019). 

The two remaining systems thinking tenets that were identified less frequently were unruly 

technologies and modularity.  In terms of the former, there were many instances of failed or 

dysfunctional technologies across the AcciMaps.  However, these factor descriptions are not 

necessarily congruent with the definition of what ‘unruly’ technology represents.  More precisely, an 

unruly technology is one that introduces unforeseen or unpredictable behaviours that create 

uncertainties around how and when system components may fail (Grant et al. 2019; Grant et al. 2018; 

Salmon et al. 2016; Stanton and Harvey 2017).  The AcciMaps in which unruly technologies were 

identified include Air France, Croydon tram, Pike River, Stockwell, and Uber-Volvo.  In all of these 

instances, the effects of the technologies described could not have been reasonably anticipated with 

regard to the influence they had on other factors or indeed the main incident itself, hence appropriate 

examples were located.  This means that either unruly technologies do not always consistently 

contribute to accident causation, or as with the tenet identification process in general, analyst 

subjectivity and/or the nature and type of data provided in official investigation reports (or lack 

thereof) may explain the observed finding. 

There are two likely reasons that explain why modularity was only identified in six of 11 AcciMaps.  

The first is that conceptually, modularity is arguably one of the more challenging tenets to understand 

and relate to when thinking about accident causation in practice.  In the article that initially formalised 

the systems thinking tenets (Grant et al. 2018), only work associated with Rasmussen’s (1997) RMF 

and Perrow’s (1984) Normal Accident Theory (NAT) offered a supporting definition and description 

for modularity.  Second, the AcciMaps in this study were developed using official investigation 

reports and retrospectively collected data.  What this means is that modularity may not be something 

that accident investigators are actively seeking to identify when exploring causation and describing 

aetiology, which is analogous to the ‘what-you-look-for-is-what-you-find’ principle (Hollnagel et al. 

2008; Lundberg et al. 2009). 
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In summary, there is every possibility that all of the tenets do play a considerable, objective role in 

accident causation regardless of severity or the domain or work system.  However, there are clearly 

methodological, conceptual, and accident investigation and incident reporting considerations that 

should be equally acknowledged when addressing the frequency with which the tenets are, and have 

been, identified.  Whilst it cannot be definitively known whether the tenet identification process is 

influenced, to a greater or lesser degree, by the method itself or the practitioner’s skill, experience, 

and knowledge of the domain, it is these authors’ opinion that is more than likely a combination of the 

above with a bias towards the method regarding certain tenets.  For example, the analytical capability 

of AcciMap is stretched when the method attempts to convey system migration and drift, and cyclical 

patterns of behaviour and feedback.  This is a partly due to the qualitative approach taken in which to 

develop AcciMap outputs, including the process of identifying factors, mapping them onto the 

appropriate level, and conceptualising accident trajectories as a top-down, multi-linear process. 

4.4 Intra-analyst reliability and construct validity 

There is often too little reported on the reliability and validity of ergonomics methods in the peer 

reviewed literature (Stanton 2016).  In fact, formal studies are very sparse indeed.  Stanton and Young 

(1999) conducted a comparative study of 12 methods and found their performance to be extremely 

variable, largely depending upon the degree of formality of the method itself.  Those methods that 

were more structured and less ambiguous reported higher inter-analysis and intra-analyst reliability 

and predictive validity.  The study reported in the current paper seems to suggest satisfactory 

construct validity for the AcciMap as a systems method, as it appeared to describe all 14 (previously 

15) tenets across the 11 AcciMaps.  The domain generality and flexibility of the method to assess 

different work systems is therefore encouraging.  There is a growing consensus in the literature and 

across the safety science community regarding the generality and usefulness of the approach (Stanton 

et al. 2019).  Initial reports of intra-analyst reliability are encouraging (Banks et al. 2019), and so 

future research should seek to extend these studies of reliability and validity particularly among 

trainees and novices (Stanton and Young 2003).  
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4.5 Future research directions 

Based on the findings of this study, future recommendations for research can be proposed.  Having 

confirmed that each of the tenets can exist in accident scenarios, the next requisite step is to identify 

how the tenets interact with one another to create accidents.  Such questions represent important areas 

of further research for safety scientists.  It may be the case that the systems thinking tenets interact to 

form different patterns and structures that explain the nature and severity of different types of 

accidents.  This so-called multi-tenet interaction hypothesis should focus on the extent to which the 

tenets dynamically interact, including whether the tenet network changes shape and structure during 

the incubation period leading up to an accident.  There is, however, a pressing need to firstly examine 

the relationships between and among the tenets, and to produce what could be a theoretical model 

representing the tenets in a ‘web of causation’.  Indeed, such a model would provide a unified model 

of accident causation since the tenets were extracted from various popular models (e.g., Dekker 2011; 

Hollnagel 2012; Leveson 2004; Perrow 1984; Rasmussen 1997). 

