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Preface

The 28th instalment of the European Safety and Reliability Conference contributes to a long-standing
tradition of sharing and learning in safety and reliability in Europe and beyond. Academics and
professionals from all over the world meet in Trondheim to share the state-of-the-art in safety and
reliability and discuss collaborations and future work.

The annual European Safety and Reliability Conference (ESREL) is an international conference under
the auspices of the European Safety and Reliability Association (ESRA). It is one of the largest, and
most important safety and reliability events in Europe and has become a recognized conference all over
the world.

ESREL aims to be an inclusive event where safety and reliability students can meet renowned
professionals and partnerships are forged between participants from all parts of the globe. This
inclusiveness has been a characteristic for ESREL over many years and it contributes to the continued
success of ESREL and ESRA.

NTNU is a university with an international focus, with headquarters in Trondheim and additional
campuses in Alesund and Gjevik. NTNU has a main profile in science and technology, a variety of
programmes of professional study, and great academic breadth that also includes the humanities, social
sciences, economics and medicine. The Department of Marine Technology (IMT) is a world leader in
education, research, and innovation for engineering systems in the marine environment. Areas of research
include safety and reliability of marine systems, dynamic modeling, marine engineering, transport and
production for oceans and the Polar Regions.

The programme of ESREL 2018 offers a variety of arenas for discussion. In invited and plenary lectures
world leading scientists explain what their contributions are and share their view for the future of safe
societies in a changing world. Internationally recognized university teachers, researchers and practitioners
support sharing and discussion in topic sessions and special sessions focus on topics that are of interest
to special interest groups. Industry challenge sessions offer an arena to industry professionals to discuss
direct industry interests in the field of safety and reliability. And finally, talented young researchers have
an opportunity to share their work.

This volume contains more than 400 abstracts of the scientific and industry contributions from the
ESREL conference; it is ordered according to the methodologies that form the backbone of the ESREL
conference. The full papers are published as Open Access papers on the following website: @@@ @@ @
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Comparing HFACS and AcciMaps in a health informatics case study—
the analysis of a medication dosing error

0.0. Igene & C.W. Johnson
Department of Computing Science, University of Glasgow, Scotland

ABSTRACT: The utilization of Information Technology/software systems is considered a proac-
tive measure for reducing medication errors, providing clinical efficiency and improving patient safety.
However this has added a layer of risk that can potentially harm patients and compromise safety. A com-
parative study using specific accident models; the Human Factors and Classification Systems (HFACS)
and Accident Mapping (AcciMaps) was utilized on a health IT related case study analysis of medication
error relating to the Computer Provider Entry System (CPOE). The results (outcomes) of the analyses
were compared using the usage characteristics criteria developed by Underwood and Waterson (2014).
The usage criteria framework focuses on ease of learning (usability), data requirements, validity and
reliability of analysis. The second objective of our study discusses the limitations of both models and
proposes a way forward on enhancing the usability, validity of results and more importantly the reliability

of the AcciMap approach for accident analysis in healthcare.

1 INTRODUCTION

The development and utilization of Information
Technology (IT)/software systems within clinical
settings in hospitals has helped to reduce medical
errors and improve efficiency in health care deliv-
ery. However, its implementation and utilization
has also introduced an additional layer of risks
and unforeseen errors that can compromise patient
safety (Koppel et al. 2005, IOM 2012, Magrabi
et al. 2016). This is especially apparent within
complex safety critical sociotechnical systems
like healthcare (IOM 2012, Schneider et al. 2014).
A sociotechnical system while regarded as an
imprecise term (Klein 2014) consists of complex
interactions between different entities (people,
technology, process, organization and external
environment) (Sittig & Singh 2010). Accident/
errors can occur as a result of interactions involv-
ing people (clinicians/physicians) using software/
IT systems. They typically stem from latent con-
ditions (systemic factors) that stretch well beyond
the “frontline” of healthcare service provision.
The development of accident causation methods
has provided a means of investigating and analyz-
ing failures. They focus on the subsequent devel-
opment of counter measures to improve patient
and system safety (Johnson 2004). These accident
analysis techniques include but are not limited to
linear/event, taxonomy and systemic based meth-

ods based on recognized accident causation theo-
ries like Swiss Cheese Model (SCM) (Reason 1995,
Qureshi 2008). Systemic methods are considered
to be more suitable for analyzing interactions in
sociotechnical systems than linear and event based
approaches (Qureshi 2008, Leveson 2011). One
of such methods includes the AcciMap method
(Svedung and Rasmussen 2000). Systemic analy-
sis techniques are typically applied retrospectively
in analyzing incidents/case studies and different
outcomes are produced based on their component
methods.

This paper presents a comparative study using
a systematic taxonomy framework (HFACS) and
AcciMaps on a published clinical case study report
(Horsky et al 2005). The main purpose of the study
is to identify the putative causes of errors resulting
from interactions between the users and IT system.
We are also motivated to identify contributing fac-
tors associated particularly at the systemic level to
understand not only what happened but crucially
why. Different components within the sociotech-
nical system cannot be analyzed in isolation from
one another especially if system safety is to be
achieved. The application of HFACS in healthcare
incident analysis has been established but Acci-
Maps has not been utilized as an accident analysis
tool for clinical investigation and analysis.

This paper is divided into sections highlight-
ing the objectives of the comparative analysis,



the methodology applied as well as the description
of an example clinical case study utilized. Each
of the methods selected is also briefly described,
applied to the case study and their respective
results (outcomes) will be compared and discussed
based on the usage characteristics (Horsky et al.
2005). Limitations of each method are highlighted
leading to the discussion of the proposed method
to address some of these limitations.

2 OBIJECTIVES OF RESEARCH

The two methods were selected based on their
differences in their methodological approach and
systematic way of analyzing accidents. The objec-
tives of the study are as follows:

I. Analysis of the medication dosing error case
study involving the Computer Provider Order
Entry system using the HFACS and AcciMap
models.

I1. A comparison of the resulting outputs of each
accident method based on the usage charac-
teristics criteria (Underwood and Waterson,
2014).

III. Identifying common causes and contributing
factors from analyses relating to the adverse
outcome.

3 RESEARCH METHODOLOGY

This study adopts a qualitative (case study)
approach for identifying, understanding and ana-
lyzing a complex sociotechnical technical setting
involving healthcare informatics. We aim to expose
the contributing factors that are associated with an
adverse event. A medical case incident was used in a
comparative study of accident causation methods;
the Human Factors and Classification Systems
(HFACS) (Shappell & Wiegmann 2000) and the
Accident Mapping (AcciMaps) method, a compo-
nent of the broader Risk Management Framework
(RMF) (Rasmussen and Svedung 2000).

This case incident details a sociotechnical sce-
nario about risks relating to the house providers
and the Computerized Provider Order Entry Sys-
tem (CPOE) (Horsky et al. 2009, IOM 2012). The
selected accident methods were used to analyze the
case incident and the outputs were further iter-
ated, reviewed and validated with a HFACS and
an AcciMap expert. The resulting outputs were
then compared using the usage criteria framework
consisting of its graphical representation, usability,
validity and reliability (Underwood & Waterson
2014). Strengths and limitations of the methods
applied are elaborated in section 8.

4 DESCRIPTION AND ANALYSIS OF
CASE STUDY

The case study involves two providers (A and B)
who were involved in the administration of Potas-
sium Chloride (KCI) to a patient who was initially
hypokalemic. The timeline of the events leading to
the patient becoming hyperkalemic (receiving a high
dosage of KCl) occurring over a period of three
days are detailed in the work of Horsky et al. (2005).
The patient was first examined by the first physician
(Provider A) and administered an intravenous (IV)
bolus injection thereby repleting the potassium.
Provider A then realized that the patient already
had an IV and so decided to administer the KCI
as part of the treatment. The patient started receiv-
ing a higher KCI dosage than what was originally
intended due to several events that took place. The
initial dosage order was detected to be higher than
what was allowed by the hospital’s policy and was
discontinued. A new dosage order had to be writ-
ten. However this new dosage order was not entered
correctly into the CPOE system and the maximum
volume was not indicated for the fluid that was to
be administered to the patient (Horsky et al. 2005).
A changeover between the first physician and
the incoming physician (Provider B) took place the
next day where the latter was notified about the
patient’s KCI levels from the system. However, the
second provider did not know that the laboratory
results were not current and it was before the last
potassium repletion occurred (Horsky et al. 2005).
This led to provider B to consider the KCI levels of
the patient to be low and decided to order an addi-
tional IV injection despite the KCI still running.
This eventually led to the patient to become severely
hyperkalemic and the problem was immediately
rectified and the patient was discharged (Horsky
et al. 2005). Their study provided a comprehensive
analysis of the contributing factors as a result of
both human errors and system design issues that
led to the patient experiencing an adverse event.

5 DESCRIPTION OF THE ACCIDENT
ANALYTICAL METHODS

The methods selected for the case study are based
on recognized accident causation theories and are
briefly described below:

5.1 Human Factors and Classification System
(HFACS)

The HFACS method is a systematic approach
that is based on the Swiss Cheese Method (SCM)
(Reason 1995). This approach compares different
levels of ‘causal categories’ relating from active to



Figure 1.
2002).

HFACS taxonomy (Shappell and Wiegmann,

latent conditions as shown in Figure 1 (Shappell &
Wiegmann 2000). The categories include Unsafe
Acts, Preconditions for Unsafe Acts, Unsafe
Supervision, and Organizational Influences
(Shappell & Wiegmann 2000). Each of them con-
sists of specific subcategories that place empha-
sis on “who” and “what” rather than on “why”
accidents or a significant adverse event occurred
(Diller et al. 2013). This method can be utilized
to analyze a comprehensive case study or a set
of incidents to determine trends so as to develop
countermeasures.

5.2 Accident Mapping ( AcciMaps) method

The AcciMap method was developed as a compo-
nent of the Risk Management Framework (RMF)
and can be utilized as a standalone technique aside
and as part of the broader RMF methodology
consisting of the use of ActorMaps and Conflict
Maps (Rasmussen & Svedung 2000). The Acci-
Map method allows analysts to graphically map
causal relationships leading to an adverse event
across each of the levels in a sociotechnical system
(Branford 2011). The AcciMap levels as shown
in Figure 2 depict interactions in a sociotechnical
system and consist of Environment/Surroundings,
Physical Processes/Actor activities, Organizational
(Technical/Operational Management, Company

Figure 2. The AcciMap method adapted from Rasmussen
and Svedung (2000).

management), and External (Regulatory bodies/
Trade unions, and Government Policy and Budg-
eting) (Rasmussen & Svedung 2000).

6 RESULTS

The resulting outputs from both methods are dis-
cussed below:

6.1 HFACS output

The results of applying HFACS were given to an
experienced human factors specialist for verifica-
tion and validation. The factors were identified
and classified according to each level’s defined cat-
egories and sub-categories of the HFACS taxon-
omy as shown in Figure 3 and described as follows:

6.1.1 Unsafe acts

Operators (clinicians) not using the CPOE sys-
tem correctly was categorized under ‘skill based
errors’. Lack of communication between the clini-
cal providers (A and B) that led to the second pro-
vider administering additional KCI dosage to the
patient is considered a ‘decision error’. While there
wasn’t any explicit evidence relating to ‘perceptual
errors’, violations regarding clinical handover pro-
cedures between Providers A and B was noted to
have increased the risk of the patient becoming
hyperkalemic.

6.1.2  Preconditions for unsafe acts
Several factors at this level include those relat-
ing to the design and usability of CPOE system



Figure 3. Application of the HFACS method on the
medication dosing error incident.

(Environmental factors) and lack of user experi-
ence with the current version of the CPOE sys-
tem (Physical and Mental limitations). Also at the
‘Personal Readiness’ subcategory level, factors
identified are attributed to issues regarding lack
of communication between the providers as well
clinical handover procedures not adequately car-
ried out. This could be due to lack of effectiveness
in training regarding the procedure.

6.1.3  Unsafe supervision
At both the ‘supervisory violations’ and ‘failure to
correct problem’ subcategories, contributing factors

arise from issues relating to inadequate training on
the use of the current CPOE system. Furthermore,
the system may not have been rigorously tested
at the initial stage for its usability in a simulated
environment (no explicit evidence in the case). In
addition, there is a possibility of inadequate com-
munication and coordination between the actors
(providers A and B) and those at the management
level including those responsible for IT systems
which is classified under the ‘Planned Inappropri-
ate Operations’ subcategory.

6.1.4  Organizational influence

It was noted that within these subcategories,
‘resource management’, ‘organizational processes’
and ‘organizational climate’, the case study did not
indicate explicit evidence as to the contributing
factors that enabled the accident. In examining the
other subcategories within this category, it can be
indicated that the organization may have underesti-
mated the risks and severity relating to IT systems.
In addition, there may not be any existing policies
relating to testing the usability of the CPOE system
within a simulated environment before its deploy-
ment. Other issues can include budget restrictions
and low safety culture will be considered potential
systemic factors.

6.2  AcciMap output

The original AcciMap method (Rasmussen and
Svedung, 2000) and the standardized AcciMap
format (Branford 2011) was applied on the case
incident (See Figures 4 and 5). The latter was uti-
lized by an experienced clinician (e-health phar-
macy) and this method provided a simpler way of
analyzing the case study particularly at the organi-
zational level. The AcciMap outputs were exter-
nally validated by a human factors expert.

However for the purposes of study, the result of
the AcciMap model is described using the original
AcciMap format as follows:

6.2.1 Equipment and surrounding

In this case study, the equipment used here will be
the CPOE system that allows providers to place
orders regarding the administration of KCI to
the patient. However human errors occurred as a
result of issues relating to the design and usability
of the system (relating to the interface of the sys-
tem where instructions were difficult to read) lead-
ing to the eventual adverse outcome.

6.2.2  Physical processes and actor activities

This level refers to the actors involved in the adverse
event (house providers, attending nurse and the
patient). Here, provider A administered a high dos-
age of KCI which was entered incorrectly into the



Figure 4. AcciMap analysis of the medication dosing
error case study using the original format.

Figure 5. AcciMap analysis of the medication dosing
error case study using Branford’s standardized AcciMap
format.

system. The second provider further implemented
an additional dosage of KCl after failing to ascer-
tain the current KCl levels of the patient by read-
ing the outdated results from the CPOE system

during the changeover process. Further problems
occurred as a result of miscommunication between
providers A and B on the patient’s KCI levels dur-
ing the clinical handover process and as a result,
the patient became hyperkalemic.

6.2.3  Technical and operational management

At this level, issues relating to CPOE include spe-
cifically its interface design flaws which increased
the probability of an error to occur. This could
also be attributed to lack of rigorous software sim-
ulation testing of the system before it was deployed
for clinical use. The IT vendor responsible for the
development of the software may cite lack of train-
ing on the use of the software rather than the prob-
lem of the system design. Although this point can
be inferred as a contributing factor, there was no
explicit evidence from the reports that this was the
case. Another inference that can be made is that
similar incidents may not have been reported as
an “IT-related” event and risks that can arise from
system design of the CPOE was either underesti-
mated or may not have been taken into considera-
tion by the health organization.

6.2.4 Company management and local
government

The case report did not contain explicit evidence
regarding specific failures at this level. However,
from the analysis of the preceding levels and some
inferences, errors can occur due to lack of over-
sight, underestimation of the severity of risks asso-
ciated with IT systems. Additionally, there may be
issues relating to inadequate training and enforce-
ment of existing polices relating to clinical hando-
ver process between providers can also contribute
to the adverse event.

6.2.5 Regulatory bodies, trade unions
and associations

At this level, contributing factors could include
failure of implementing existing policies passed by
the government and other relevant medical bodies
carried out to ensure patient safety. Another infer-
ence could be that incidents relating to IT systems
are not being adequately reported and lack of
proactive measures may not be in place to handle
such kind of incidents. However, it should be noted
again that there was no explicit evidence in the case
study to support these inferences.

6.2.6 Government policy

Issues like budget limitations, priorities on budget
allocations and policies regarding the reporting of
incidents relating to software/IT systems imple-
mented in health organizations would be consid-
ered as systemic factors. However, a much more
detailed report will need to include these systemic



factors that could contribute to the accident or any
similar incidents. Based on the AcciMap outcome,
there was no explicit cause indicated due to lack of
evidence relating to systemic factors at this exter-
nal level (government). This can be attributed to
the fact that incident reports do not typically con-
tain information especially on contributing factors
in enabling the government to realize their role in
creating latent conditions that can further enable
similar incidents to occur again.

7 USAGE CHARACTERISTICS CRITERIA

The HFACS and AcciMap methods utilized for
the case study is briefly described and the resulting
outputs are discussed below:

7.1 Data requirements

The use of both methods requires data which can
be collected in various formats including case
incidents or a detailed case report of significance.
Other data sources include documentations, inter-
views with actors (frontline workers, management)
involved in the incidents and observing the events
in a sociotechnical scenario. Both methods require
a great deal of details from the actors directly
involved in the incident and at the higher (organi-
zational) levels to be to identify valid causes and
contributing factors to accidents.

7.2 Graphical representation of the accident

HFACS and AcciMaps differ in this category. The
HFACS only used a set of defined categories that
classify causes to the accident and so lacks a way
of graphically representing contributing factors
and their relationships. However, the AcciMap
method provides this advantage by enabling ana-
lysts to use different graphical symbols to repre-
sent different meanings; adverse event (accident),
causes (evidence), causes (inferred) in relation to
the adverse outcome (Branford 2011, Salmon et al.
2012). AcciMaps also allow the causes identified
to be represented using causal relationships (repre-
sented by arrows) within and between each level of
the sociotechnical system.

7.3 Usability of method

The use of both HFACS and AcciMaps is relative
to the level of skill and experience of the analysts.
While both methods require understanding of the
accident causation theories they are built on, the
HFACS method provides a framework of failure
categories built for classifying failures according
to the Swiss Cheese Model from either singular or

multiple incidents. The AcciMap method provides
users the basic understanding of the causes that
interconnect in a vertical manner to enable under-
standing of why the accident took place. How-
ever, the use of these methods can be relatively
time-consuming depending on the complexity and
comprehensiveness of the case study, and due to its
subjective nature of analysis from multiple users.

7.4  Validity of method

Each of the outputs from HFACS and AcciMaps
were reviewed by an experienced and expert user
of both methods for both content and face validity
(hence external validation being required). As both
methods have differing methodological approach
(each based on a recognized accident causation
theory), its results will only reflect the methods
perspective as to the analysis of the accident and
possible safety recommendations needed to be in
place.

7.5 Reliability of analysis

In previous studies, the HFACS method was noted
to provide a considerable measure of reliability
due to the defined failure categories (Salmon et al.
2012, Ergai 2013). However as was demonstrated
in the case study, the AcciMap method is limited
in terms of considering failure categories that can
exist at different levels including the external level
as it relates to this case study. This is the reason
why reliability of the AcciMap method is consid-
ered to be low, due to the subjective nature of its
analysis (Salmon et al. 2012, Underwood & Water-
son 2014) especially because multiple analysts can
produce different causal outcomes from the same
case incident. There is also the issue of bias includ-
ing hindsight bias as to what contributed to the
adverse outcome.

8 DISCUSSION

The implementation of both HFACS and Acci-
Maps shows both strengths and limitations they
offer regarding accident analysis. Drawbacks of
the AcciMap method include its subjectivity of
analysis and the lack of failure categories in each
of the levels (Salmon et al. 2012). The issue of
subjectivity is due in part to lack of existing stand-
ard guidelines in addition to the need for external
validation of results generated. This can ultimately
affect the type of safety recommendations that are
needed, and how effective they are in preventing
an occurrence of the accident. Although Branford
made an attempt to solve that issue through the
development of the standardized AcciMap format,



it still lacks a formal way of classifying failures into
specific categories. This limitation makes the Acci-
Map method not suitable for analyzing multiple
incidents (Salmon et al. 2012, Goode et al. 2017).
There is also the issue of bias including hindsight
and outcome biases, which can also affect the
results of the accident analysis, especially in deter-
mining why the adverse event occurred (Johnson
2004).

In comparing outputs from the analyses, simi-
lar causes from the analyses include communica-
tion issues between the actors (Providers A and
B), software design issues with the CPOE system,
issues relating to clinical handover process between
the providers and inadequate/ineffective training
relating the use of the current CPOE system. The
difference however lies in identifying contribut-
ing factors at the higher levels especially as to how
these factors at external levels (Regulatory bodies
and the Government) can systemically contribute
to the occurrence of the accident. For example,
based on the AcciMap result, inferences was made
as to why there was ineffective feedback between
the health organization (i.e. IT department) and
the software vendor responsible for the design
of the CPOE system. Another inference could
be made regarding inadequate policies relating
to testing the software product (albeit in a simu-
lated environment) before it was deployed live for
clinical purposes. While both methods assist in
identifying causes and contributing factors in a
systematic way, the AcciMap method is not restric-
tive in terms of identifying and placing causes at
each level while in the case of HFACS, the causes
need to be classified according to the defined
framework of failure categories (based on Reason’s
Swiss Cheese Model of accident causation). The
HFACS taxonomy is also considered a generic-
based method (initially developed for investigat-
ing accidents in the aviation system), but has also
been adopted in the healthcare system (Diller et al.
2013). However, one of the limitations attributed
to HFACS method is in the restrictive nature of
the categories within the HFACS taxonomy. There
is also the need to expand and adapt the taxonomy
within specific healthcare scenarios including the
addition of higher level related factors (External)
(Salmon et al. 2012) as well as any other factors
not included in the original format. The advan-
tages of HFACS and/or any similar health-based
error taxonomies and AcciMaps can potentially be
combined together to improve the latter’s reliabil-
ity. This step was explored in investigating multiple
led outdoor incidents through the development of
an incident reporting and learning system based
on the UPLOADS (Understanding and Prevent-
ing Led Outdoor Activities Data Systems) tax-
onomy (Salmon et al. 2015). Each AcciMap level

had failure categories based on contributing fac-
tors identified from multiple incident reports as it
related to the actors/decision makers in each of the
level. Causal relationships, which are a very impor-
tant feature of the AcciMap method, were also
depicted between contributing factors (relating
to the actors identified in the system) within and
between each AcciMap level (Salmon et al. 2015,
Goode et al. 2017).

This similar approach can potentially be applied
in investigating significant incidents and near
misses as a result of software issues within the
healthcare context. This could not only potentially
improve the validity of results but can also enhance
its usability for accident analysis and adoption by
safety practitioners in healthcare systems. This
approach can also be utilized to investigate IT fail-
ures or near misses so that lessons learned can be
used as a way of improving safety culture towards
the implementation and utilization of health IT
systems by its operators.

9 LIMITATION OF STUDY

This study has limitations in its identification of
causes and in the validation of outcomes/recom-
mendations from the analysis. It was particularly
challenging identifying systemic factors at the
higher levels (in the case of the AcciMap analy-
sis) due to lack of evidence in the report; espe-
cially dealing with governance. Another issue is
the knowledge and application of the methods.
especially for first time users in identifying causes
that are valid and that actually contributed to the
occurrence of the adverse event. The last point is
very important for the development of effective
safety countermeasures and to which level this
countermeasure is applied to. Future studies will
require the use of a more structured approach by
involving a multidisciplinary team ideally from all
sociotechnical levels. This will involve safety prac-
titioners, IT specialists, users of software systems,
vendors and expert opinions in the analysis of
health IT related accidents.

10 CONCLUSION

Both methods allow for a systematic identification
and analysis of accidents in complex sociotech-
nical systems like healthcare. The purpose of the
study was not to indicate that one method is better
than the other, but to highlight the advantages and
limitations of each method in the analysis of the
case study. Isolating software related problems and
taking steps to improve the functionality and reli-
ability of the system does not necessarily improve



patient safety. Accidents where software systems
played a role must be analyzed from a sociotech-
nical perspective. This is why human factors engi-
neering plays a very important role as it involves
analyzing complex interactions between clinicians
and software systems utilized, and determining
latent conditions based on decisions at the sys-
temic level.

11 FUTURE WORK

Beyond the objectives of this present study, a
current study is underway focusing on the devel-
opment of a health-specific AcciMap taxonomy
model. This model will then be used to analyze
cases/incidents relating to software/IT related
accidents in healthcare settings. The develop-
ment of the model will comprise of examining
existing health based error taxonomies similar to
the HFACS and contributing factors framework.
This will then be synthesized within the levels of
the standardized AcciMap method. The purpose
of this approach will be to determine if both the
reliability and validity of the AcciMap method will
be improved through the use of defined failure cat-
egories in a taxonomic structure.
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Possibilities of using simulation software to estimate losses
of industrial facilities and installations—critical analysis
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ABSTRACT: In the paper, simulation of severe failure of fuel terminal is presented. Results of the
simulation are compared to the real situation, that took place on 11th December 2005 in Hertfordshire Oil
Storage near the M1 motorway in England. That comparison shows how beneficial an accurate simula-
tion of the accident is. Next, the risk analysis is presented. The Preliminary Hazard Analysis (PHA) and
the fault tree are methods that show possible cause of the accident. Using simulation, the course of action
before and during failure could be traversed. That kind of research shows how important is to do the
simulation before the accident occur and assess the possible consequences of the adverse situation. That
simple method is significant to increase awareness of the fuel terminal workers and anyone who is related
to the technical process safety.

1 INTRODUCTION

It is commonly known, that already high demand

for fuel products is growing year by year. What

is more, this kind of products has to be stored

properly and transported in special conditions.

Because of that, the authors decided to look into

this topic. Analysis of previous petrochemical

failures shows, that most of accidents with fuel

products occur during loading and unloading of

the materials. Those operations are crucial and  Figure 1. Oil production with consumption and

cannot be omitted during the whole transporta-  amount Qf accidents between 1960 and 201.6‘(BP, Statis-

tion process. Thereupon, both operations, loading tical Review of World Energy June 2016, edition 65-th).

and unloading, should be performed in a way that

ensures no unwanted situation occurs. To fulfill the

safety rules and eliminate the possible risk, series  on calamity rates between 1965 and 2016. Because

of complex theoretical analysis are made before  of that, multi-stage risk analysis presents such a

the transportation of the fuel products is possi-  vital role in the petrochemical industry.

ble. Nowadays, computer simulations are used to For risk analysis to reveal reality precisely, differ-

estimate possible consequences of failure. Simple  ent databases including industry cases are utilized.

computer programs are able to show many indica- In Poland there are two programs: the System

tors, like the dangerous zones range, which is help- ~ Pomocy W Transporcie Materialéow Niebezpiec-

ful especially for personnel responsible for safety  znych—transport of dangerous goods aid system

of the technological process. (SPOT) and the Safe Chemistry, as an covenant
According to data, the requirement for fuel  between the Polish Chamber of Chemical Indus-

products rises year by year, hence the need to store  try and the leading plants in the chemical indus-

and transport it. Without the suitable stock of lig-  try in the Republic of Poland. One of the crucial

uid fuel storage the whole transportation would elements of this collaboration is, among others, to

not be able to function. Security in each of these  form a common disaster database as a ground for

processes is a crucial element. Unluckily, it is often  sharing requests for unfavourable events.

not possible to forecast events that menace safety The European equivalents are the Major

in general, including the safety of fuel terminals.  Accident Reporting System (eMARS), Analyse,

Figure 1. introduce the dependence of oil manu-  Recherche et Informations sur les Accidents (Aria)

facturing and consumption of crude oil products  and Failure and Accidents Technical information
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System (FACTS). This sort of database should be
kept topical with new industry incidents, establish-
ing a kind of precedent. The high consumption
of fuel products and the evident safety magnitude
have led the authors to become interested in the
matter of fuel terminals.

In this paper, a simulated malfunction of the
fuel terminal was shown via the usage of computer
modeling. The simulation outcome was compiled
with the positive situation that occurred on the
Hertfordshire Oil Storage near the M1 at Hemel
Hempstead in Hertfordshire in Europe (Mannan
et al., 2009). This approach permit a similitude of
both situations to project the accuracy of modeling.
Based on the scores, we generated an assumptive
simulation of the detonation of the whole storage
base in order to settle the possible implications in
the event of non-trip events in this type of facility.

2 SAFETY IN STORAGE LIQUID FUELS

Storage liquid fuels safety depends primarily
on the proper storage infrastructure, legitimate
handling of loading and unloading actions and
compliance with minimum tank distance provi-
sions (Ryng, 1989). Additionally, it is significant
to notice that, in spite of expanded automation,
qualified and experienced personnel are the major
determinants of workplace safety.

High haze volatility, continuous fire and explo-
sion hazards necessitate the precaution against
exorbitant loss of stored substance. These losses
are mainly caused by the so-called ‘breathing
tanks’. Attempts to limit the losses include (Ryng,
1989):

the usage of “tanks operating under pressure
within the limits held by valves”;

maintaining the maximum filling condition of
the tank;

protective coatings that reflect sunlight;

the usage of isolating tanks;

— placing underground tanks.

Flammable liquid tanks are fitted with safety
attachments, which can comprise of:

— respiratory valves protected with valves with a
fire stop;

— fire fuses;

— throats for feeding foam from the fire extin-
guishing system;

— Pouring and Emptying Devices (PED) installa-
tions;

— control and measuring apparatuses;

— double bottoms;

— fire alarm systems (mechanical and automatic);

— sprinkler systems;

— Faraday’s grids;

12

— tank control systems—Distributed Control Sys-
tem (DCS);
— emergency pools.

3 THE FUEL TERMINAL FAILURE
IN BUNCEFIELD—COMPARATIVE
SIMULATIONS

In Hertfordshire, at the daybreak of the 11th of
December of 2005, a fuel terminal failure arose.
The consequence of this event was the loss of about
1/3 of the entire stockpile of about 10 million lit-
ers of liquid fuels. The effects of the explosion of
the gathered medium were considerable damage
of up to 10 km from the site (several houses were
grievously damaged, while hundreds had incurred
smaller, non-injurious damages). Accordingly,
there were no fatalities, but over 3,000 direct casu-
alties are estimated (no fatalities, with more than
2,000 homes and 92 businesses evacuated in the
neighborhood). As an outcome of the fire, massive
amounts of smoke were emitted, spreading over
southern England. The fire has been burning for
3 days and to quench it, gargantuan amounts of
water and foam were spent. 180 firefighters took
part in the rescue operations by at the peak of the
event. The course of events (Buncefield major inci-
dent investigation. Initial Report, Hemel Hemp-
stead, on 11 Dec. 2005, p. 7):

1. At around 3:00, the fuel gauge for tank 912
(Figure 2) indicated a steady level of filling,
even though the tank was filled with 550 m/h;
Around 5:20, the tank began to overflow as a
result of overfilling.

. At 5:38, approximately 300 t of gasoline flowed
through the roof of the tank to the emergency
pool, resulting in an explosive mixture (approx.
5:38 of the emergency pool).

. About 5:50 mass flow of fuel to the tank was
890 m*/h.

. At 6:01 am the first explosion occurred, result-
ing in the fire of 20 storage tanks.

Simulations have been performed, based on
the post-accident studies data, to determine three
phases of toxic cloud formation. In (Krawczyszyn
et al., 2017), authors used Buncefield case to show
accompanying phenomenon and consequences of
the accident, such as formation of release zones,
the floodplain area prior to the explosion and
explosion itself. In this paper, Buncefield catastro-
phe is used to introduce consequences for humans.
It should be emphasized, that each result shown in
this work is assumed, because there were no fatali-
ties and injured in Buncefield accident. What is
more, the topology of the area was not considered
in current work. Possible injuries in case of fire in



Figure 2. The spread of the toxic cloud according to
accident reports (Mannan et al., 2009).

Figure 3. The spread of the toxic cloud according to
accident reports (Mannan et al., 2009).

different stages of fuel spread are presented. Next
part of the paper illustrates scathes that could be
received during Buncefield catastrophe.

4 FIRST SIMULATION

Figures 4, 5 and 6 show dependence of burns
degree in percent in function of exposure duration
for 2 kW/m?, 5 kW/m? and 10 kW/m? radiation
heat. The mathematical model is based on value of
probit function and percentage measure relation
(Committee for the Prevention..., 1989):

Probit = —38.48+2.56 * ln(t * q43) 1)

where: t-time of exposure (s), g—heat-flux absorbed
(Wm?).
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Figure 4. Burns degree in percent to exposure duration
for 2 kW/m?.

Figure 5. Burns degree in percent to exposure duration
for 5 kW/m?.

Figure 6. Burns degree in percent to exposure duration
for 10 kW/m?.

In all cases increase in exposure time generates
higher burns degree. According to the figures, peo-
ple exposed to the 10 kW/m? are more likely to get
severe damages in shorter time (lethal injuries after
16 s) than people exposed to lower radiation heat
(for 2 kW/m? lethal injuries after 130 s).



The graphs 4-6 depict that increase in first
degree burn grown quicker than other injuries. The
saltatory change of body damage appears in a dif-
ferent values for each simulation, the first degree
burn curve saturate soonest and the lethal injuries
curve has gradual transition and gain the plateau
much later.

For 2 kW/m? the first degree burns plateau is
gained after 328 s, the second degree burns after
900 s and the lethal injuries after 1080 s.

For 5 kW/m? the first degree burns plateau is
gained after 98 s, the second degree burns after
280 s and the lethal injuries after 370 s.

For 10 kW/m? the first degree burns plateau is
gained after 50 s, the second degree burns after
100 s and the lethal injuries after 125's.

5 SECOND SIMULATIONS

The second simulation shows explosion of the
entire fuel terminal and consequences for peo-
ple. The average weight for man is 80 kg, and for
woman — 55 kg. The calculations are based on
Netherlands organization for applied scientific
research (TNO) methodology (Committee for the
Prevention..., 1989). The probit function for lung
damage:

Probit=5.0-5.74*InS 2
s=22,13 G
p i
=L 4)
5
Fo_ )
B/ *m)
where: P-atmospheric pressure, P—pressure
exerted on the body, m—mass of the body.
The probit function for hearing damage:
Probit =-12.6+1.524*InP, (6)

where: P —peak overpressure in the incident.
The probit function for the impact with the
whole body:

Probit =5-2.44*1nS 7
% 3 % 9

S:7.38 10 1.3 19 ®)
P P *i

K

where: i—impulse of the incident pressure.
Figure 7 represents dependence of percentage
of body damage and pressure in bars for average
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Figure 7. Percentage of body damage and pressure for
average man.

Figure 8. Percentage of body damage and pressure for
average woman.

Table 1. Comparison of body damage caused by pressure
for average man and woman.

Body damage Man Woman

Lung damage when body 18,88 19,2
is perpendicular to blast
direction (%)

Lung damage when body near 99,97 100
reflecting surface (%)

Whole body displacement 100 100
(when body collides to
object) (%)

Whole body displacement 100 100
(when skull collides to
object) (%)

Eardrum damage (%) 88,78 88,78

man, whereas Figure 8 depicts dependence of
percentage of body damage for average woman.
What is more, Table 1. Introduces comparison of
body damage for average man and woman. Based



on information in Table 1. We could assume, that
potential explosion would have a similar effect on
damage to the bodies of a woman and a man, there
would be a slight discrepancy in the lung damage.

6 CONCLUSIONS

The purpose of the paper was to introduce the
potential results of a fuel terminal failure. Choos-
ing the Buncefield fire incident allowed to establish
the correct mathematical model for a simulation of
this type. The overriding goal was to identify poten-
tial consequences for people who were exposed to
radiation heat generated in the event of an explo-
sion of the entire storage base. Detailed analysis of
the data and implementation of the risk analysis
allowed the authors to view the issue of storage of
dangerous substances in a tangible way.

It should be mentioned, that based on available
data, authors were not able to define all parameters
needed for the simulation, nor to fully anticipate
the failure mechanism. Even though, it is valid to
make such analysis and computer simulations to
help us better understand the nature of the pro-
duction process.

Analyzed simulations show, that humans near
the centre of explosion would be suffer serious inju-
ries or even death. What is more, there is only slight
difference between percentage of body damage sus-
tained by average man and woman exposed to pres-
sure in the centre of the explosion. Probable cause
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is hidden in program limitation, because weight
was the only factor that could be set to distin-
guish between man and woman. Such parameters
as height or physique are not included and could
potentially influence the results of simulation.
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ABSTRACT: Signal system is widely used to improve the safety and efficiency of subway system, while
signal failure of it may lead to a huge breakdown of subway capacity. Most signaling operation and main-
tenance team still use the outdated checklists while signal operation and maintenance is proved to be a
more and more difficult task because the internal and external interactions. This paper proposes hybrid
accident/incident causal model of bowtie and cybernetic control loop to guide the design of incident data
model. After that, the database is demonstrated on Beijing subway line No. 5. Based on the analysis, statis-
tical characteristics of incidents are concluded. The trend of these factors could help companies improve
the performance of subway system and the process of this analysis give them a new manner to record and

learn from incident data.

1 INTRODUCTION

Many big cities rely on subway to solve the traffic
problem, including Beijing. There are now 21 mil-
lion people living in this city and 6 of the 18 sub-
way lines have a passenger volume for over one
million every working day (Beijing Mass Transit
Railway Corp. Ltd., 2017). Signal system is widely
used for the safety and efficiency in subway. While
the advanced block mode and automatic controls
provided by signal system can achieve shorter train
interval that makes it possible for more trains oper-
ating at the same time, the failure of this system
may lead to a breakdown of subway capacity.

An event with a single over-5-minute-delay train
is classified as an operation accident by Beijing
subway operation cooperation. Statistic shows that
there were 36 operation accidents caused by signal
failure of Beijing subway in the year 2016, which
caused great social repercussions. For example,
a failure of track circuit of Beijing subway Line
No. 5 happened to January 26, 2016. Before the
trouble removal 37 minutes later, the subway had
to operate by telephone block, which caused 53
trains’ over-5-minute-delay. So it is of vital impor-
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tance to reduce the signal failure and control the
loss during recovery period.