From an accident investigation standpoint, a model and method that can inherently account for the 

systems thinking tenets and demonstrate how they have contributed to accident causation would 

provide a more valid description of the circumstances leading up to a loss event (Salmon 2016; 

Salmon et al. 2017a; Shorrock and Williams 2016).  For instance, a theory, structured framework or 

approach that encourages accident investigators to actively seek out and explicitly describe how 

certain tenets may have played a role in accident aetiology would offer new insights into the 

complexity of causation.  Although AcciMap is demonstrably useful as an accident causation method, 

it is questionable whether it can provide a comprehensive description about how and why accidents 

occur.  This is especially the case when the reliability and validity of AcciMap outputs is questionable 

to begin with (Goncalves Filho et al. 2019).  For example, whilst a second analyst independently 

developed one of the AcciMaps in this study, achieving an overlap of 67% for the contributory factors 

identified, the inter-rater reliability of the other outputs was not examined due to project constraints 

and the time taken to undertake a more comprehensive reliability study.  Therefore, in addition to the 

need for further reliability and validity testing, a useful line of future inquiry involves comparing 
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AcciMap with other systems-based accident analysis methods, such as STAMP-CAST (Leveson, 

2004) and FRAM (Hollnagel, 2012) for the purpose of evaluating whether different methods are 

better able to identify the systems thinking tenets.  On the basis of these findings, ongoing theoretical 

and methodological development and methods testing in the safety science and accident causation 

space is encouraged. 

5.0 Conclusion 

The main purpose of this study was to attempt to identify the systems thinking tenets across a range of 

different systems and accidents using the AcciMap method in which to do so.  Based on the 11 

accidents analysed, it is concluded that all 15 of the tenets appear to play a causal role in accidents; 

however, feedback loops, modularity, decrementalism, and unruly technologies were identified less 

frequently.  This most likely relates to conceptual, methodological, and/or incident reporting 

considerations that do not necessarily reflect the objective role or contribution of these tenets 

regarding accident causation.  It is thus concluded that AcciMap may not have the capacity to describe 

certain tenets, particularly decrementalism and feedback, which are arguably better captured with the 

use of other methods and approaches.  This is the first study in the ergonomics and safety science 

literature to test for the presence of the tenets across various accident scenarios.  Future studies are 

encouraged to explore whether certain tenets appear multiple times as well as to investigate the 

possibility that the tenets interact to form different patterns or networks that explain the likelihood and 

severity of accidents.  In doing so, it may be possible to propose a unified model of accident 

causation. 
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Figure 1: Frequency of contributory factors across 11 AcciMaps.  The AcciMaps for Air France, 

Alton Towers, Croydon Tram, Fukushima Daiichi, Pike River, and Swanland were developed using 

the official investigation reports (see Table 3 for details).  The lighter grey shading indicates the 

frequency of the presence of 14 systems thinking tenets across the 11 included accidents.  That is, a 

suitable example representing a contributory factor, decision or action was identified and found to 

reflect the particular tenet.  Following the analysis there are 14 and not 15 tenets as functional 

dependency was merged with tight coupling as a result of their apparent similarities during the tenet 

identification process. 

Figure 1 Alt text: A histogram including 11 bars corresponding to the 11 accidents.  The Murrindindi 

bar is highest, reflecting 71 contributory factors, followed by the Mangatepopo and Fukushima 

Daiichi accidents.  Next to those 11 bars are another set of 11 bars that correspond to the frequency 

with which the tenets were identified per accident.  Thirteen tenets were identified in the Pike River 

accident, which is the highest, and 10 tenets were identified in the Kerang accident, which is the 
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lowest.  The Y axis ranges from 0 through to 80, and the X axis contains a description of the 11 

accidents. 

 

Figure 2: Mean number of factors identified on each level of AcciMap across the 11 accidents. 

Figure 2 Alt text: A histogram including six bars that cover the six levels of the AcciMap model.  