Learning from incident data is a way to help sub-
way companies improve system performance and
prevent an accident. While operation accidents sel-
dom happened and learning from old accidents can-
not catch up the operation state of the system, it is a
good choice to reduce accident by analyzing minor
incidents and minimizing the number of it according
to Heinrich’s Law (Jehring, 1959). There are papers
that analyze subway incident with data. Zhang et al.
(2016) builds a database to collect and analyze time,
location, severity, causes and staff data of near
misses in Shanghai subway. Ding et al. (2017) uses
fault log database for safety management of subway.
The data model of these databases is built based on
existing incident record provided by subway compa-
nies and no safety science theory was mentioned to
explain why they use this data and what other data
could also be collected. Moreover, these databases
are designed for the whole subway operation, con-
cerning about aspects like fire, passenger fall downs,
explosions, train collisions, vehicle derailments. And
there is no database that illustrates the prevention
and recovery of signal failure.



Signal operation and maintenance are proved to
be a more and more difficult task not only because
electronic equipment is sensitive to sever environ-
ment but because the interactions among signal-
ing systems, surrounding equipment and human
operators become much more complex. However,
most signaling maintenance teams still use the out-
dated checklists, and only inspects and records the
parameters of signaling itself. The lack of records
of the working environment, related interfaces and
operations makes it difficult to do incident cause-
tracing and maintenance dynamic adjustment.

Accident/incident models provide insight to
analysis the causes of an accident/incident. This
paper proposes a signal system operation and
maintenance database based on hybrid accident/
incident causal model of bow-tie and control loop,
in which the former provides an overview of what
process should be under controlled to keep the per-
formance of the system and mitigate the loss and
the later explore how the control processes failed.
Cooperated with Communication and Signaling
Branch affiliated with Beijing Mass Transit Rail-
way Operation Corp. Ltd., this research is based
on real subway operation data. By the approach
of building a signal-related incident database, this
analysis is aimed at helping reduce the failure rate
and improved recovery efficiency of signal system
in the daily operation and maintenance of Beijing
subway.

The structure of this paper is as follows. The lit-
erature review is in Section 2. Section 3 describes
the proposed model and the demonstration of
this data model in Beijing subway is in Section 4.
Finally, Section 5 is the discussion and Section 5 is
the conclusion of this paper.

2 LITERATURE REVIEW

2.1

Bowtie models demonstrate accidents and inci-
dents as cause consequence diagrams. Nielsen
(1971) invents the earliest bowtie by combining a
fault tree and event tree into one diagram, in which
the fault tree explains the cause and the event tree
explains how the consequence happens. A top
event (also called critical event) is put in the center
of this kind of diagram while elements in the left
end are causes and elements in the right end are
called the consequences. Haddon (1973) put the
concept of barrier to keep hazards from impact-
ing a target, after which Reason (1990) use barri-
ers as layers in his Swiss Cheese Model to explain
the weakness in a system. Barrier then becomes
an important part in bowtie models to explain the
linear causal relationship between top event and
causes or consequences. Indeed, fault tree and

Bow-tie model
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event are often abandoned in many bowtie models
to be more suitable for qualitative analysis (Visser
1998, Zuijderduijn 1999, Ruijter et al. 2016). Fig. 1
displays a basic structure of Bowtie model. The
barriers at the left of the critical event are control
barriers and these at the right side are recover bar-
riers (Visser 1998).

Control barriers prevent the cause from occur-
ring as well as prevent the cause from leading to a
top event. Recover barriers prevent the top event
from leading to an undesired loss and mitigate the
loss.

A bowtie model combines a cause consequence
diagram with barriers, which means linking bar-
riers of all operation process in the system. As is
widely used for decision making purpose (Ruijter
et al. 2016, Visser 1998, Rathnayaka et al. 2014),
bowtie models can model the operation of an inte-
grated system and provide an overview of what
varieties of barriers should be placed.

2.2 Control loop

Control loop is a form of information flow dia-
gram in the system, which aimed to ensure the out-
come of a process can follow a specified target or
setpoint. The basic structure of a control loop is
shown in Fig. 2.

Figure 1. A basic structure of bowtie model.

Figure2. A basic structure of control loop.



Kuhlmann (1986) states that safety can be
understood as a cybernetic problem because of
the interactions among machine, human and envi-
ronment. Behavioral cybernetic theory. Smith,
K.U. (1972) and Smith, T.J. (1987) maintains that
human behavior is guided as a closed-loop, feed-
back controlled process. Cybernetics control loops
are used to analyze the performance of complex,
socio-technical systems in which individuals and
organizations operating together with advanced
technology systems (Smith, T.J. et al., 1995). Son-
nemans (2006) uses the control loops in accident
analysis of the chemical industry to exam the
control mechanism inside organizations. Dijkstra
(2007) uses a cybernetics management theory in
aviation to model the organizational structure of
communication which should be able to adapt the
changing environment. Kontogiannis (2012) uses
control loops based on VSM to look into general
patterns of breakdown related to structural vulner-
abilities and gradual degradation of performance
in an accident from a Helicopter Emergency Medi-
cal Service.

The control loops are also used in railway. Appi-
charla (2011) analyzes the system interfaces of
railway with cybernetics loops because cybernetics
studies organization, communication and control
in complex systems. Kohda (2007) uses control
loops in the accident analysis of railway protective
systems. As can be seen, control loops can model a
control process, providing details of subjects in the
process and details of interactions among human,
equipment and environment in a complex system,
such as railway signal system.

3 METHOD PROPOSED

Beijing subway Line No. 5 is an important sub-
way line in Beijing subway system, which contains
23 stations and 27.6 km mileages, providing over
one million passenger trips every working day.
While Line No. 5 is the 4th busiest line in Beijing,
it takes the top in signal system failure records and
in operation delay in incident records in the past
4 years. From the 2016, RCS lab of Beijing Jiao-
tong University has been working with Beijing
Subway to improve the performance of the signal
system and subway Line No. 5 is chosen to be the
research subject in this paper.

3.1 A hybrid data modeling method proposed

Bowtie and control loop are combined into a
hybrid model in this paper.

Signal system can guarantee the shortest train
interval under the normal operation mode, while
signal degradation resulting from signal failure
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could cause a traffic jam on track. The signal-re-
lated incidents have different causes and different
degree of loss but all of them have an event that
the normal operation mode of signal system failed.
The responsibility of operators and maintainers is
to keep signal system working under the normal
mode and to recover the operation if a signal fail-
ure happens. A bowtie model divides an incidents
into causation and effect and signal failure is put
in the middle of it. Then the operation and main-
tenance tasks can be recognized as barriers besides
the top event. Bowtie models can be valuable at
high level to guarantee all various kinds of data
is taken into consideration for the target incident
data model.

Signal system is a complex social-technical sys-
tem and the operation and maintenance can be
influenced by the complex interactions among
human, equipment and environment. While the
bowtie model is built with high abstraction level
and less specific information, the management of
barriers takes the view from the whole picture to
more detail of the system. Thus control loops can
be used as a model for the management of barriers
could tell what detail data should be collected or
recorded for the database.

The hybrid model can be established by the fol-
lowing two steps:

Step 1 Establish a bowtie model based on prac-
tical subway operation and maintenance
situation and gain the barriers.

Step 2 Establish a control loop specific for every
barrier gained in the bowtie model.

The steps are carried out as follows.

3.2 Establish the bow-tie model

A qualitative bowtie model is used in this hybrid
model, in which there is no fault tree or event tree.
Various types of signal failure of normal mode are
placed at the middle of the model as top events.
Component failures of the system are placed at
the left end of the bowtie as the cause of the top
event while the loss is placed at the right end of this
model. Then there should be a way to determine
the barriers of the bowtie model.

RAMS concept is widely used in mainline rail-
way and subway domain, which is defined in terms
of reliability, availability, maintainability and
safety and their interaction (CENELEC 1999). It
provides a guide to assess and improve the quality
of service. The RAMS is influenced in three ways,
which are system conditions, operating conditions
and maintenance conditions. Thus the three con-
ditions can be used in the bowtie model to deter-
mine the categories of barriers of subway signal
system.



These three conditions can be directly put on
the left side of the top event to control the causes
and can also be used in the right side of the top
event for recovering within more specific scenarios.
Thus, the six barriers include system conditions,
maintenance conditions and operating condi-
tions as well as degradation conditions, emergency
maintenance conditions and operational response
conditions.

The system conditions barriers focus on the
maintainability and technical characteristics of
the system, which are the inherent attribute of the
system, as well as the internal and external distur-
bance of the system.

Maintenance conditions barriers include main-
tenance procedures such as the conditions of
preventive maintenance and corrective mainte-
nance, logistics, and also human factors in the
maintenance.

Operating conditions barriers are a question of
the operation parameter of the system before the
signal failure. Factors like operation time, train
interval and passenger flow volume can affect the
system and human factors like driving manners
and dispatchers’ intervention can also contribute
to signal failure.

Degradation conditions describe the system
conditions without the normal operation mode.
The trains have different driving modes and the
ground system has different block modes. When
the signal failure happens, it is important that a
backup mode is ready for operation.

Emergency maintenance conditions are cor-
responding to maintenance conditions. After a

Figure 3. The bowtie part of the hybrid model.
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failure happens, it is important to report, diag-
nose, and repair the system as quickly as possible.
Enough well-trained maintainer in the nearby and
sufficient spare parts help a lot.

Operational response conditions are corre-
sponding to operation conditions while emphasize
the recovery operation procedure. The operational
response under the command of dispatchers
should decide and carry out methods like degra-
dation, making trains offline, canceling trains and
detain trains at stations.

The cause consequence diagram and the 6 cat-
egories of barriers are combined and the bowtie
part of the hybrid model is shown in Fig. 3.

3.3 Establish the control loops diagram

There is no unified control loops diagram for the
six categories of barriers. The control loops dia-
gram can be different for different systems and the
complexity of these loops depends on how far the
analysis is intended to go. The six categories of
barriers are unfolded by control loops to reveal the
detail factors.

System conditions and degradation conditions
mainly talked about how the complex technical
system works in normal mode and degradation
mode. A control loops diagram that shows the
entire conditions of signal system of Beijing sub-
way Line No. 5 is shown in Fig. 4, including the
control loops of normal system conditions and
degradation conditions.

The control loops diagram of the rest four bar-
riers are more like mission based control. As the



Figure 4.

Figure 5.

Control loops of system conditions.

Control loops of EMER MAINT conditions.
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control loops diagram of emergency maintenance
conditions shown in Fig. 5, person, group and
technical system work together to make the system
operating.

Each control loop has three basic elements,
which are human/equipment, interaction arrow
and disturbance. Data can be obtained directly
from these three elements.

4 DEMONSTRATION

4.1 Data model

Base on the hybrid model proposed in Section 3,
a signal-related incident data model for Beijing
subway Line No. 5 is built, which is shown in
Fig. 6. There are 16 tables in this data model, in
which the type of 4 tables are defined by the cause
consequence diagram and the type of 6 tables are



Figure 6.

defined by the 6 barriers categories, while the rest
tables and the join between tables as well as fields
in all these tables are explored in control loops.
The data model can direct what kinds of data are
needed for the incident data analysis.

Based on the data model, the signal-related
subway incident database is built with Microsoft
Access 2013.

4.2 Data collection

The data analysis in this paper is from the combi-
nation of varieties of existing records by Beijing
subway, which includes operation accident reports,
signal-related incidents records, signal system
maintenance records and equipment maintenance
manual. Base on the files above, a FMEA analysis
is carried out and 65 usual subsystem level failure
modes that affect the normal operation mode are
found. The outcome is used to rebuilt the incident
records, classifying the incident records firstly by
the structure of system, subsystems and equipment,
secondly by the subsystem failure mode, equip-
ment failure mode and thirdly by reasons includ-
ing hardware failure, software failure, human error
and environment. The subsystem failure modes
are defined to be the top events and the causes and
consequences are also recognized.

Then files of other department are collected
and attached. Dispatching control records are
gathered from dispatching center so the dispatch-
ing information of every incidents are stored in
the database. Then line arrangement figure is used
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The data model for signal-related subway incidents.

to locate the underground and ground part of the
line. Subway dispatching timetable is used to tell
the train interval during the signal failure. What’s
more, weather data is downloaded from the web-
site of China Meteorological Administration.

A total of 4352 incident records of Beijing sub-
way signal related incidents from 2013 are input
into the database, 69.5 percent of which have not a
single 1 min delay while 0.67 percent have an effect
of over-5 min-delays.

4.3 Findings

4.3.1 Analysis based on RAMS

The frequency of subsystem failure is shown in
Fig. 7, in which 85 percent of subsystem failures
happened in onboard system. Some factors are
found with the analysis of the data.

The data analysis shows that the reliability, avail-
ability and maintainability of onboard system of
Beijing subway Line No. 5 is low, for which some
technical characteristics of the system should be
responsible. In terms the reliability of the onboard
system, the frequency of inner communication
error and of APR reader failure are very high. And
the structure of onboard ATP is 2 out of 2, which
means no redundancy and a single failure will lead
to an emergency break. In terms of availability,
there is no efficient backup mode like there are in
other lines. If the normal mode fails, the trains have
to be operated under the instruction of signal light,
which cannot deal with the train interval which is
so short. In terms of maintainability, firstly there



Figure 7. Frequency of incidents by subsystems.

is no assist information about what is wrong after
an onboard system failure except an alarm light.
So the drivers and dispatchers cannot take actions
according to the specific failure and can only use
the same procedure. Secondly, the signal supplier is
now broken, and the reasons of many failures are
too hard to figure out.

4.3.2  Analysis on environment disturbance

Track circuit is used in Beijing subway line No. 5
to send MA (movement authority). And MA is
coded in low frequency and carrier frequency. In
2016 and the first half year of 2017, there are 64
emergency breaks that the fault code is ‘LF error’
or ‘CF error’. So analysis is carried out to find if
there are some environmental disturbances that
affect this failure.

So when the LF/CF errors are compared with
the location, as is shown in Fig. 8, it could be found
that the frequency of these errors increased in track
near Chongwenmen and Dongdan station. So the
signal maintainers inspect these sections and found
that the LF/CF might be disturbed by the traction
return current circuit, which was maintained in
early 2016.

4.3.3  Analysis on human factors of maintainers
Despite used for logic control for a long time,
now relays are widely used in computer-based
railway signal system in order to lead the system
to the safety side after component failures. After
the increment in the number of failures as a result
of the shortening of train interval in 2014, Beijing
subway increased the frequency of scheduled
maintenance on the whole signal system in the late
of that year.
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Figure 8. Track circuit code error.

Figure 9. The trend of relay failure over years.

However, as can be seen in Fig. 9, the data
shows that relay failures increased in the year 2015
and many of them were found to be or could be
related to human errors. It seems that it is not a
good choice to keep a high maintenance rate for
every component. Relays, for example, have a large
amount and every disassembling and assembling
means potential of human errors. Then the main-
tenance frequency of relays was befittingly reduced
and more importance are put on the quality of it
and the failure rate reduced in 2016.

4.3.4  Analysis on human factors of operators

Since the reliability and maintainability of
onboard signal system of Line No. 5 is not good,
onboard systems often suffer from random fail-
ures and the drivers cannot read what is wrong.
So there are two choices for the dispatchers to deal
with the failure train before its recovery, one is to
degrade the bock mode to station block, which is
used as a standardized treatment but need time to
the enable of signal lights, and the other is to keep
the normal mode and guide the train by dispatcher
themselves, which relay on dispatchers’ efficiency.



Figure 10. Average delays per onboard failure.

Both the choices are used and it often depends on
the dispatchers’ experience and preference.

Fig. 10 shows the average 1-min delays and
2-min delays in under different conditions. The
data shows that it is related to the train interval.
The signal failures with block changes have higher
average delays in peak period, but the difference
is not so significant during non-peak period and
weekends. So it is recommended to the subway
company that it is a better choice not to use block
change for a single onboard failure in peak period
but related regulation must be assessed to guaran-
tee the safety.

5 DISCUSSION AND CONCLUSION

The hybrid model proposed in this paper provides a
manner for maintainer and operator to gather and
use data to analyze incidents and prevent operation
accident that related to signal failures. The bowtie
provides an overview and in a way can ensure the
comprehensiveness of the categories of data. And
the control loops can directly provide varieties of
data in detail in a systematic way. And the two part
are well bonded because control loops can describe
the management of barriers in bowtie. The hybrid
model is also costume to subway domains by using
the concept of RAMS, which has been used as a
guide in this industry for a long time. So there is
no difficult for subway engineers to learn and their
experience can be inherited in the structure of the
database.

In this paper, the data model built from the
hybrid model replaces the outdated checklist of
Beijing subway and treats the signal system in the
way of complex, social-technical system. The inci-
dent data analysis can help signal maintainer find
the environmental disturbances of signal failure.
And it can also help signal maintainer find the
human factors that affect the system maintenance

24

so as to adjust their manner of working. Operators
can carry out optimistic changes to the operation
manners in recovery period. The data analysis is
proved to be useful for the maintenance and oper-
ation of subway signal system. What’s more, the
findings and changes can also be checked in future
data.

The data model and data collection in this
paper play four roles in helping record and col-
lect data. Firstly, it can help subway companies to
make a formal manner for signal-related incident
data recording since recorders have different habit
for recording incidents. Secondly, maintainers and
operators record comprehensive have more com-
prehensive data to use that their analysis can be
carried out immediately when they want to prove
some measure can bring improvement the per-
formance of signal system, but not starting from
recording new data. That can improve the effi-
ciency for them to acquaint the system. Thirdly,
existing data collected by different department
in a same subway company can be put together
to analyze the interaction problems among them.
And the environmental data recorded by other
departments can be used to analyze and eliminate
external disturbances. Furthermore, the model
provides a way to analysis what kinds of data are
valuable though they are hard to record so sen-
sors could be bought or developed to record more
system conditions data as well as advanced infor-
mation system could be used to record human
behaviors.

This paper proposed a hybrid model to rec-
ognize what kind of data should be recorded for
maintainers and operators to improve the per-
formance of subway signal system. Designing and
establishing of this hybrid model are introduced
in detailed. After that, the database is demon-
strated for Beijing subway line No. 5. Based on the
analysis, statistical characteristics of incidents are
concluded. The trend of these factors could help
companies improve the performance of subway
system and the process of this analysis give them
a new manner to record and learn from incident
data.