The six bars range from the equipment and surroundings level on the far left of the graph, through to 

government and parliament on the far right.  The equipment and surroundings level bar shows that 

this AcciMap level contained the highest mean number of factors, around 13, whereas the government 

and parliament level of the AcciMap contained a mean number of 4 factors. 
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Figure 3: Radar chart visualising the relationship between 15 systems thinking tenets and the 

frequency of studies with which the tenets were identified.  Feedback loops, modularity, 

decrementalism, and unruly technologies were identified in three, six, two, and four AcciMaps, 

respectively.  In reality this does not mean that the accident itself or the precipitating circumstances 

lacked the presence of these less frequently identified tenets.  Implications and explanations around 

this are later discussed. 

 

Figure 3 Alt text: This is a radar graph that takes on a circular appearance.  There are 15 points of 

interest spaced evenly around the outside of the circle corresponding to each of the systems thinking 

tenets.  There are a series of 11 concentric faint grey lines rippling outward from the centre of the 

circle to the outside.  These lines correspond to the 11 accidents.  A think black line traces the 

frequency with which the tenets were identified across the 11 accidents, showing that feedback loops, 

modularity, decrementalism, and unruly technologies were identified less frequently. 
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Table 1: Grant et al.’s (2018) 15 systems thinking tenets of accident causation along with their 

definitions and unsafe system descriptions. 

Tenet Definition Unsafe system description 

Vertical 

integration 

Interaction between elements 

across levels of the system 

hierarchy 

Decisions and actions do not filter through the 

system and impact behaviour. Information 

regarding the current status of the system across 

levels is not used when making decisions. 

Constraints System elements that impose 

limits on, or influence, other 

system elements to create safe 

or unsafe behaviour 

A constraint that has failed to perform its 

function and/or restrict an appropriate response, 

behaviour or the desired variability in 

performance 

Normal 

performance 

The way that activities are 

actually performed within a 

system, regardless of formal 

rules and procedures 

Routine and expected behaviours that played a 

contributory role (i.e., were a ‘normal’ part of 

the aetiological mechanism) 

Performance 

variability 

System elements change 

performance and behaviour to 

meet the conditions in the 

world and environment in 

which the system operates 

Behaviours are adjusted to cope with changing 

circumstances; however, the outcome of the 

adjustment is not desirable 

Emergence Outcomes that result from the 

interactions between elements 

in the system that cannot be 

fully explained by examining 

the elements alone 

Emergent behaviours or outcomes that are 

unsafe or undermine the goals of the system 

Functional 

dependencies 

Necessary relationships and 

path dependence between 

Dependencies that are not wanted or expected, or 

breakdown when they are required to ensure 
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tightly coupled system 

elements 

safety 

Coupling The degree or ‘tightness’ and 

interconnectivity that exists 

between system elements 

Tight coupling: 

Cascading failures that 

propagate quickly and 

widely through the 

system when one 

element breaks down. 

Loose coupling: Loss 

of control regulating 

behaviours. Too 

much independence 

between elements. 

Non-linear 

interactions 

Complex interactions that 

produce dynamic unpredictable 

sequences and outcomes 

Seemingly inconsequential events have large 

effects which cannot necessarily be predicted 

Linear 

interactions 

Direct and predictable cause 

and effect relationships 

between system elements and 

production sequences 

Interactions are predefined and fixed with no 

allowances for adaptation when alternatives are 

required 

Feedback loops Positive and negative forms of 

feedback between system 

elements which influence the 

system’s behaviour 

Self-reinforcing and self-correcting feedback 

mechanisms are not controlled and amplify 

through the system, increasing risk and accident 

potential 

Modularity Sub-systems and elements that 

interact but are designed and 

operate independently of each 

other 

The system is tightly integrated and complex, 

substitutions cannot be made (e.g., no 

contingencies) 

Sensitive 

dependence on 

initial 

conditions 

Characteristics of the original 

state of the system that are 

amplified throughout and alter 

the way the system operates at 

Initial conditions and their influence on the 

system create unsafe behaviours 
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a later point in time 

Decrementalism  Minor modifications to system 

elements and/or normal 

performances that gradually 

create a significant change with 

safety risks 

Constant small organisational changes 

eventually create unsafe behaviours and practice 

Unruly 

technologies 

Unforeseen and unpredictable 

behaviours of new technologies 

that are introduced into the 

system 

Technology that introduces and sustains 

uncertainties about how and when things may 

fail 

Contribution of 

the protective 

structure 

The formal and organised 

structure that is intended to 

protect and optimise system 

safety but instead competes for 

resources with negative effects 

Protective structure inhibits performance 

variability. Introduces new tasks that do not 

contribute to the goal. Unnecessary controls. 
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Table 2: An overview of the accidents, source(s), date, description, and sections of the reports used to 

develop six AcciMaps. 