In future research, an incident data analysis
method could be proposed base on this hybrid
model. The method may guide people or even
computers to conduct data analysis.
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ABSTRACT: The regulatory beginnings of the modern offshore Safety Case (SC) are demonstrated by
the release of the Health and Safety at Work Act 1974, where it set up two new organisations to oversee its
implementation: The Health and Safety Commission (HSC) (which was dissolved in 2008) and the Health
and Safety Executive (HSE). Following the public inquiry into the Piper Alpha disaster, the responsibili-
ties for offshore safety regulations were transferred from the Department of Energy to the HSC through
the HSE as the singular regulatory body for safety in the offshore industry (Wang, 2002) (Department of
Energy, 1990). In response to this the HSE launched a review of all safety legislation and subsequently
implemented changes. The propositions sought to replace the legislations that were seen as prescriptive to
a more “goal setting” approach. Since these events the SC regulations of 1992 have seen several amend-
ments in both 2005 and 2015, as well as the release of further regulations, such as: The Offshore Instal-
lations Prevention of Fire and Explosion, and Emergency Response (PFEER) in 1995 and the Safety
Zones around Oil & Gas Installations in Waters around the UK in 2008. However, while Safety Cases
are subject to review and updating as often as is required to keep them up to date, the process of change
to the Safety Case may be slow and gives a monolithic appearance to the document. Subsequently, there
have been several papers suggesting that a dynamic risk assessment method should be utilised to assist
with SC regulation enforcement. This has led to the investigation presented in this report where 508 vessel
to platform collision incidents between 1971 and 2015 have been analysed and compared with the release
of key offshore SC regulations. The incidents have been sourced from the HSE, World Offshore Accident
Databank (WOAD) and the MAIB. This analysis has identified a key trend between the reporting of
offshore collision incidents and the release and enforcement of offshore SC regulations.

1 INTRODUCTION to be prepared for all offshore installations. A SC is
to be submitted by the “operator” for fixed instal-
Following the public inquiry into the Piper Alpha  lations and by the “owner” for mobile installations.
disaster, the responsibilities for offshore safety = Within this all new production installations require
regulations were transferred from the Department  a design safety case and for mobile installations,
of Energy to the Health and Safety Commission  the duty holder is the owner (Wang, 2002).
(HSC) through the Health and Safety Executive Offshore operators must submit operational
(HSE) as the singular regulatory body for safety  safety cases (SC) for all existing and new offshore
in the offshore industry (Wang, 2002) (Depart- installations to the Health and Safety Executive’s
ment of Energy, 1990). In response to this the HSE ~ (HSE) Energy Division (formerly the Offshore
launched a review of all safety legislation and sub-  Safety Division) for acceptance, but not approval,
sequently implemented changes. The propositions  yet it is an offence to operate without an approved
sought to replace the legislations that were seen  SC (HSE, 2006a). The SC must show that it identi-
as prescriptive to a more “goal setting” approach.  fies the hazards with potential to produce a serious
Several regulations were produced, with the main-  accident and that these hazards are below a tolerabil-
stay being the Health and Safety at Work Act ity limit and have been reduced to the ALARP Level
(HSE, 1992). Under this a draft of the offshore  (As Low As Reasonably Practicable) (Wang, 2002).
installations safety case regulations was produced. Safety and risk assessment for offshore instal-
The regulations required operational safety cases  lations is vigorous and requires demonstration
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from duty holders that all hazards with potential
to cause major accident are identified, all major
risks have been evaluated, and measures have been
or will be taken to control the major accident risks
to ensure compliance with the statutory provi-
sions (HSE, 2006b). Furthermore, it used to be a
requirement stipulated in the SC Regulations that
suitable and sufficient quantitative risk assessment
was undertaken. However, the 2015 regulations
have actually removed the requirement for this
specific form of risk assessment though in prac-
tice most duty holders still use QRA extensively, it
should however, only be used as an evaluation tool
(HSE, 2015).

This is vitally important as accidents in the off-
shore industry lead to devastating consequences,
such as the explosion on board the Deepwater Hori-
zon rig in the Gulf of Mexico which was caused by
the failure of a subsea blowout preventer (BOP),
with some failures thought to have occurred before
the blowout (Jones, 2010). This solidifies the use
of quantitative risk and reliability analysis, current
ideas behind these models can perform predictive
analysis and diagnostic analysis (Cali, ef al., 2013).

After many years of employing the safety case
approach in the UK offshore industry, the regula-
tions were expanded in 1996 to include verification
of Safety Critical Elements (SCE). Also, the off-
shore installations and wells regulations were intro-
duced to deal with various stages of the life cycle
of the installation. SCEs are parts of an installa-
tion and its plant, including computer programs
or any part whose failure could cause or contrib-
ute substantially to or whose purpose of which is
to prevent or limit the effect of a major accident
(Wang, 2002) (HSE, 1996).

Recently, however, it is felt that an expansion on
Safety Cases is necessary, especially in the offshore
and marine industry, as they are static documents
that are produced at the inception of offshore
installations, despite containing a structured argu-
ment demonstrating that the evidence contained
therein is sufficient to show that the system is safe
(Auld, 2013) (Eleye-Datubo, A., et al., 2006).

While the authors were conducting research
regarding dynamic risk assessment techniques and
methods for offshore installations and SCEs, more
specifically data gathering regarding offshore ship
to platform collisions, a periodic pattern emerged
between the release of SC regulations and the
number of collision incidents on the UKCS.

2 BACKGROUND

It is known that Safety Cases are subject to review
and updating as often as is required to keep them
up to date, the process of change to the Safety Case

28

may be slow and gives a monolithic appearance to
the document. A SC is a relatively high level docu-
ment which identifies the operator/owner, describes
the installation and its layout, its environmental
limits, the types of operation to be undertaken and
how the health and safety aspects will be managed,
and the maximum number of persons expected to
be on the installation at any one time. Similarly,
there also needs to be a description for the arrange-
ments for detecting toxic or flammable gas and the
detection, prevention or mitigation of fires and
the arrangements for protecting people from the
hazards of explosion, fire, heat, smoke ezc. usually
in the form of a temporary refuge, egress routes
means of evacuation and means of monitoring
and control for an incident. There should also be a
demonstration by suitable risk assessment that the
risks have been mitigated to a level that is ALARP
and a description of the verification scheme.

An attempt to identify trends with safety case
regulation and incidents regarding offshore SCEs,
such as gas drive turbines and generators, was con-
ducted. However, due to possible under reporting
or the availability of data, it is difficult to demon-
strate the trend of some SCEs, with the updating
of offshore regulations. On the other hand, it is
possible to demonstrate the effect of a number of
possible influences, (slow updating or enforcement
of regulations, and under reporting or improper
recording of incidents), and the effects they may
have on incidents on-board offshore platforms.
A key area that can be assessed is the issue of ship
to platform collisions.

Before any data is presented, it is important to
understand the timeline of key offshore regulations
and incidents that have shaped the modern-day
safety case regulations. The following list identi-
fies the key timeline of incidents that have built the
current safety case regulations.

o 1974 Health & Safety at Work Act (HSWA)

The HSWA adopted a holistic approach to the
health, safety and welfare of workers. The Act
focuses on the concept that any situations that may
give rise to harm need to be recognised and suit-
able measures put in place to eliminate or reduce
the potential for harm. It set up two new organi-
sations to oversee its implementation: The Health
and Safety Commission (HSC) and the Health and
Safety Executive (HSE). The HSE is the executive
organisation that enforces the provisions of the
HSWA. However, in April 2008 the HSC was dis-
solved and merged with the HSE. The HSC used
to protect health and safety at work in the UK by
conducting research, training and providing advice
and information. The Commission also used to
propose new regulations and approved codes of
practice under the authority of the Act. This is



all now conducted by the HSE (Inge, 2007) (The
Stationary Office, 1974).

o 1988 Piper alpha disaster

Piper Alpha was an oil production platform in the
North Sea off the coast of Aberdeen, Scotland.
The platform began production in 1976, initially as
an oil platform but was later converted to accom-
modate gas production. Oil & Gas fires and explo-
sions destroyed Piper Alpha on 6 July 1988, killing
167 people, including two crewmen of a rescue ves-
sel and 61 workers aboard survived. Thirty bodies
were never recovered. The total insured loss was
about £1.7 billion ($3.4 billion), making it one of
the costliest manmade catastrophes ever. At the
time of the disaster, the platform accounted for
approximately ten per cent of North Sea oil and
gas production. The Cullen Inquiry was set up in
November 1988 to establish the cause of the disas-
ter, chaired by Judge William Cullen. After 180 days
of proceedings, the “Public Inquiry into the Piper
Alpha Disaster” or “Cullen Report” was released
in November 1990. It concluded that the initial
condensate leak was the result of maintenance
work being carried out simultaneously on a pump
and related safety valve. The report was critical of
Piper Alpha’s operator, which was found guilty of
having inadequate maintenance and safety proce-
dures (Inge, 2007) (Oil & Gas UK, 2008).

o 1989 Offshore installations (safety representa-
tives & safety committee) regulations
The document provides information on interpreta-
tion and enforcement of the Offshore Installations
(Safety Representatives and Safety Committees)
Regulations 1989. These regulations were made
under the Mineral Workings (Offshore Installa-
tions) Act 1971. They allow the workforce on an
offshore installation to elect safety representatives
from among themselves, and confers on those
functions and powers in relation to the health and
safety of the workforce. They also provide for time
off with pay for safety representatives so they can
perform these functions and undergo relevant
training (The Stationery Office, 1989).

e 1990 The Cullen report

The Cullen Inquiry was set up in November 1988
to establish the cause of the disaster, chaired by
Judge William Cullen. After 180 days of proceed-
ings, the “Public Inquiry into the Piper Alpha
Disaster” or “Cullen Report” was released in
November 1990. It concluded that the initial con-
densate leak was the result of maintenance work
being carried out simultaneously on a pump and
related safety valve. The report critical of Piper
Alpha’s operator, which was found guilty of hav-
ing inadequate maintenance and safety proce-
dures. 106 recommendations were made calling for,
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amongst many matters, the requirement of a SCs,
the transference of the discharge of offshore regu-
lation from the Department of Energy to a discrete
division of the HSE. The responsibility of imple-
menting the recommendations was spread across
the regulators and the industry with, the HSE
overseeing 57, the operators were responsible for
40, the offshore industry were given 8 to progress
and the final one was for the Standby Ship Owners
Association. The industry acted urgently to carry
out the 48 recommendations that operators were
directly responsible for. The HSE developed and
implemented Lord Cullen’s key recommendation:
the introduction of safety regulations requiring the
operator/owner of every fixed and mobile installa-
tion operating in UK waters to submit to the HSE,
for their acceptance, a SC (Inge, 2007).

o 1992 Safety case regulations

The Offshore Installations (Safety Case) Regula-
tions came into force in 1992. By November 1993 a
safety case for every installation had been submit-
ted to the HSE and by November 1995 all had had
their safety case accepted by the HSE. The Safety
Case Regulations require the owner/operator/duty
holder of every fixed and mobile installation oper-
ating in UK waters to submit to the HSE, for their
acceptance, a safety case. The safety case must
give full details of the arrangements for managing
health and safety and controlling major accident
hazards on the installation. It must demonstrate,
for example, that the company has safety man-
agement systems in place, has identified risks and
reduced them to as low as reasonably practicable,
has introduced management controls, provided a
temporary safe refuge on the installation and has
made provisions for safe evacuation and rescue
(Inge, 2007) (HSE, 2005).

o 1995 Offshore installations Prevention of Fire and
Explosion, and Emergency Response (PFEER)
PFEER deals primarily with fire and explosion
events but it also deals with any event which may
require emergency response and includes systems
that may rely on radar on a standby vessel or respon-
sible staff on the installation monitoring incom-
ing vessels. The Regulations, ACOP and guidance
deal with: (a) preventing fires and explosions, and
protecting people from the effects of any which do
occur; (b) securing effective response to emergen-
cies affecting people on the installation or engaged
in activities in connection with it, and which have
the potential to require evacuation, escape and res-

cue (Amended in 2005 and 2015) (HSE, 2015a).

e 1996 Offshore installation (design & construc-
tion) regulations

DCR requires the installation to possess integrity

at all times, as is reasonably practicable. It requires



the design of the installation to withstand such
forces that are reasonably foreseeable and in the
event of foreseeable damage it will retain sufficient
integrity to enable action to be taken to safeguard
the health and safety of persons on or near it. The
duty holder also has to record the appropriate
limits within which it is to be operated. Further
duties can be found in the Offshore Installations
and Wells (Design and Construction, efc.) Regula-
tions 1996.

e 2005 Offshore installations (safety case) regula-
tions ( April 2006 )

The Offshore Installations (Safety Case) Regu-
lations 2005 came into force on 6 April 2006.
They replace the previous 1992 Regulations. The
primary aim of the Regulations is to reduce the
risks from major accident hazards to the health
and safety of the workforce employed on offshore
installations or in connected activities. The Regu-
lations implement the central recommendation of
Lord Cullen’s report on the public inquiry into the
Piper Alpha disaster. This was that the operator
or owner of every offshore installation should be
required to prepare a safety case and submit it to
HSE for acceptance (HSE, 2005). These SC regu-
lations have been replaced by the 2015 regulations
(HSE, 2015).

e 2008 Safety zones around oil & gas installations in
waters around the UK (HSE)

While this document is not a regulation, it explains
the purpose and significance of safety zones around
offshore oil and gas installations and their effect
on marine activities, particularly relating to fishing
vessels. A safety zone is an area extending 500 m
from any part of offshore oil and gas installations
and is established automatically around all installa-
tions which project above the sea at any state of the
tide. Subsea installations may also have safety zones,
created by statutory instrument, to protect them.
These safety zones are a 500m radius from a central
point. Vessels of all nations are required to respect
them. It is an offence (under section 23 of the Petro-
leum Act 1987) to enter a safety zone except under
the special circumstances. (HSE, 2008b)

o 2015 Offshore installations ( offshore safety direc-
tive) (safety cases etc.) regulations (July 2015)
The Offshore Installations (Offshore Safety Direc-
tive) (Safety Case etc.) Regulations 2015 came into
force on 19 July 2015. They apply to oil and gas
operations in external waters, that is, the territorial
sea adjacent to Great Britain and any designated
area within the United Kingdom Continental
Shelf (UKCS). They replace the Offshore Instal-
lations (Safety Case) Regulations 2005 in these
waters, subject to certain transitional arrange-

ments (HSE, 2015b).

30

These key events from 1974 to the present day
have shaped the modern SC into what it is today.
After identifying these key regulations and inci-
dents it was possible to plot these against the
number of ship to platform collision incidents.
This is where the data gathering and statistical
analysis is conducted.

3 STATISTICAL ANALYSIS & DISCUSSION

The current database of ship to platform collisions
provided by the HSE is out dated as it was last pub-
lished in 2001. Similarly, the OGP (Oil & Gas Pro-
ducers) produced a document in 2010 of worldwide
collision statistics and Oil & Gas UK produced a
document of accident statistics on the UKCS for
offshore units between 1990 and 2007 (HSE, 2003)
(OGP, 2010) (Oil & Gas UK, 2009). However, the
OGP document provides only the frequency of col-
lisions of incidents over key offshore and shipping
areas around the world and the Oil & Gas UK docu-
ment lists all accidents statistics with overall frequen-
cies per year. These three documents are sufficient
enough to demonstrate the trend between offshore
collision incidents and offshore regulations. There-
fore, a statistical analysis is conducted for ship to plat-
form collisions from 1971-2015 across the UKCS.

For this study and incident has been defined as a
reported impact or contact between a vessel and a
fixed or mobile installation in terms of the Report-
ing of Injuries, Diseases and Dangerous Occur-
rences Regulations (RIDDOR 2013) database,
which utilizes reported incident information from
the OIR/9b and F2508A forms.

The 2001 ship/platform collision incident data-
base has been further cross-checked and extended.
The complete list of incidents demonstrates a total
of 508 incidents of vessels impacting or contacting
both fixed and floating offshore structures. These
incidents have been reported from 1st January 1971
to 31st December 2014.

The data has been recorded from a number of
sources. In many cases the data is supplemented
or confirmed from additional sources. Data across
the whole study has been compiled from the fol-
lowing sources:

e RIDDOR 2013, utilizing search criteria “Colli-
sions, or potential collisions”, between “vessels
and offshore installations”. Information source
is labelled as HSE in the database.

e World Offshore Accident Databank (WOAD)

using the search criteria (“Collision”, “Offshore

Units” and “Europe North Sea”.

Marine Accident Investigation Branch (MAIB)

using the search criteria “Offshore installa-

tions”, “collision” and “contact”.



e Global Integrated Shipping Information System
(GISIS) using search criteria “collisions” and
“North Sea”.

e World Energy Related Casualties (WREC) using
search criteria “offshore installations”, “colli-
sions” and “North Sea”.

In order to demonstrate a coherent analysis,
an incident frequency and a cumulative incident
frequency has been calculated based upon the
approximate level of operating experience per year.
Table 1 demonstrates the operating experience, the
number of incidents that have been reported and

Table 1. List of all reported collision incidents on the UKCS, as well as operating experience and incident frequencies.

Total Cumulative All Cumulative Cumulative
experience experience incidents incidents Frequency frequency

Year N) (N1) (r) (rl) ) (A1)
1971 - 1 - - -
1972 - - 0 - - -
1973 - - 1 - - -
1974 - - 2 - - -
1975 89 89 12 12 0.135 0.135
1976 93 182 12 24 0.129 0.132
1977 102 284 20 44 0.196 0.155
1978 103 387 19 63 0.184 0.163
1979 107 494 25 88 0.234 0.178
1980 113 607 17 105 0.150 0.173
1981 121 728 29 134 0.240 0.184
1982 132 860 23 157 0.174 0.183
1983 142 1002 20 177 0.141 0.177
1984 165 1167 12 189 0.073 0.162
1985 177 1344 18 207 0.102 0.154
1986 169 1513 13 220 0.077 0.145
1987 174 1687 6 226 0.034 0.134
1988 195 1882 7 233 0.036 0.124
1989 210 2092 18 251 0.086 0.120
1990 262 2354 24 275 0.092 0.117
1991 281 2635 19 294 0.068 0.112
1992 272 2907 25 319 0.092 0.110
1993 270 3177 14 333 0.052 0.105
1994 276 3453 12 345 0.043 0.100
1995 289 3742 3 348 0.010 0.093
1996 262 4004 8 356 0.031 0.089
1997 271 4275 16 372 0.059 0.087
1998 278 4553 16 388 0.058 0.085
1999 291 4844 14 402 0.048 0.083
2000 300 5144 13 415 0.043 0.081
2001 307 5451 10 425 0.033 0.078
2002 308 5759 7 432 0.023 0.075
2003 311 6070 5 437 0.016 0.072
2004 313 6383 4 441 0.013 0.069
2005 314 6697 7 448 0.022 0.067
2006 315 7012 6 454 0.019 0.065
2007 331 7343 11 465 0.033 0.063
2008 337 7680 8 473 0.024 0.062
2009 338 8018 4 477 0.012 0.059
2010 332 8350 5 482 0.015 0.058
2011 332 8682 6 488 0.018 0.056
2012 335 9017 3 491 0.009 0.054
2013 337 9354 7 498 0.021 0.053
2014 340 9694 3 501 0.009 0.052
2015 331 10025 3 504 0.009 0.050
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the frequency of these incidents. It can be seen
that 4 incidents were recorded from 1971 to 1974
however, they are not part of the overall frequency
analysis as there is limited data regarding operat-
ing experience. Similarly, these numbers are only
confirmed from WOAD as the HSE did not begin
recording incidents until 1975.

Figure 1 demonstrates the number of ship to
platform collision incidents from 1971-2015 as
well as the key regulations and incidents as out-
lined previously (GL, 2017) (HSE, 2016) (MAIB,
2016).

It can be seen from Figure 1 that the number
of ship to platform collision incidents from 1971
to 2015 is very turbulent, as more clearly demon-
strated by the average trend-line. At a first glance,
this trend seems to be rather erratic, following no
logical pattern. However, when the milestones in
the safety case regulation timeline are taken into
consideration, patterns begin to emerge in the
number of incidents each year in the UKCS.

Initially, from 1971 to 1974 the number of inci-
dents is very low at one or two per year. A possi-
ble reason for this is that the data entries for 1971
to 1974 are from WOAD only, as the HSE began
their ship to platform collision recordings from
1975. However, from 1975 onwards the number
of incidents per year greatly increases until 1981
from 12 to 29 respectively. There are a number
of possibilities that can cause this rapid increase.
Firstly, the HSWA is enforced from 1974 hence,

Figure 1.
tions and events that formed the modern safety case.
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the recognition of dangerous incidents that can
cause harm to personnel is increased. Secondly,
as more and more dangerous incidents are being
recognised, the need to report said incidents
also increases. Therefore, it is safe to say that an
increased awareness of dangerous situations cou-
pled with the need to report these incidents gives
rise to a dramatic increase in the number of col-
lision incidents. Thirdly, according to the HSE,
the approximate number of installations operat-
ing in the UKCS increases from 89 in 1975 to 121
in 1981. The increase in the number of operating
platforms would statistically increase the number
of collisions at that time.

From 1981, however, the number of incidents
per year begins to decrease until 1987, from 29 to
6. This decrease is much greater that the increase
in incidents from 1975 to 1981. It is possible that
the enforcement of the HSWA had a large effect on
the safety procedures on offshore platforms in the
UKCS. This hypothesis would also be consistent
with the approximate number of platforms operat-
ing in the UKCS which increases from 121 in 1981
to 174 in 1987. This contradicts the previous state-
ment that the number of incidents would increase
with the number of platforms in operation. How-
ever, in the 6-year period between 1981 and 1987
this is not the case. This further backs up the idea
that the regulations from 1974 have been increas-
ingly enforced and have reduced the number of
incidents. However, it is also possible to state that

Graph demonstrating the number of ship to platform collision incidents per year, as well as the key regula-



the level of reporting of the collision incidents has
decreased. This is a much more difficult claim to
validate as there is not any possible way to deter-
mine whether an incident has happened and has
not been reported. This is part of the reasoning
behind an increase in research regarding offshore
dynamic asset integrity modelling and autono-
mous systems, as the most common reason a
detector or sensor will not detect and log any
information is if it is faulty. On the other hand a
human has the ability to choose not to carry out an
action. Hence it is difficult to accurately determine
the level of underreporting that would have taken
place between 1981 and 1987.

Continually, the time period between 1988 and
1994, in terms of collision incidents, is very inter-
esting. The year 1988 is well known in the offshore
industry and indeed the world as the year of the
Piper Alpha disaster in which 167 crew members
lost their lives in the July of that year. When one
examines the collision incidents that were reported
in 1988, approximately 70% were reported after the
loss of Piper Alpha on 6th July. This may suggest
that a large-scale disaster, such as Piper Alpha,
triggered an increase in the level of incident report-
ing. However, the number of collision incidents in
1988 alone are not enough to state this with any
conviction. What is interesting however, is that
the number of collision incidents increase in 1989
to 18, from 7 in 1988. This is a drastic increase in
terms of the number of reported incidents in the
UKCS, after a large-scale offshore disaster.

Furthermore, in 1989 the Offshore Installa-
tions (Safety Representatives & Safety Committee)
Regulations were published. This stated that the
workforce could elect safety representatives from
amongst themselves. This may have increased the
level of reporting of collision incidents in 1989.
However, it appears to be too much of a drastic
increase from the previous year to conclusively
state that the new regulations in 1989 resulted in
a considerable number of reported incidents. It
seems much more likely that a combination of
the Piper Alpha disaster and the release of the
Offshore Installations (Safety Representatives &
Safety Committee) Regulations contributed to the
vast increase in reported collision incidents.

Continually, in 1990, the Cullen Report was
published which was public enquiry into the Piper
Alpha disaster. The report was heavily critical of
the platform operators. Lord Cullen made a total
of 106 recommendations within his report, all of
which were accepted by industry. The responsibil-
ity of implementing them was spread across the
regulators and the industry with, the HSE oversee-
ing 57, the operators were responsible for 40, the
offshore industry were given 8 to progress and the
final one was for the Standby Ship Owners Associ-
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ation. The industry acted urgently to carry out the
48 recommendations that operators were directly
responsible for. By 1993 all had been acted upon
and substantially implemented. Furthermore, the
HSE developed and implemented Lord Cullen’s
key recommendation: the introduction of safety
regulations requiring the operator/owner of every
fixed and mobile installation operating in UK
waters to submit to the HSE, for their acceptance,
a safety case. Hence, in 1992 the Offshore Installa-
tions (Safety Case) Regulations came into force. By
November 1993 a safety case for every installation
had been submitted to the HSE and by November
1995 all had had their safety case accepted by the
HSE.

If the number of collision incidents is exam-
ined from the Cullen Report in 1990 to all instal-
lation Safety Cases being accepted in 1995, it can
be seen that the number of incidents per year
decreases rapidly from 24 to 3 respectively. This is
again a massive fluctuation in the number of inci-
dents following a series of key regulations being
enforced. It shows that the release of new regula-
tions prompts the level of incidents to decrease as
the regulations are enforced. However, as 1995 is a
number of years after the Cullen Report and the
introduction of Safety Cases it is possible that an
element of complacency in terms of reporting may
occur. This can be seen from the number of inci-
dents between 1995 and 2004. The number of col-
lision incidents increases from 3 in 1995, to a peak
in 1998 of 16, then to a new low of 4 in 2004. What
is key is this fluctuation, actually does not exactly
follow the common trend of more incidents given
more operating installations. From 1995 to 1996
the approximate number of installations decreases
from 289 to 262, then steadily increases to 313
in 2004. This again does not follow a pattern as
the number incidents decreases after 1998 as the
approximate number of installations increases.
This could be attributed to a substantial level
of regulation enforcement leading to a decrease
in incidents, or there may be an anomaly in the
approximate number of installations and incidents,
given that the approximate number of installations
increases steadily from 1975 to 1995, then suddenly
decreases. Similarly, it is at this time that the HSE
began utilising the RIDDOR regulations (from st
April 1996).

What appears to be more likely is at the low
point of 3 collisions in 1995, a new set of regu-
lations are introduced and enforced, the Offshore
Installations Prevention of Fire and Explosion,
and Emergency Response (PFEER) along with
the Offshore Installation (Design & Construction)
Regulations in 1996. At that point, the number of
incidents increases and peaks in 1998. It would be
foolish to say that the introduction of new oftshore



Figure 2.

regulations causes offshore incidents. What is far
more likely is that the increase of new regulations
prompts a more proactive response in the accuracy
of incident reporting.

In addition, this trend can be seen yet again
from 2004 to 2012, where the number of collision
incidents per year increases from 4 in 2004 to 11
in 2007 then decreases to 3 in 2012. This could
be attributed to the Offshore Installations (Safety
Case) Regulations 2005 being enforced in 2006. As
with the regulations in 1995 and 1996 the number
of incident increases and begins to decrease. How-
ever, the number of collision incidents becomes
much steadier and doesn’t fluctuate as much as pre-
vious years, as the increase from 4 to 11 in 2013 is
not a huge increase, and could be said to be anoma-
lous when looking at the number of incidents in
that period. However, it is an increase none the less.

Furthermore, in 2008 the Safety Zones around
Oil & Gas Installations in Waters around the UK
information sheet is introduced by the HSE. This
specifically targets the area of offshore collisions,
near misses and general safety when operating in
an installations 500m zone. Therefore, it makes
sense to state that this introduction has maintained
a steady level of incidents between 2008, with 8,
and 2015, with 3.

Furthermore, by applying the use of a calcu-
lated incident frequency and cumulative frequency,
based upon the operating experience on the UKCS
from 1975 to 2015, it can be seen that the number
of incidents has drastically decreased over the 40
year period. This is demonstrated by Figure 2
which highlights the trend of incidents frequencies
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Incidents frequency and cumulative frequency for ship to platform collisions per year from 1975 to 2015.

per year as well as the cumulative incidents fre-
quency per year. What can be seen in Figure 1 and
much more clearly in Figure 2 is that the average
frequency of incidents has generally decreased
since 1981. This clearly demonstrates that over
the 40 year period from the introduction of the
HSWA to the current amended Safety Case regu-
lations, the enforced regulations have had a huge
impact on installation safety in terms of collision
incidents. As the general number of incidents has
decreased, the approximate number of operating
installations has increased.

4 CONCLUSION

From the information presented in Figures 1 and 2
as well as Table 1, it can be seen that the offshore
industry can be said to be reactive in its approach
to reporting incidents, especially in the area of ship
to platform collisions. What is also apparent is
that the fluctuation has become gradually smaller
in more recent times. This shows that the effect of
introducing and amending regulations over time
has a positive effect on the overall trend of colli-
sion incidents. While this study identifies trends in
ship to platform collisions, it would still be valid
to state that the offshore industry would profit
greatly from having a dynamic risk monitoring
tool to aid with the continual enforcement of regu-
lations across all areas of an offshore platform. In
the near future, a widely accepted and integrated
dynamic asset integrity monitoring tool could be a
distinct possibility.
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ABSTRACT: Safety analysis for nuclear facilities are performed in a conservative manner so that there
is additional assurance that the nuclear facilities are safe to operate given the potential events that may
impact or challenge the facilities. The degree of conservatism included in the analysis should be well know
and be increased if there is a large degree of uncertainty associated with the analysis. If uncertainty is
decreased, through better data or more sophisticated and/or rigorous analysis, a decrease in conservatism
can be made without impacting the margin of safety of the design.

1 INTRODUCTION

1.1

Providing conservatism in the safety analysis of a
facility results in additional assurance that the facil-
ity is safe to operate. This paper explores how the
degree of conservatism and the degree of uncer-
tainty of the safety analysis are linked in determin-
ing the margin of safety of the facility design. The
objective of this research is to improve the under-
standing of the theoretical and technical basis for
ensuring the safety of a facility design.

Objective

1.2 Approach
This research included the following steps.

e Reviewing definitions for conservatism
Reviewing national and international practices
regarding use of conservative inputs into safety
analyses

Evaluating conservative and best estimate analy-
ses and a potential method for reducing conserv-

atism while maintaining safety margins

A follow-on paper is planned that will evaluate
some potential applications of the method to reduce
conservatism while maintaining safety margins.

2  CONSERVATISM DEFINITION

2.1 Definition

A discussion of conservatism, as it relates to safety
analysis, is found in the U.S. Nuclear Regulatory
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Commission’s (NRC) NUREG-2122, Glossary of
Risk-Related Terms in Support of Risk-Informed
Decision-making (NRC 2013). NUREG-2122
takes a holistic approach in describing conserva-
tism; it defines the term conservative in combina-
tion with “analysis,” and an additional qualifying
term “demonstrably”—thus implying that an analy-
sis must be evaluated as a whole. A “demonstra-
bly conservative analysis” is: “An analysis that
uses assumptions such that the assessed outcome
is meant to be less favorable than the expected
outcome.”

The more detailed discussion in NUREG-
2122 goes on to explain that a “demonstrably
conservative analysis provides a result that may
not be the worst result of a set of outcomes, but
produces a quantified estimate of a risk metric
that is significantly greater than a risk metric esti-
mate produced using the most realistic information
available” [emphasis added]. Thus, a conservative
analysis can be described as being located between
a bounding analysis and a best estimate analysis—
but skewed towards the bounding case and signifi-
cantly away from the results of the best estimate
analysis. The relationship among the terms “con-
servative”, “bounding”, and “best estimate™ is dis-
cussed further below.

A guide by the United Kingdom’s (UK) Office
for Nuclear Regulation (ONR), Safety Assessment
Principles for Nuclear Facilities (UK ONR 2014)
defines conservatism as:

In analysis, an approach where the use of models,
data and assumptions would be expected to lead to a



result that bounds the best estimate (where known)
on the safe side. The degree of conservatism should
be proportionate to both the level of uncertainty and
the overall significance of the estimate to the safety
case.

This definition is informative, as it links the
level of uncertainty to the “significance of the esti-
mate”; i.e., the importance of the parameter being
addressed; however, what is the ONR meant by
“bounds the best estimate” is not clear.

3 NATIONAL AND INTERNATIONAL
PERSPECTIVES ON CONSERVATIVE
SAFETY ANALYSES

3.1 US. Nuclear regulatory commission

The NRC’s Safety Goal Policy Statement (NRC
1986) states that, “to provide adequate protec-
tion of the public health and safety, current NRC
regulations require conservatism in design, con-
struction, testing, operation and maintenance of
nuclear power plants” [emphasis added]. Relative
to conservatism in accident analysis, NRC Regula-
tory Guide 1.203, Transient and Accident Analysis
Methods (NRC 2005) states that:

.. results of an analysis can be conservative due to
a combination of code input and modeling assump-
tions.... However, conservatism in just one aspect of
[amodel] ... cannot be used to justify conservatism
in the [model] as a whole, because other aspects of
the model may be non-conservative and cause the
overall model to be non-conservative. The degree of
conservatism in the overall model must be quanti-
fied and documented. Showing the degree of con-
servatism in [a model] ... may be accomplished by
a relatively simple uncertainty analysis....The key
to simplifying the uncertainty analysis is identifying
the small number of parameters and physical phe-
nomena that are important in determining the behav-
ior of the accident.

The issue of conservatism is also tied somewhat
to the issue of probabilistic versus deterministic
approaches; in probabilistic approaches, conserva-
tism and uncertainty can be specifically evaluated,
whereas in a deterministic approach there is often
less information to support an understanding of
the degree of conservatism. This was discussed
in the NRCs NUREG/CR-7168, Regulatory
Approaches for Accessing Facility Risks (NRC
2015). A companion issue to that of probabilistic
versus deterministic approaches is whether analy-
ses should be based on data and computational
methodologies that represent the best estimate of
what might really occur, with uncertainty analysis
to explore the effects of incorrect data or models,
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or should be based on demonstrably conservative
data and models. Most regulations and license
applications have used a conservative, determin-
istic approach. The NRC has identified problems
with using this approach as discussed in Appen-
dix C of NUREG-1909, Background, Status, and
Issues Related to the Regulation of Advanced Spent
Nuclear Fuel Recycle Facilities (NRC 2008). Two
of the most important problems identified were:
(1) that using very conservative assumptions can
mask risk-significant items, and (2) that most
conservative analyses are not accompanied by an
uncertainty analysis.

The NRC has also addressed the issue of con-
servatism in thermal hydraulic code analysis and
provide guidance on how best-estimate calculations
can be utilized in place of conservative models. Spe-
cifically, in Regulatory Guide 1.157, Best-Estimate
Calculations of Emergency Core Cooling System
Performance (NRC 1989), the NRC states that:

the NRC staff amended the requirements of § 50.46
and Appendix K, “ECCS Evaluation Models” (53
FR 35996), so that these regulations reflect the
improved understanding of ECCS performance dur-
ing reactor transients that was obtained through the
extensive research performed since the promulgation
of the original requirements in January 1974. Para-
graph 50.46(a) (1) now permits licensees or appli-
cants to use either Appendix K features or a realistic
evaluation model. These realistic evaluation models
must include sufficient supporting justification to
demonstrate that the analytic techniques employed
realistically describe the behavior of the reactor
system during a postulated loss-of-coolant accident.
Paragraph 50.46(a) (1) also requires that the uncer-
tainty in the realistic evaluation model be quantified
and considered when comparing the results of the
calculations with the applicable limits in paragraph
50.46(b) so that there is a high probability that the
criteria will not be exceeded.

For the purpose of the above regulatory guide,
the terms “best-estimate” and “realistic” have the
same meaning. Both terms are used to indicate
that the techniques attempt to predict realistic
reactor system thermal-hydraulic response; though
best-estimate is not used in a statistical sense in this
guide.

The use of conservative values has been inves-
tigated in International Atomic Energy Agency
(IAEA) Safety Report 52, Best Estimate Safety
Analysis for Nuclear Power Plants: Uncertainty Eval-
uation, (IAEA 2008) and IAEA Publication 1428,
Deterministic Safety Analysis for Nuclear Power
Plants (2014). These documents discuss the prac-
tices, benefits and downsides associated with use of
conservative and best estimate analyses. The ITAEA
notes that for accident scenarios with large estimated



margins to acceptance criteria, “it is appropriate for
simplicity, and therefore, economy, to use conserva-
tive analysis”’; however, “for scenarios in which the
margin is smaller, a best estimate is necessary....”

The TAEA goes on to describe the need for best
estimate analysis in this instance is to “to quantify
the conservatism”; that is, “to show the margins to
the acceptance criteria that apply in reality.” How-
ever, the IAEA discussion of best estimate analysis
in IAEA Safety Report 52 is always combined with
a focus on evaluation of uncertainties; therefore,
the TAEA discussion is of “best estimate analysis
together with evaluation of uncertainties.” The use
of this type of methodology is qualified with the
caution that “realistic input data are used only if
the uncertainties or their probabilistic distribu-
tions are known.” For data that do not meet this
test “conservative values” should be used.

An alternate approach to conservative analysis,
referred to as “best estimate plus uncertainty,” is
discussed in IAEA Safety Report 52. The benefits
of the best estimate plus uncertainty approach are
described in TAEA Safety Report 52: (1) it pro-
vides more realistic information about the physical
behavior of the facility and thus assists in identify-
ing the most relevant safety parameters, (2) the use
of conservative assumptions can lead to predicting
an incorrect event progression or exclude relevant
physical phenomena, and (3) it provides informa-
tion about safety margins which is not always obvi-
ousinconservative deterministicanalyses. However,
moving toward best estimate analysis with uncer-
tainty involves several challenges. For example, it is
difficult to develop a relevant, validated best esti-
mate computational methodology for the analysis.
In addition, sufficient data on critical parameters
must be available so that a probabilistic distribu-
tion function can be developed that is statistically
valid. TAEA Publication 1332, Safety Margins of
Operating Reactors—Analysis of Uncertainties and
Implications for Decision Making, (2003) discusses
how, in safety analyses, it is customary to demon-
strate that adequate margins exist between the true
(but unknown) values of important, safety-related
parameters of interest and the corresponding regu-
latory limits (requirements or physical limits) that,
if exceeded, would result in adverse consequences
(e.g., release of radioactivity).

Safety margins traditionally are established
by relying on conservative models, conservative
assumptions, and conservative interpretation
of the analysis results. This approach has served
the nuclear industry well; however, it can lead to
employing additional safety measures and barriers
that may not be strictly required, resulting in cost-
lier and “overbuilt” designs. Also, the conservative
approaches are not routinely able to identify the
amount or degree of conservatism, nor do they
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describe the degree of confidence in the resulting
conclusions and safety features.