Accident Source(s) Date Description Length Sections and pages used to 

develop the AcciMap 

Air France French Civil 

Aviation Safety 

Investigation 

Authority (Bureau 

d'Enquêtes et 

d'Analyses pour la 

Sécurité de 

l'Aviation Civile) 

(BEA) 

2012 Final report on the accident 

on 1
st
 June 2009 to the 

Airbus A330-203 

registered F-GZCP 

operated by Air France 

flight AF 447 Rio de 

Janeiro - Paris 

221 pages  Analysis section, pages 

167-195 

 Conclusions section, 

covering the findings and 

causes of the accident, 

pages 197-203 

Alton 

Towers 

theme 

park 

United Kingdom’s 

Health and Safety 

Executive (HSE) 

2015  Factual report 

 Expert witness report 

 Factual 

report: 16 

pages 

 Expert 

witness 

report: 

254 pages 

 The whole of the factual 

report was used, covering 

the description of the facts 

and circumstances leading 

to the incident including 

preventative measures 

taken by the duty holders 

 Only the factual summary, 

commentary, and 

conclusions, pages 5-28 

was used in the expert 

witness report 

Croydon 

Tram 

Rail Accident 

Investigation 

2017 

(v.2 

Official investigation 

report, ‘Overturning of a 

181 pages  Accident summary, pages 

19-20 
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Branch (RAIB) 2018) tram at Sandilands 

junction, Croydon 

9 November 2016’ 

 Accident context, pages 

21-34 

 The sequence of events, 

pages 35-40 

 The facts and analysis, 

covering background, 

immediate causes, 

identification of causal 

factors, underlying factors, 

factors affecting the 

consequences, 

observations, and the role 

of the safety regulator, 

pages 41-133 

 Summary of conclusions, 

pages 139-141 

Fukushima 

Daiichi 

 The National 

Diet of Japan 

(NDJ) 

 The 

International 

Atomic 

Energy 

Agency 

(IAEA) 

2012 

 

 Fukushima Nuclear 

Accident Independent 

Investigation 

Commission (NAIIC) 

 Official Report by the 

IAEA to the Director 

General, technical 

volume 1/5 only, 

‘Description and 

Context of the 

Accident’ 

 NAICC: 

88 pages 

 IAEA: 

222 pages 

of 1254 

 NAIIC report: Conclusion 

and recommendations, 

pages 16-25 

 NAIIC report: Summary of 

findings, covering 

prevention, accident 

escalation, and emergency 

response, pages 25-37 

 IAEA report: Executive 

summary, pages 1-18 

 IAEA report: Summary 
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report, page 19 

 IAEA report: Report on the 

Fukushima Daiichi 

accident, pages 20-22 

 IAEA report: The accident 

and its assessment, 

covering description, 

nuclear safety 

considerations, and 

observations and lessons, 

pages 23-74 

Pike River The Royal 

Commission on 

the Pike River 

Coal Mine 

Tragedy (RCPR) 

2012 The Royal Commission on 

the Pike River Coal Mine 

Tragedy reported to the 

Governor General, 

covering two volumes: 

 Overview 

 Part 1, what happened 

at Pike River; Part 2, 

proposals for reform 

 Overview: 

44 pages 

 Part 1/part 

2: 228 

pages 

 

 Overview: Snapshot, pages 

12-13 

 Overview: What happened 

at Pike River, covering the 

immediate causes, 

underlying causes, the 

nature of the mine, the 

regulators, and the cause of 

the explosions, pages 14-25 

 Part 1/part 2: pages 20-206, 

covering context, 

organisational factors, mine 

systems, safety culture, and 

regulatory oversight 

Swanland Marine Accident 

Investigation 

2013 Official investigation 

report, ‘Report on the 

193 pages  Section 1: factual 

information, pages 3-119 
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Branch (MAIB) investigation into the 

structural failure and 

foundering of the general 

cargo ship Swanland Irish 

Sea 27 November 2011 

with the loss of six crew’ 

 Section 2: analysis, pages 

123-164 

 Section 3, conclusions, 

covering safety issues 

directly contributing to the 

accident, as well as other 

safety issues identified 

during the investigation, 

pages 166-168 (note that 

section 3 contains the main 

take home messages in a 

simplified format) 
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