4 TECHNICAL EVALUATION OF
CONSERVATIVE AND BEST ESTIMATE
ANALYSIS

4.1 Introduction to conservative analysis

and safety margins

To illustrate the conservative approach to safety
analysis, consider Figure 1 (shown at end of this
paper). In the conservative approach, the results
are expressed in terms of a set of deterministi-
cally calculated values for the safety parameters of
interest (e.g., radioactive dose) that are expected to
be more pessimistic than the true values of these
parameters. The difference between a conservative
estimate of the safety parameter of interest and
the regulatory/requirement limit is called the safety
margin. Conservatism is intended to make the cal-
culated deterministic value more limiting than the
true (but unknown) value of a safety parmeter of
interst, to assure that the estimated safety margin
is smaller than the true safety margin. The differ-
ence between the true safety margin and the esti-
mated safety margin has been described by the
TAEA (IAEA 2014) as the overbuilt safety margin.

As illustrated in Figure 1 (figures are shown
at the end of this paper), when deterministically
analyzing the safety parameter of interest the con-
servative safety analysis approach finds a single
value of that parameter to compare to the regula-
tory limit/requirement (referred to as the “accept-
ance criterion” by the IAEA) and to determine if
it is below that requirement/limit with a minimum,
but undefined, amount of safety margin. In the
conservative deterministic approach the degree of
conservatism, and the true value of the parameter
in relation to the conservative estimates, remain
unknown. Generally, analysts believe that the
conservative estimate provides an estimate of the
safety margin smaller than the true margin, which
by definition leaves some “overbuilt” margin.

As a simple example, consider the following:

Say the Regulatory Limit for the dose to the max-
imally exposed offsite individual (MOI) is 25 rem
Committed Effective Dose Equivalent (CEDE).

If a Conservative Estimate of the dose in a given
accident scenario to the MOI is calculated to be
S rem. The True Value of the dose to the MOI
might be 0.5 rem (if the accident scenario, accident
parameters, and phenomena were exactly known).

In this case then the:

e Design Safety Margin is 20 rem
e True Safety Margin is 24.5 rem
e Overbuilt Margin is 4.5 rem



Figure 1.

Another way to look at the margins is the fac-
tor below the regulatory limit. In the above exam-
ple, the Safety Margin is anticipated to be a factor
of 5, the True Safety Margin is a factor of 50 and
the Overbuilt Margin represents 90% of the True
Safety Margin.

The means of assuring conservatism in deter-
ministic safety analysis is the use of conservative
models, codes, assumptions and data with the
anticipation that these collectively yield pessimistic
estimates of the safety parameters of interest, rela-
tive to the regulatory limit/requirements. An alter-
native approach to conservatism in safety analysis
is the best estimate approach (as described in the
NRC Regulatory Guide 1.157) to the assessment
of the safety parameters of interest that includes
formal quantification of associated uncertainties
(or “best estimate plus uncertainty” to use the
IAEA terminology).

In the best estimate plus uncertainty approach,
best estimate models and computational methods,
field and experimental data, and realistic assump-
tions are used to estimate the safety parameter
of interest. Clearly, availability of such tools and
data are critical to make this approach feasible.
However, depending on the amount of data and
information available, sometimes the best estimate
approach can only provide a rough estimate of the
uncertainties, which may need to be supplemented
with some conservative assumptions. Conversely,
when data and information are abundant, the best
estimate results are frequently associated with less
uncertainty. In the best estimate plus uncertainty
approach, the amount of uncertainty may be
expressed explicitly by obtaining the probability
distribution of the safety parameter of interest and
quantifying the safety margin. This concept will be
discussed in more detail in the following section.
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The concept of safety margins in conservative safety analysis.

4.2 Best estimate plus uncertainty approach to
safety analysis

In the best estimate plus uncertainty approach, the
safety parameter of interest is treated as a random
variable and the probability distribution within which
the true value of the safety parameter of interest
resides is estimated. Consider Figure 2, which shows
a hypothetical distribution of a parameter. The true,
but unknown, value of the safety parameter of inter-
est resides somewhere within the span of this distri-
bution. The regulatory limit/requirement of interest
is shown within the range of this distribution.

Also, shown in Figure 2 is the desired safety
margin, set to account for “unknown-unknowns.”
As such the safety parameter of interest should be
below the regulatory limit/requirement plus this
prescribed, desired margin.

In the best estimate plus uncertainty approach,
the distribution of the safety parameter of interest, 9,
is expressed by the probability density function (dis-
tribution function), f{d), which is obtained by using
realistic data, best-estimate models and codes. The
best-estimate approach does not use conservative
assumptions. Once developed, the distribution, f{J),
may be used to find the probability that the true (but
unknown) value of the safety parameter of interest
(expressed by the random variable, &) is below the
regulatory limit/requirement, D. In this approach it
is this probability, and confidence associated with it,
that forms the basis for safety decision-making. As
such, in the best estimate plus uncertainty approach,
the probability that the true margin, (D — J), exceeds
the desired safety margin, A, is expressed by:

Pr[(D-06)>A]= Pl;;[Ao“< (D+4)]
=[""f(o)ds



Figure 2. Conceptual depiction of the probability density function of a safety parameter.

Figure 3.

Also, the probability that the requirement is not
met would be:

Pr(6>D)=| f()ds

The benefit of the best estimate plus uncertainty
method is in its characterization of the safety mar-
gin in light of the information, data and other evi-
dence that is available. As the amount of such data
increases, it is natural to expect that f{J) becomes
narrower (with smaller spread) and represents a
small span within which the true value of the safety
parameter of interest dis most likely located. This
concept is illustrated in Figure 3, assuming that
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Potential effect of more information: True value of & distributes narrowly.

more information about d was available and result-
ing in much narrower f(9), as compared to the
probability distribution in Figure 2.

The best estimate plus uncertainty approach,
as depicted in Figures 2 and 3, illustrates the cases
where the true margin could become very large
(for example, due to conservative initial design) by
showing that P;L(D—é') >A] could be close to
unity, and highlights the presence of a large over-
built margin. Such cases can provide a rationale to
revisit the need for such large margins. This insight
can only be achieved by a best estimate plus uncer-
tainty approach, where the uncertainties associated
with the margins are formally and quantitatively
assessed—and confidence levels established—allowing



the overbuilt margins to be explicitly defined,
explored and evaluated as to their necessity.

4.3 Best-estimate models/codes versus
conservative models

In determining the probability distribution, f{J),
of the safety parameter of interest, one needs to
have access to validated best estimate models and
computational methodologies. In the conservative
approach, estimates of the safety parameters of
interest are obtained from conservative or bound-
ing assumptions, and/or conservative models. To
compare these two approaches, consider Figure 4.
This figure shows a case where data about a safety
parameter of interest are available. The conserva-
tive model (top-left branch), exemplifies an empiri-
cal (linear) model that bounds the data—meaning
all the data fall below the model. As such, when
the independent variable, x, takes the value x,,
the model estimates a dependent value (e.g., for a
safety parameter of interest) of y, which is higher
(more pessimistic) than all the data (evidence) that
exist (note: if desired, it is possible to account for
unobserved data, and draw the line above the clus-
ter of the data with an additional margin, to cover
for the unknown-unknowns).

Conversely, the best estimate approach would
fit the empirical line (model) into the data using

a regression analysis including the quantiles that
describe the uncertainty about this model (top-
right model and the bottom-right model are best
estimate fits to the data). The model’s upper and
lower quantiles represent the model uncertainty
using the residuals (expressed by the model error,
€). Unlike the bounding model, in the best esti-
mate model, for a given value of a dependent vari-
able x, produces a probability distribution for y,.
Similar to the conservative analysis, it may become
necessary to make the best estimate model more
conservative by introducing a bias to account
for the unobserved data. The bottom left branch
shows the same regression model of the lower
right, but with an added conservative bias.

Impact of Conservatism When Multiple Param-
eters are Inputs to an Analysis.

When several parameters are inputs into an
analysis used to determine a resulting “final” para-
meter or “figure of merit,” which is then used to
compare against regulatory limits, the amount of
conservatism in the final parameter will be larger
than the conservatism in each of the input param-
eters. This can result in large conservatisms in the
resulting “final” parameter. In part, this reflects
that fact that the uncertainty in the final parameter
does increase as consequence of increases in the
number of input parameters—each with its own
level of uncertainty. When probability distribution

Figure 4. Comparison between best estimate and conservative models.

42



functions, along with associated confidence levels
are not known (i.e., a “data-deficient” environ-
ment), industry standard approaches work to
ensure—through conservative parametric values
and/or modeling—that an appropriate level of
conservatism is present in the final parameter.
When this result is compared against the regula-
tory limit, several possibilities exist: (1) if the mar-
gin is small, more detailed analysis may be called
for to more fully characterize the safety case, as
discussed by the IAEA and NRC above; (2) if the
margin is large and measures incorporated into
system design and/or procedures are not oner-
ous, further action may not be called for; and
(3)if the margin is large and measures incorporated
into system design and/or procedures are costly or
result in overly complex operations, detailed analy-
sis may be called for to assess the relative contribu-
tion of such measures to safety.

5 CONCLUSIONS

This paper first provided definitions of the term
“conservative”—especially as it is applied to
describe safety analyses. It then explored how the
degree of conservatism and the degree of uncer-
tainty from data supporting the safety analysis
are linked in determining the margin of safety
obtained in a facility design. It showed that, in the-
ory, safety margins can be maintained with reduc-
tions in conservatism if corresponding reductions
in uncertainty are made (through better data or
improved analysis). This insight will help sup-
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port decision-making on whether experimental or
analytical resources would be best applied to
making more detailed and sophisticated best-
estimate analysis or by utilizing less sophisticated
analysis with larger conservatisms which could
lead to more resources spent on the facility design.
A follow-on paper is planned to further investigate
this with some example applications.
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ABSTRACT: The paper deals with the level of citizen awareness in selected dangerous areas of
Vysocina region and with their preparation for an emergency. In the theoretical part of the paper there
was done an analysis of approaches to dealing with informing and training of inhabitants to emergencies
in general as well as focusing on two selected subjects of Vysocina region. There were also discussed
possibilities of training inhabitants and logistics information flows. In the practical part were created
proposals for a preparation of the citizens for a potential emergency. First emergency we chose was a
leakage of dangerous substances from ice skating park. There were also made a simulation of leaking of
amoniak. The second emergency we focused on was a rupture of local dam. For both emergencies were
made simulation to see its consequences.

1 INTRODUCTION The paper is focused on the awareness of the
population. So there was at the beginning of our
The article deals with the awareness of the popula- ~ work elaborated a questionnaire for the residents
tion and their preparedness for a case of extraor-  of vulnerable areas and for the authorities, under
dinary event in 2 zones. Specifically, it focuses on ~ which the affected area belongs to. The question
emergency zones of winter stadium, where the  was if they carried out the training on possible
dangerous substance, ammonia (NH;), can escape.  scenarios of threats and whether the citizens know
The second emergency zone is the flood territory  how to act in the case of an emergency or if they
of the dam Vir in the Vysocina. know where to go to get that information. The
According to §15 of Act No. 239/2000 Coll.  questionnaire was developed primarily to obtain
“The municipal office familiarizes the population  an objective view on the situation and for the
with the character of the possible threats in the  analysis of the current state in selected territories.
region. Then the office also familiarizes them with ~ The main goal of our work is to find an accept-
the prepared rescue and liquidation works and  able solution of the issue or at least to deepen the
the protection of the population. The office also  awareness and knowledge of the population in
organizes their training” (Act No. 239/2000). From  selected territories.
the law it is clearly showen who has the task to
inform, or to train the population. However there
is not mentioned anywhere, how often the train-
ing should take place. This gap in the law is one of
the aspects that cause the ignorance of the popula-
tion. However, it is not possible to lay the blame
only on the gap in the law, because the iniciation
of the population is also very important nowadays.  The dam Vir is located in the Vyso¢ina, location
In today’s world which is full of all kinds of inven-  of the Vysocina region in the Czech Republic is
tions, and due to trends of travelling and learning ~ shown in Figure 1, on the flow of the river Svratka.
about foreign countries, people often neglect the It serves as a source of drinking water for the area
importance of knowledge area of their own resi-  called Zdarské vrchy and the surrounding areas
dence. Sometimes it also happens that even whena  and a part of Brno. The area of flood planning
citizen tries to get some news, it is impossible. for this reservoir is located along the river Svratka.

2 ANALYSIS OF APPROACHES TO
ADDRESS THE AWARENESS AND
TRAINING OF THE POPULATION

2.1  The dam Vir
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Figure 1.
republic.

Location of the Vysocina region in the Czech

It is reported that the possible flood wave would
most likely reached up to the Brno dam, where it
could cause considerable complications.

The total volume of the reservoir of the dam
is 56,193 million m?® and the size of the flooded
area is 223,6 ha. The concrete gravity dam is in its
crown 390 m long and 9 m wide. Harmless water
drain under the dam is 55 m*.s7!. On the left side of
the dam is located a water power plant.

According to the model of the passage of spe-
cial flood caused by the breach of the dam was
determined by the extent of the flood area. This
model implies that the extent of the flood area
lies in the stretch from the dam to the city Brno.
Vulnerable place, which this work considers is the
village Vir, which is located in the immediate vicin-
ity of the dam Vir. Other endangered sites are in
respectively the village Korouzné, Svatec, Stépanov
nad Svratka, Ujcov and Lower Cepi. Of course
endangered sites also include other municipalities,
but this work deals only with the territory of the
Vysocina region.

Warning according to the operating plan for
special flood is done by the owner of the dam Vir
by using his own sirens and notifies the operational
information centre of the fire rescue service (IRS)
of the region about the dangers of specific floods.
The IRS of the region then immediately notifies
threatened population and also provides informa-
tion about the development of the emergency (The
operational plan for a special floods, 2017).

2.2 Winter stadium

The capacity of the winter stadium in Zdar nad
Sazavou is 3500 visitors (Sportis, 2011). To the
cooling of roller surface is used ammonia (NH,).
Ammonia is under normal conditions a colour-
less gas with a typical pungent odor; it is alkaline,
irritant and caustic. Ammonia is very toxic for
aquatic organisms (especially fish). Its very good
solubility in water also plays an important role too.
Also plants can be negatively affected if they are
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exposed to its higher concentrations both in air
and in water. It participates in the acidification of
soils (The integrated pollution register, 2017).

Due to the properties of ammonia there could
occur an ecological disaster, because around the
selected stadium is a river Sazava.

The ammonia has during short-term exposure
of the person, irritating effect. It can burn the skin
and eyes. It causes cough and difficulty breathing.
In a concentration higher than 3.5 g.m™ is even
short-term exposure the lethal. In the current envi-
ronment is the concentration of ammonia so low
that it does not entail almost any risk. Its advan-
tage is an intense pungent odor, which highlights its
presence in the air before it could rise to a danger-
ous level (The integrated pollution register, 2017).

In the cooling device of the winter stadium is
the total charge of ammonia of 6000 kg (amount
of ammonia is under the current emergency plan,
in fact it is 1400 kg). This amount is divided into
three parts—the condenser, the expansion tank
and the ice-skating area (Travnik, 2016).

The zone of emergency planning for the win-
ter stadium is about 130 m. In that zone there is a
sports hall, 2 restaurants and a few family houses,
which is located on the edge of the collision zone.

Due to the security and availability of hazardous
substances and a large number of people at hockey
games and other, may be the winter stadiums mis-
used to commit a terrorist attack intentional dis-
charge of a dangerous substance or destruction of
the device (Zeman & Bien & Urban, 2017).

Warning according to the emergency plan of
the winter stadium in the release of ammonia is
performed by the doorman of the winter stadium
after the notification of the engineer. He begins to
organize the measures in the premises of the winter
stadium (according to existing emergency response
plan). Alarms are divided into 3 groups according
to the amount of leaked substance:

1. The first level of threat—a leakage of ammonia
to 1 000 kg, if the spill threats only object of
engineering.

. The second level of threat—a leakage of ammo-
nia to 2 000 kg, if the spill threats the entire object.

. The third level of threat—a leakage of ammo-
nia up to 3 000 kg, if the spill threats area of
winter stadium and outside emergency zone in
the direction of the wind (Travnik, 2016).

A liquidation of the accident in the first degree
is undertaken by the staff of the ice rink with the
use of a IRS of the winter stadium. Liquidation
of the accident the second and third tier is gov-
erned by the emergency commission headed by
the head of the winter stadium, who will call the
appropriate personnel with cooperation with IRS
(Travnik, 2016).



Due to the maximum range of the zone of
emergency planning (130 m) it is necessary to warn
about the emergency all persons who are in the
zone of emergency planning by the signal general
warning (Travnik, 2016).

Security protection of persons is carried out
through escape routes (two kinds):

1. from the space of the winter stadium. There
are two entrances in the main building and two
entrances in the eastern and western bleachers.
Escape routes from the machinery spaces are in
addition to the main entrance to the lobby even
to the back of the winter stadium (to cooling
towers) and in front of the garage into the hall.

. from the space of a vapour cloud of ammo-
nia against the direction of the surface wind
(Travnik, 2016).

Escape routes will be to the population adver-
tised by radio device. All escape routes are prop-
erly marked and are kept passable. Movement of
persons on the escape routes will be monitored by
the riot service, which will guard the access to the
infested area (Travnik, 2016).

To determine the state of awareness of the popu-
lation in the emergency zone of the winter stadium
was used questionnaire method. The residents of
those zones and visitors as the winter stadium,
sports hall, located next to the winter stadium, was
submitted to a questionnaire of 9 questions.

3 THE RESULTS OF THE SURVEY

In the individual, above-mentioned zones of
danger, it was examined, how are the residents
prepared for emergency and whether they have
enough information. Residents were submitted to
a questionnaire of 9 questions.

3.1  The results of the survey in the emergency

zone of the dam Vir

The number of persons surveyed in individual
municipalities in the flood planning zone of the
dam Vir is shown in the Table 1.

On the first question, “Do you know that the
place of your residence is located in flood terri-
tory?”, replied to 100% of the respondents that
they know about it.

On the second question, “Do you know where to
get more information about the threat?” responded
the majority of respondents positively. The answer
“Yes, I know.” checked 70% of the respondents.
The remaining 30% didn’t know where to get the
necessary information.

The third question examined whether there is
any training about what to do in case of emergen-
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Table 1.
ning zone.

Number of persons surveyed in the flood plan-

Number of answered

Municipality questionnaires
Vir 32
Korouzné 19
Stépanov nad Svratkou 17
Ujcov 12
Total 80

cies. Approximately 57% of the respondents replied
that the training is in progress, 37% did not know
and the remaining 6% claimed that training is con-
ducted. The answers of the respondents were com-
pareted with the replies of the representatives of the
municipalities in which the survey was conducted.
It should be noted that municipal representatives
about any training didn’t know anything.

The respondents, who at the third question
answered in the affirmative, they were asked about
the evaluation of the appointed training. Respond-
ents argued that the training was satisfied and
beneficial. Unfortunately however, could not recall
how often or when was the last time such training
was held.

An important part of the questionnaire was to
ascertain the opinion of citizens on their readiness
for an emergency, whether they would welcome
the introduction of the training and what form
would this training should have. Only one fifth
of the respondents had shown interest in possi-
ble training courses to attend. A total of 55% of
respondents would prefer a combination of lec-
tures and manuals, 22% only lecturing and the
remaining 23% would meet the processed docu-
ments (manuals).

The fifth question examined, and vetted knowl-
edge of the population, whether they know the
manner in which they will be informed that an
exceptional event has occurred. Interviewees had
a choice of three options. The first option was that
they hears from neighbors, the second option was
that a warning signal will sound and the third, that
they will start to ride the car of the IRS, especially
car fire brigade and the Police of the Czech Repub-
lic. All of those interviewed, up to 8%, chose the
answer that a warning signal will sound. Of those
8%, chose the answer: I learn it from the neighbors,
with the argument that it learns more and earlier.

Question number 6 looked at whether the resi-
dents of the affected territory think that they are
prepared on the emergency. To this question,
respondents split almost in half. The first half is
according to the response to emergency adequately
prepared and the second on the contrary is not.



To the seventh question, answered all the ques-
tioned correctly. Had a task to choose the correct
series of numbers to the IRS.

First aid can according to the eighth questions
provide 92% of the respondents.

The last question examined whether the popula-
tion knows what evacuation bag includes. It should
be noted that in the questionnaire was the choice
of just yes or no answer. However, all those who
answered yes, they were verbally tested if they
really know, what an evacuation bag should con-
tain. The others were at least advised. About 52%
of the respondents answered that knows what fea-
tures to include evacuation bag.

3.2 The results of the survey in the emergency
zone of the winter stadium

The number of persons surveyed in the emergency
zone of the winter stadium is shown in the Table 2.

The first question was focused on whether the
interviewees know about the potential dangers
that winter the stadium represents. Only 30% of
respondents know that it is winter stadium a source
of danger.

The second question asked, whether the citizens
know where to obtain more information about this
risk. The answers were also alarming, only 17%
knew where to get the information.

Due to the low number of informed respond-
ents, it was almost unnecessary to ask the third
question, whether they were ever trained on what
to do in case of leakage of ammonia. Nevertheless,
it was found that some training completed 5% of
the respondents; it was for them in some way bene-
ficial and indicated that such training is conducted
about once every 2 years.

The fourth question asked respondents whether
there would be interested in any training. Only 38%
of the interviewed would be interested in training.
They would prefer a combination of lectures and
manuals or separate lectures.

To the fifth question “Do you know how you will
be notified of the fact that there was an emergency?”
a majority of those surveyed answered correctly.
Only a small part of the chosed a different answer.

Table 2. Number of persons surveyed in the emergency
zone of the winter stadium.

Number of answered

Place questionnaires
Winter stadium 56
Sports hall 44
Residential houses 3
Total 103
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The sixth question dealt with the feeling of pre-
paredness of the respondents to such emergency.
A total of 83% of respondents do not feel suffi-
ciently prepared for the emergency.

Any of the respondents do not own any protec-
tive agent for the case of leakage of ammonia.

On the contrary, everyone, as we found out in the
eighth question, knows the emergency numbers.

First aid in case of contact with ammonia can
provide, according to the answers to the ninth
question, 26% of respondents.

From the responses it can be concluded that the
awareness among the population regarding the
aforementioned winter stadium is alarming and it
is necessary to take care about this issue more.

From the questionnaire sent to the municipal
authority, department of emergency manage-
ment, in Zdar nad Sazavou, which was focused on
acquiring information about ongoing or planned
trainings. It was found that no training do not
take place, even in the near future do not plan.
The population was according to the responses
informed about the issue of risk arising from the
winter stadium a few years ago through the local
press.

4 EVALUATION OF KNOWLEDGE
OF THE POPULATION

Although education in this field at primary, sec-
ondary and higher professional schools required
by law, in many cases, does not take place. Or it
takes place only to a very low level.

From the results of the questionnaire survey
under the dam Vir shows that the majority of the
population, living in the village Vir, Korouzné,
Svarec, Stépanov nad Svratkou and Ujcov is well
informed of the potential danger. However, there
is the problem that there is no training due to this
threat. The affirmative should be rated and that
the population knows the emergency numbers and
can provide first aid. But more than half of the
respondents could not wrap evacuation luggage
according to the investigation.

The positives

Training is conducted in the framework of the
voluntary fire brigade.

Awareness is very good.

People know where to get the information.
Knowledge of emergency numbers.

The majority of can provide first aid.

The negatives

Official training in the scope of the village
perimeters.
Ignorance of the content of the evacuation luggage.



The results of the survey the emergency zone of
winter stadium, follow that a substantial part of
the population, whether living in the zone of emer-
gency planning or visitors and sports hall, unaware
of the potential danger.

The positives

The population knows the emergency numbers.
People know how they will be notified of the
emergency event—warning signal.

Some respondents were trained what to do in
case of leakage of ammonia.

Training sessions are carried out at least in the
context of some of the schools in Zdar nad
Sazavou.

The municipality to warn population about the
issue through the local press, several years ago.

The negatives

The municipality does not perform training.
Disinterest of a large number of citizens about
the training.

Training is not in the foreseeable future planned.
People do not know where to get the necessary
information.

Doesn’t know how to provide first aid in case of
contact with ammonia.

Insufficient readiness of the population to this
extraordinary event. Obec neprovadi §koleni.

In determining the current state of the issue
has been identified in the area of implementa-
tion of the statutory training of the population
of the municipalities. This lack manifested itself
especially on the ignorance of people. Surveyed
population showed large gaps in knowledge of
population protection, information, first aid and
the total unpreparedness on the emergency.

In contrast, the population living in zaplavovém
territory under the dam Vir is sufficiently informed
and ready for the emergence of floods. People
know where to get information about the dangers,
knows how to provide first aid. In this area it is
necessary to arouse awareness about the content of
the evacuation luggage.

After evaluation of the results, we have decided
to undertake the modelling of leakage of hazard-
ous substances from the winter stadium and, sub-
sequently, to prepare and carry out an exercise on
this to emergency.

5 APPLIED METHODS

An extraordinary event was chosen such that
results from threats to the environment. To leakage
of hazardous substances from refrigeration equip-
ment occurs quite often and is still a current issue.
Among other methods used for the purposes of
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the work are undoubtedly a literature review and
questionnaire method, from which we emerged
some threats.

Further there was used the method of simula-
tion, in which were used the average values of the
long-term monitoring of weather conditions in
the site of the emergency and the expert estima-
tion of the specified rate of leakage of hazardous
substances. When using the method of construc-
tive simulation is simulated entity controlled by
the simulated operator. Constructive simulation is
kind of simulation, when the model contains every-
thing needed to during the simulation, replaced the
original, including humans. Control of this type of
simulation is implemented using the user interface.
The display of the synthetic environment is similar
to a topographic map. Constructive simulation is
used in a variety of distinctive levels for different
types of operations to deal with emergencies (Kanj
& Flaus, 2015).

6 MODEL OF LEAKAGE OF HAZARDOUS
SUBSTANCES FROM THE STADIUM

On the basis of the requirements for the format of
the output was carried out the evaluation of the
available simulation programs for the modelling
of leakage of hazardous substances. There were
taken into account the information about poten-
tial emergencies and the input data, which were
known about the emergency. Other relevant data
were long-term hydrometeorological data from
the vicinity of the emergency. Due to the lack of
input information was selected by the simulation
program TerEX, which allows working with a
minimum of input information. For more details
of the evaluated programs were published in the
article The Use of Simulation Programs of Leak-
age of Harmful Substances for Crisis management
(Barta, 2015).

The main factor when entering the input data
was the amount of the leaked dangerous sub-
stance. Due to the fact that the system of the win-
ter stadium is designed so that it is divided into
three independent parts with the possibility of
swapping the cooling medium into any of them, it
is not expected that in the event of a crash missed
more than 60% of the amount that falls on 1/3 of
the technology. This corresponds to approximately
280 kg of ammonia. Basic input data:

e Model: PUFF—Single release of boiled liquid
with rapid cloud evaporation

Substance: Ammonia

Temperature: 7°C

Total amount of escaped liquid: 280 kg

Ground layer wind speed: 7 m/s

Sky Overcast: 0%



Time of incident event occurence and continu-
ance: Night, morning or evening

e Type of atmospheric stability: D—isothermic

e Surface type in direction of substance spread-
ing: Inhabited area

On the basis of the determined average temper-
ature, the average values of the direction and force
of the wind, was in the program TerEx performed
a simulation whose result is shown in Figure 2.

For the determination of the extent of the emer-
gency was output from the modeling program
exported into the map base. As seen in the sector
of Blue part in Figure 3, when the prevailing west
wind was threatened residential area with several
family homes. It was the basis for the processing of
documents for the exercise called the leak of ammo-
nia from the winter stadium in Zdar nad Sazavou.

For the realization of the exercise it was neces-
sary to choose a suitable and available simulation
program. In the framework of the project research
we addressed this issue and then we have estab-
lished the basic criteria, which has a simulation
program for the implementation of practical exer-
cises meet (Barta et al. 2016), (Urban et al. 2017),
(Marana et al. 2016). Among the basic criteria
belonged to the user friendliness and the variability
of the simulator:

e Scene Editor;
e Implementation of External Data;

Figure 2. The output data from the program TerEx.

Figure 3. The plot of the leakage of hazardous sub-
stances into the map.
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e Simulation Level (Teams or Individuals)

e Communication Possibilities;

e Continuity in Relation to the Surrounding
Environment.

On the basis of comparison was evaluated as
the most appropriate simulation program SIMEX,
which is built on the platform of the simulator
WASP (Barta & Vaskova & Urbanek, 2016).

For the creation of the exercise was the best based
on emergency, which become in the past. At the win-
ter stadium in Zdar nad Sazavou there was a leakage
of ammonia on 8. June 2011. On this basis, it was
taken over and modified the scenario of the exercise.

6.1

8 June 2011 at 18:18 pm adopted Regional opera-
tional and information centre of the Vysoc¢ina IRS
report of a leakage of ammonia from the winter sta-
dium in the street Libusinska in Zdar nad Sazavou.
To the location of the event rolls out unit of profes-
sional firefighters from the station Zdar nad Sazavou
and volunteer firefighters. By carried out survey of
the site firefighters found that the ammonia is leaking
from a cracked pipe behind the stadium. The place
was immediately marked as a danger zone. There
were found two persons on the spot intervention
with breathing difficulties and called an ambulance.
Firefighters ordered to evacuate the population from
the nearest houses downwind. They also very quickly
managed to prevent further leakage of ammonia.
Effluent water with a weak concentration of ammo-
nia fell into the river, a direct threat to the environ-
ment and to the death of fish did not occur.

Before the termination of the intervention,
there was carried out a final measurement with a
negative result and units returned back to station.

On the basis of the scenario exercise of the
ammonia leakage, it was necessary to define all
entities that create, complement and comprehen-
sively participated in the exercise. On the basis of
the analysis carried out exercises with the leakage
of a hazardous chemical (ammonia) to summarize
each of the entities, which have been successively
fed into the simulator (Oulehlova et al. 2016). The
decisive step was creating lists, which contain basic
clusters of entities, in particular for the area:

The scenario of the exercise

e Staff—as a threat to people in the winter sta-
dium and in its vicinity, the crew of the respond-
ing units, people who are watching, etc.;
Technical means—for example, vehicles of emer-
gency units, auxiliary vehicle, vehicle simulating
normal transport in the Zdaru nad Sazavou, etc.;
Environment—map data of the place of leak-
age of hazardous substances and the terrain
database with the required layers for a simulator
SIMEX.



Table 3. Plan the connection of entities dealing the
leakage of ammonia from the winter stadium.
Telefonne Work

Unit number station

Regional operational and 112 PSI15
information centre

Fire brigade-Zdar nad Sazavou PS02

The commander of the PSO1
intervention

Units of the volunteer PS03
firefighters—Zdar
nad Sazavou 2

Police of the Czech Republic 158 PS07

Emergency medical service 155 PSO05

The mayor of the municipality PS10
of Zdar nad Sazavou

Management of the exercise PS ridici

Members of the tip-off PS13

Information line 1188 PS12

Emergency accommodation PS14
of persons

Evacuation center PS09

Position available
Position available

In Table 3 are in the plan of merger provides
basic entities for the resolution of an incident.

On the basis of defining the entities, there have
been determined their role and activities envisaged
in the framework of the scenarios dealing with
emergencies (Okstad, 2016). The exercise is cur-
rently being prepared and will serve for the practi-
cal training of workers, emergency crews, and the
general public to obtain information about a possi-
ble danger, its extent and consequences. In but not
least, the citizens hear a lot of information how to
maintain when the occurrence of an emergency
with the leakage of dangerous substances.

7 CONCLUSIONS

Total awareness of the population about the risks and
threats that are in their surroundings is very impor-
tant. Also basic reaction and behavior of the popula-
tion upon the occurrence of extraordinary events are
dependent on the awareness of the population.

In the preparatory phase of the exercise had
very proven freely available materials on the web-
site of the municipality of Zdar nad Sazavou and
Vysocina region. There were obtained very useful
information for the preparation of exercises for
informoovani of the population.

This revealed that for obtaining sufficient infor-
mation about the impending danger from the
winter stadium (release of ammonia), inhabitants

51

of the town of Zdar nad Sazavou have sufficient
options, but these options are not used.

In the framework of the forthcoming exercises
instructor received the basic information about the
issue, increased knowledge about crisis manage-
ment and theoretically prepared for work in the
selected simulator. It was a very good basis for a
workout that is focused on practice management
functions, implementation of established proce-
dures and clear communication between individual
practitioners of entities.

Residents of the city may attend planned exer-
cise, and to realize possible dangers and to obtain
the necessary knowledge not only for the case of
the ammonia leakage, but it will acquire a basic
knowledge how to behave in emergencies, with the
leakage of dangerous substances.
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ABSTRACT: In the present study, the relationship between survey data regarding work conditions and
safety performance is investigated. We transform a questionnaire into several factors which involve work
environment, safety climate and organizational aspects, and run a series of analyses on repeated cross-
sectional data in order to predict occurrences of Hydrocarbon (HC) leaks and acute spills. We apply
survey data from 49 500 respondents across eight distributions from 2001 to 2015. Methodically, we con-
duct Analyses of Variance (ANOVA), Principal Component Analyses (PCA) with Cronbach’s alpha tests,
and lastly multiple logistic regressions. Our results give some support to the hypotheses—that factors of
safety climate and psychosocial aspects may be predictors of safety performance. The results and inherent
qualities and weaknesses of the present study are discussed, and recommendations for further research
are presented. This paper is a contribution to the development of proactive lead indicators appropriate
for safety management.

1 INTRODUCTION development of valid safety indicators that may be
used as “early warnings”.

Preventing hydrocarbon (HC) leaks and acute
spills to the environment are incidents that are of
great importance to the industry and society. HC
leaks can in the worst-case lead to major accidents,  Safety indicators is used in this paper to denote
especially due to the inherent ignition and explo-  the independent variables used in the analysis. An
sion risk. Acute spills have person injury potential,  indicator may be defined as a measurable variable
however mainly they pose a concern for the envi-  that can be used to describe the state of a phenom-
ronment. Acute spills from the oil and gas industry ~ enon, when the actual state of the phenomenon
on the Norwegian Continental Shelf is subject to  might be unknown (Haugen et al., 2012). Safety
high focus from both regulatory authorities and  indicators may be seen as observable measures that
the civil society. The Petroleum Safety Author-  should give information concerning the safety per-
ity annually issues a report on the risk level for  formance (Kongsvik, 2012). An indicator does not
acute spills and states that there is a need for more  necessarily imply that there is a causality between
knowledge on the conditions that lead to acute the content of the indicators and the safety per-
spills (PSA, 2017). In the present study, we utilize =~ formance. A measure may be used as an indicator
precursor survey data and technical data related to  as long as there is a correlation with the phenom-
offshore installations to investigate the conditions  ena one want to gain knowledge about. One may
that are associated with HC leaks and acute spills.  differentiate between lead indicators and lag indi-
The survey data is obtained by the standardized cators. Lead indicators are considered proactive
questionnaire called the ‘Norwegian Offshore Risk  performance indicators (Dyreborg, 2009). Lag
and Safety Climate Inventory’ (NORSCI), which  indicators are conceptualized as outcome measure-
is constructed to measure health and safety climate ~ ments, usually represented as survey items measur-
and the risk for occupational health and accidents  ing the respondent evaluation of the work practice
(Tharaldsen et al. 2008). The study focuses on indi-  or safety level in their organization (see e.g. Kongs-
vidual and organizational aspects measured by a  vik, 2012) or different types of accident statistics
survey instrument, in order to contribute to the  (see e.g. Hoivik, 2007).

1.1 Safety indicators
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The question whether survey data are lag indi-
cators or lead indicators of safety performance
should be addressed as a part of the explorations
of the relationship between survey data and safety
performance. It seems reasonable that both direc-
tions may apply; one could believe that earlier safety
records may influence the responses of a respond-
ent in a survey, but this may also be influenced by
the conditions leading to the safety records.

Kilskar et al. (2016) have conducted a review
of 174 publication addressing safety indicators, in
order to gain information regarding the relation
between indicators and accident risk. They con-
clude that there is a general lack of documented
valid indicators, and that there is a need for more
empirical research.

The present study’s analysis is a contribution
towards the ambitions within the community of
safety research to close this knowledge gap. An
innovative aspect of this research, in relation to
previous research, is the attempt to explore and
develop indicators for acute spills from the oil and
gas industry.

1.2 Organizational conditions and safety
performance

Vinnem (2012) have conducted an analysis of HC
leaks in the Norwegian offshore industry based on
reported incident data. In his analysis of opera-
tional circumstances for the leaks, he found that
55% of the leaks where related to human inter-
ventions. Among these, 82% of the leaks could be
attributed to latent errors, e.g. errors due to main-
tenance and modifications. These findings support
the quest to explore the possible relations between
measurement of human and organizational factors
and HC leaks.

Several of survey instruments have been devel-
oped in order to measure conditions and phe-
nomena that are assumed to influence safety
performance. Various concepts have been used to
denote these phenomena. Concepts that are rela-
tively common in use are safety culture, safety cli-
mate, and organizational and psychosocial factors.
In addition, there are different concepts and survey
instruments that are designed to measure phenom-
ena that are not directly safety-related, but where
researchers have used these instruments to test
possible relations with safety performance (see e.g.
Hoivik 2007, Bergh et al. 2014, Olsen et al. 2016).

Measuring safety culture and safety climate has
been extensively debated regarding both the defi-
nition of concept and the concept validity—what
are we actually measuring? In spite of the lack of
consensus regarding what is actually measured, it
has become a relatively common practice in some
industries to conduct these measurements.
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Safety climate has been conceptualized as a rep-
resentation or a subset of safety culture (for exam-
ple Cooper & Phillips, 2004; Zohar, 2003). Others
argue that it is a reflection of the safety culture,
i.e. a kind of representation of the somewhat vague
and intangible safety culture (see e.g. Guldenmund,
2000; Mearns & Flin, 1999).

Safety climate has been defined as the set of per-
ceptions that employees share regarding safety in
their environment (Zohar, 1980). A safety climate
questionnaire consists of a broad range of items
where the respondents are asked to give responses
that are assumed to reflect their perceptions of
safety related topics. Common features of a safety
climate construct include management/supervi-
sion, safety competence, safety systems, work pres-
sure and risk (Flin et al., 2000).

A safety climate questionnaire often consists of
items aimed to reflect the respondents’ perceptions
of how safety is valued in their organization (Grif-
fin & Neal, 2000); hence these perceptions should
ideally form the frame of reference for employees
about the behavior that is expected, supported,
and rewarded (Zohar, 2010). However, some safety
climate survey instrument consist of items that
measure not only perceptions of how safety is val-
ued, but also how they describe their own work
practice, and perceive and evaluate organizational
conditions such as e.g. procedures, leadership,
communication, competence etc.

Whereas safety climate survey tend to address
how employees make sense of their work environ-
ment, their values and attitudes, psychosocial sur-
veys instrument seems to be more oriented towards
conditions that influence their cognitive and physi-
cal capacity. Simplified, one may claim that psy-
chosocial surveys focus more on conditions that
theoretically are assumed to influence human error
(reflected in the use of concept denoted as e.g.
“stress”, burnout”, “mental exhaustion”, see Bergh
2014), whereas safety climate address conditions
that influence violations and lack of compliance.

1.3 The relationship between safety climate
and accident statistics

There have been several previous attempt of
exploring the relations between survey data and
safety performance by the use of data from the
Norwegian oil and gas industry. Several of these
studies are based on survey data obtained by the
NORSCTI instrument.

Tharaldsen et al. (2008) have investigated the
association between five safety climate dimensions
and accident rates. The researchers found statis-
tically significant, but rather weak correlations
between safety climate and accident rates. Similarly,
Hestad and Lilleheier (2009) found correlations



between safety climate and HC leaks. Kongs-
vik et al. (2011) explored the leading and lagging
qualities of safety climate. In line with Hestad and
Lilleheier (2009), they found that safety climate
could be used as both a leading and lagging indi-
cator for HC leaks; more negative safety climate
scores were associated with an increased number
of HC leaks the following 12 months. HC leaks
one year before measuring safety climate also cor-
related negatively and significantly with the safety
climate indicator; more HC leaks were associated
with worse safety climate scores. The correlations
were medium sized. Vinnem et al. (2010) found
that a safety climate measure together with barrier
failure data explained 37% of the variance in HC
leaks on the installation level. They also found that
the safety climate measure was the strongest pre-
dictor of leaks.

Gilberg et al. (2015) found a significant relation-
ship between safety climate, and safety perform-
ance conceptualized as HC leaks and dropped
objects. In their study, which consisted of data
from 2001-2013, they also found that the leading
effect was stronger than the lagging.

In additions to these analysis that have combined
NORSCIT survey data and safety records, there have
also been conducted several studies where items in
the NORSCI survey data has been used as both
independent and dependent variables (Kvalheim &
Dahl, 2016). They found dimensions in the survey
data to be a strong predictor of accident precur-
sors such as self- reported safety compliance in the
oil and gas industry; explaining roughly 27% of
the variance in safety compliance over a period of
7 years.

There has also been conducted explorative stud-
ies on Norway regarding the relationship between
survey data and safety performance, by the use of
other survey instrument than NORSCI and with
other samples of respondents. Hoivik et al. (2007)
have analyzed possible relationship between items
in a general work environment survey and health
and safety records (occupational accidents) in one
oil and gas company. They found that manage-
ment style and trust in the manager are important
factors for predicting personal injuries. Bergh et al.
(2014) have analyzed the relationship between a
psychosocial risk indicator and HC leaks frequen-
cies, with a sample from one oil and gas company.
Both survey data and some technical data (vari-
ables/indicators: age, weight, number of leakage)
were used as independent variables (lead indica-
tors). They found that the survey data significantly
counted for variations in HC leaks. They found no
significant relation between the technical indica-
tors and leaks.

A general work environment survey within one
single company was also used in a study by Olsen
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et al. (2016), in order to predict HC leaks. They
found that several identified dimension in the sur-
vey data, by the use of factor analysis, where sig-
nificantly related to HC leaks.

Internationally, there has been conducted some
meta studies regarding relationship between sur-
vey data and safety performance. Meta studies by
Clarke (2009) and Christian et al. (2009) on the
relationship between safety climate and accident
statistics/injuries demonstrate medium size cor-
relations between (—=0.22 and —0.39 respectively).
Payne, Bergman, Beus, Rodriguez, and Henning
(2009) found a negative correlation between safety
climate and releases/contamination and property
damage one year after measuring safety climate in
the process industry. A meta-analysis considering
the job-demands-resources model (Nahrgang et al.
2010) found that job resources like a supportive
environment were related to safety outcomes (acci-
dents, injuries, adverse events and unsafe behavior)
in several industries.

Examples of one individual studies are Swaen
et al. (2004). They conducted a cohort study and
found that high psychologic job demands were a
risk factor for being injured in occupational acci-
dents in a wide range of companies and organiza-
tions. Swaen et al. (2004) investigated sleep among
47 860 individuals, and found a relationship with
self-reported sleep and a risk of fatal occupational
accidents.

Many of these previous studies, with notable
exceptions, have conducted analyses on small data
sets, often because either the number of installa-
tions has been low, or that the number of incidents
has been low.

1.4 Hypotheses

The present study adds to the current research
base by including new and updated data on oil
and gas installations, and a new response variable
with acute spills. Acute spills have a lot of inci-
dents and thus serves as a response variable with
better inherent statistical power. In addition, we
broaden the scope of survey items, not only safety
climate questions, but also organizational fac-
tors and psychosocial work environment factors
combined.

Based on the discourse regarding relation-
ship between survey data and safety records, we
hypothesize the following:

H1: Negative scores on factors concerning organi-
zational, work environment and safety cli-
mate will be significantly related to higher
probability of HC leaks the year after
measurement

Negative scores on factors concerning organi-
zational, work environment and safety climate

H2:



will be significantly related to high probability
of acute spills the year after measurement

The factors will be significantly related to
HC leaks and acute spills when controlling
for operator, installation type and area of
operation

H3:

2 METHOD

2.1

The PSA gather data from the companies operat-
ing on the NCS each year: this is data regarding
over 20 different defined scenarios of hazard and
accident (DSHA) as well as maintenance data and
barrier test data. As a part of this, there is a bian-
nually survey, using ‘Norwegian Offshore Risk and
Safety Climate Inventory’ (NORSCI) as instru-
ment. This study make use of the survey data, acci-
dent records regarding HC leaks and acute spills,
data regarding the types of installations and the
area of the operations.

We have conducted extensive data cleaning and
quality assurance. This was necessary due to dif-
ferent ways of reporting across data sources and
operators.

As a part of the preparation, we have used
the concept of installation years. Each observa-
tion in the analysis consists of one installation
year, that is, for installation X in year Y we have
survey data, HC leaks and acute spills. Fur-
ther we have data for the same installation every
two years later. This means that each installa-
tion included in the study have a maximum of 8
observations.

The installations are coded into types; fixed,
floating and mobile units (rigs). Fixed is used as a
reference category in the logistic regressions.

Data and variables

2.2 Survey instrument (lead indicators)

In total, the data consists of eight distributions
of a safety and work condition survey through
the RNNP study, from 2001 to 2015. The data
is gathered by the PSA. The survey covers safety
climate factors as well as general health, psycho-
social work environment factors and background
questions.

For our analyses, the data from catering and
cleaning crew was excluded from the present
study due to their expected small impact on
the causality of HC leaks and acute spills. The
total number of respondents in the survey data
is 69 111. After excluding responses without
reported installation name, N was 57 550, and
after excluding catering and cleaning crew the
final N totaled 49 500.
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The questions generally are answered on a scale
from 1 to 5, where 1 equals a “positive” answer.
However, we have recoded questions so that a high
score equals a “positive” answer.

2.3 Safety performance (lag indicators)

We include two variables measuring safety perform-
ance, from 2001-2016; HC leaks and acute spills.

The HC variable is a dichotomous variable
with number of HC leaks over 0.1 kg per second
throughout the year. For the analyses using HC
leaks, we excluded mobile units, such as drilling
rigs, which do not have process areas for hydrocar-
bon in the same extent as fixed installations like oil
platforms and FPSO ships. We also excluded nor-
mally unmanned installations and data related to
fields rather than installations. We coded the vari-
able so that 0 = no HC leaks, and 1 = one or more
acute spills.

Similarly, we dichotomized a variable of the
number of acute spills throughout the year. The
acute spills were divided in three types; chemical,
raw oil, and other oils. We made a binomial vari-
able where 0 = no acute spills and 1 = one or more
acute spills. As in HC leaks, we also excluded nor-
mally unmanned installations and data related to
fields rather than installations.

2.4 Research design

The present study is a repeated cross-sectional study
with several data sources. This means that temporal
variations may be investigated, and that common
method bias is reduced. A design using accidents
and incidents as a dependent variable also allow
discussion of the measures’ predictive validity.

Our analysis may be divided into four steps;
exploratory bivariate tests with ANOVA, dimen-
sion reduction techniques with principal compo-
nent analysis, tests of reliability with Cronbach’s
alpha, and lastly a multiple logistic regression
analysis.

The explorative Analysis of Variance (ANOVA)
was related to H1 and H2. A central question to
ask when conducting these repeated cross-sectional
studies was: Does negative response to organiza-
tional factors lead to accidents, or do accidents
lead to certain perceptions of the work environ-
ment and organizational factors? Which one is the
strongest? It may be argued for both directions of
causality, and therefore we chose to test both direc-
tions of causality in the first steps of the study.

In the ANOVA test, we ran a series of analyses
where we compared the means of the survey items
by the two levels of the outcome variables (0 = no
incidents, and 1 = one or more incidents).



The ANOVA test is similar to a Student’s t-test
as F = £, with identical p-value, for analyses with
two groups.

In the following analytic steps, we chose to
go further with the items significantly related
to HC leaks and/or acute spills, but only if they
were either only significantly related to the future
(leading) or better as a predictor of the future than
as a product of the history (lagging).

The Principal Component Analysis (PCA), com-
monly denoted as a factor analysis, was conducted
in order to further investigate the findings in the
ANOVA analysis. This is due to that a lot of the
items significantly related to our outcomes were
believed to represent common latent phenomena.

We conducted four PCA’s, two on each target
variable. The first iteration was an exploratory fac-
tor analysis using a criterion of eigenvalue > 1 and
ibspection of the scree plot to decide the number
of factors. Thereafter, we conducted a confirma-
tory PCA with the number of factors we chose to
extract based on eigenvalues and scree plot.

A Cronbach’s alpha (a) procedure was ran on all
factors in order to ensure the internal consistency
of the factors. The Cronbach’s alpha procedure
essentially is a way of calculating all inter-corre-
lations between items of a scale or factor (Field,
2009). A common rule of thumb is that factors
should be a > 0.70 (Nunnally, 1978).

Multiple logistic regression was performed to test
H3, and further H1 and H2. The factors identified
in the PCA step may be confounded by other fac-
tors like differences between installation types. To
control for these factors, and especially the survey
factors themselves, a multiple regression method
was viable.

We conducted one multiple logistic regression
model for each target variable. In the first step, we
included the major companies as dummy variables.
The second step consisted of installation types, and
the third was sea locations (the Norwegian sea or
the Barents Sea).

In the final step, we included the survey factors
to see a) if they could explain differences in the tar-
get variables even when controlling for these back-
ground variables, and b) to identify which survey
factors that were strongest when controlling for
each other.

3 RESULTS

From the ANOVA analysis—we found that a total
44 out of 144 items were significant for acute
spills, and 57 for the HC leaks. As mentioned in
the methods section, a lot of these were stronger
as a lagging indicator than a leading indicator, that
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is, the survey results was more correlated with the
previous year’s accident statistics than the next
year’s. When we excluded these items, as well as
some questions loading on several or none of the
factors in the PCA, we had 21 items for HC leaks
and 14 for acute spills.

The iterations of PCA showed four factors
for acute spill items and five factors of HC leak
items. The first factor of both HC leaks and acute
spills was by far the most explanatory. This factor,
denoted as Framework condtitions, consisted of
items regarding e.g. competence, training, safety
procedures and manning.

One of the factors of HC leak items had a
Cronbach’s alpha level which was not satisfactory,
thus excluded from further analysis. The results
are presented below in Tables 1 and 2. In sum,
the ANOVA and PCA findings give support to
hypothesis 1 and 2.

Descriptive statistics and ANOVA results for
the factors and target variables are presented in
Table 3 below.

The results from the logistic regression presented
in Table 4 show that the model explained 12% of
the variation in HC leaks the next year, and 21% of
the Acute spills. Operator 2 has significantly lower
probability of both incident types when compared
to operator 1. Operator 3 and 5 also have this rela-
tionship, but only for Acute spills. For HC leak,
the factor Framework conditions (see Table 5) is
significantly and negatively related to HC leaks,
meaning that for higher (more positive) scores
on this factor, the probability of one or more HC
leaks the next year is lower. The same relationship

Table 1. Factor loadings for survey factors HC leaks.
HC leak Factor Cronbach’s

Factor name loadings alpha Items
Framework C 0.46-0,76 0,87 10
Leadership 0,58-0,83 0,88 8
Work organisation  0,41-0,74 0,84 7
Coordination 0,43-0,82 0,93 3
Organsational 0,44-0,69 045 3

risk awareness

Table 2. Factor loadings for survey factors acute spills.

Acute spills Factor Cronbach’s

Factor name loadings alpha Items
Phys/quant WE 0.63-0,82 0,81 5
Noise and sleep 0,82-0,89 0,70 2
Psychosocial WE 0,49-0,82 0,72 4
Competence 0,74-0,82 0,70 3




Table 3. Means of the factors related to HC leaks
(N =211) and Acute spills (N = 520) next year.

HC leak Acute spill

0 1 ormore 0 1 or more
Phys/quant WE - - 3,76 3,63%*
Noise and sleep - - 3,83 3,74%*
Psychosocial WE =~ — — 3,88 3,94%*
Competence - - 3,42 344
Framework cond. 4,19 4,07** - -
Leadership 4,03 3,89%%* - -
Work organisation 3,64 3.47** - -
Coordination 4,12 4,08%* — —

**Significantly lower on a 0,01 level.

Table 4. Results from logistic regression predicting HC
leaks (N = 211), and acute spills (N = 520).

HC leak Acute spill
St. St.

OR error OR error
Op2 0,11* 1.06 0,18*%* (.38
Op3 0,74 0.61 0,21**  0.46
Op4 0,00 882.74 0,90 0.54
Op5 0,41 1.09 0,35% 0.42
Floating inst. 1,28 0.38 1,82 0.33
Mobile unit - - 0,99 0.33
Norwegian Sea 0,91 0.48 3,52%*  0.43
Phys/quant WE - - 0,10%*  0.52
Noise and sleep - - 2,86 0.44
Psychosocial WE - - 0,45 0.64
Competence - - 0,35* 0.37
Framework cond. 0,01** 1.57 - -
Leadership 6,66 1.33 - -
Work organisation 0,22 1.05 - -
Coordination 0,37 0.86 - -
Nagelkerke r2 12% 21%

**Significant on a 0,01 level,
*Significant on a 0,05 level.

concerns the Physical and Quantitative Work Envi-
ronment and the Competence factor with regards
to Acute spills (see Table 5). The factors contains
questions regarding exposure to chemicals, psy-
chosocial demands and training. Installations
operating in the Norwegian Sea was significantly
positively related to acute spills the next year, when
compared to the North Sea.

In sum, these findings give partial support to
hypothesis 3.

The items of the two strongest significantly
related questionnaire factors are presented in
Table 5.
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Table 5. Items in the most important survey factors.

Physical and quantitative work environment (acute spills)

Are you exposed to skin contact with for example oil,
drilling fluids, cleaning fluids or other chemicals?

Can you smell chemicals or clearly see dust or smoke
in the air?

Do you have difficulties seeing what you should see
because of lack of, weak or blinding lighting?

Is it necessary to work in a high pace? Er det nedvendig
a arbeide i et hoyt tempo?

Do you consider the shift arrangement as demanding?

Framework conditions (HC leaks)

I have the necessary competence to conduct my work
in a safe way

The HSE procedures covers well my tasks at work

I have had sufficient training in safety

I find it easy to find things in governing documents
(requirements and procedures)

Does your work demand so much attention that you
perceive it as demanding?

The manning level is sufficient so that HSE is taken care
of in a good way

Risky work operations are always thoroughly assessed
before they start

Information about unwanted events are effectively used
to prevent repetitions

Safety as the highest priority when I do my job

Competence (acute spills)

I have had sufficient training in safety

Do you get the necessary training in the use of new ICT
systems?

I find it easy to find things in governing documents
(requirements and procedures)

4 DISCUSSION

The aim of the present study was to investigate the
predictive effect towards HC leaks and Acute spills
by using a survey addressing work conditions and
safety climate, offshore installation and company
information.

We found that our model explained 12% of the
variation in HC leaks, and 21% of the Acute spills
the next year.

Our results show that these factors could be
used as indicators for future safety performance,
although the total explained variance is modest.
The overall findings are in line with several of pre-
vious studies (e.g. Gilberg et al., 2015; Kongsvik
et al., 2011, Beus et al., 2010). We also found that
the set of perceptions that employees share regard-
ing safety in their environment (Zohar, 1980;
Zohar, 2003; Zohar, 2010) are somewhat related to
safety performance.



In addition, we see that not only safety climate
factors are related, but the fact that the Physical
and quantitative work environment and Noise
and sleep factors are related to safety performance
(although bivariately) corresponds well with par-
ticularly the research of Nahrgrang et al., (2010)
and Akerstedt et al. (2002) on work conditions.

In the following, the hypotheses are specifically
discussed.

4.1 Hypothesis 1 — HC leaks model

All the factors were significantly related to HC
leaks, thus giving support to hypothesis 1. In the
multiple regression, the Framework factor was
the strongest predictor of HC leaks. This should
be highly relevant from the perspective of the
supervisory authority, because these are aspects
that can easily be inspected by regulators. Based
on our findings, targeting documentation of train-
ing, manning level analyses and the availability and
quality of HSE procedures on the installations can
aid in identifying installations at risk of HC leaks.
The content of the Framework factor is consist-
ent with the content of several of the safety climate
dimensions such as safety system, safety compe-
tence and work pressure presented in Kvalheim
& Dahl (2016) as important predictors of safety
compliance.

Considering the complexity of a HC-leak, the
fact that we measure the safety climate the year
before, that no technical condition data is in the
equation, and the inherent validity and reliabil-
ity issues present with surveys as a method, we
conclude that these are indeed interesting results.
However, the incremental explained variance is
somewhat lower than earlier studies, which may be
due to new control variables (for example, instal-
lation type and area of operation), or that the
inclusion of more, new and better data reduces
unwanted biases in the observations.

4.2 Hypothesis 2 — Acute spills model

All factors but one was significantly re