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The advances in civil engineering with novel bridge designs between islands and across fjords with long spans,
increasing ship traffic density and larger ships in coastal areas, have resulted in an increased frequency of ship-
bridge allision accidents worldwide. It is thus essential to have reliable models and methods for engineers to
create safe designs of these new bridges to simulate and analyse early pro-active mitigation measures. This study
presents a new ship traffic allision probabilistic simulation mid fidelity model (STAPS), which includes a ship’s
manoeuvrability and motion physics and uses the Monte Carlo simulation method in the probabilistic calcula-
tions. It is compared with the low fidelity model IWRAP Mk2, which is used to analyse the risk of ship allisions
with structures. Two case studies with ship-allision scenarios are presented to compare how the model fidelity
levels of STAPS and IWRAP Mk2 affect the calculated probability levels of ship-bridge allision events. On a
general level, the results show that INRAP Mk2 overestimates the accident probability, for example INRAP Mk2
predicts a 4.5 times higher probability of allisions compared to STAPS in the base case, and that the failure’s
duration and route layouts significantly influence both models. The study concludes that IWRAP Mk2 is preferred

in the early phase of bridge design and STAPS is preferred in later stages.

1. Introduction

Allision is the term used for ship accidents when a ship in motion
strikes a stationary object in the ocean close to shore or offshore, such as
a bridge [1]. The probability of ship-bridge allisions has increased [2,3]
mainly due to two factors: increased shipping traffic and density close to
shore [4], and new bridge constructions close to shore in navigational
waters [3]. Human errors, especially navigational errors, are the most
frequent root causes of these accidents [5-9]. The consequences of a
ship-bridge allision are a combination of fatalities, destruction of
infrastructure, ship damages and environmental pollution. In their
study, Zhang et al. [10] identified 29 major allision accidents that
occurred worldwide between January 2018 and March 2024. Two ex-
amples of severe ship-bridge allision accidents that occurred in 2024 are
the Francis Scott Key Bridge in the USA [11] and the Lixinsha Bridge in
China [12]. These recent allision accidents and their consequences
actualise the need for ship-bridge allision probability assessments.
Furthermore, understanding similar accidents and the possibility to
simulate failure events, can also provide valuable insights for improving
safety and reliability in other engineering domains.

The research presented in the 1970s on ship collision probabilities by
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Fujii et al. [13] and Macduff [14] have been important pillars in various
numerical simulation and analysis methods [15], as well as in bridge
building codes such as the Eurocode [16] and the AASTHO [17]. One of
the largest challenges, however, is how to estimate the probability of an
allision event; multiple factors must be considered, each of which might
be the cause of the allision [18-22]. Methods of different fidelity levels
have been proposed in the literature to simulate and analyse the prob-
ability of ship-bridge allisions. One low-fidelity model commonly used
by maritime authorities is IWNRAP Mk2 [23-27]. Developed based on
Pedersen’s [28] research, it is a geometric maritime traffic risk model
originally developed for probability analysis of ship groundings and
collisions [24]; the model was later extended to enable estimation of
allision probability [23]. The theoretical framework for the probabilistic
analysis of these events is the same as for groundings in IWRAP Mk2 [29,
30]. The IWRAP Mk2 model has some limitations, e.g. it uses a static
critical encounter distance and lacks support for vessel dynamics in the
time domain. This has resulted in the development of more advanced
models—dynamic marine transportation system (DTMS) models [31]—
which are based on marine transportation system (MTS) models [32,33].
These models use Automatic Information System (AIS) data to estimate
accident probability. An alternative approach to estimate accidental
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probability is to use a combination of machine learning (ML) algorithms
and known accidents [8,34-37]. Instead of using past accidents, Rong
et al. [38] introduced group clustering on AIS data to define abnormal
behaviour, and Korupoju et al. [39] used fuzzy logic on the AIS data to
estimate the probability of ship-ship collision. Xue et al. [40] used leaky
noisy-max mechanism in a Bayesian modelling to ship accidents in the
Yangtze River. They concluded that with more surveillance and moni-
toring the accident probability could be reduced with more proactive
decisions. Recently, the probability of risk of accidents involving
autonomous vessels, also known as Maritime Autonomous Surface Ships
(MASS), has been studied using structure-modelling, catastrophe
modelling and statistical analysis [41-43]. However, none of these
models have yet to be proven in the specific case of ship-bridge allisions.

The models that build on the pillars from Fujii et al. [13] and Mac-
duff [14] are classified as low-fidelity models, which have an important
practical use. They have a theoretical framework that does not require or
include the ships’ hydro- or aerodynamic characteristics, hence they are
easy to use and considered as fast-running codes. However, the
advancement of computation resources together with the advancing
knowledge on how a ship’s manoeuvrability is affected by varying
metocean conditions have resulted in a need to move towards simulation
models with higher fidelity, e.g., to execute probabilistic analysis of
ship-bridge allisions. Therefore, maritime manoeuvre simulators (MMS)
have been used as mid-fidelity models by several scholars, since MMS
models can more realistically and accurately consider metocean and
fairway conditions [44] compared to IWRAP Mk2, MTS and DMTS
models. Advantages that encourage the use of MMS in ship-bridge alli-
sion simulations have been presented by various scholars [40,45-47]
who have argued that its ability to simulate safe manoeuvring is an
important part of determining accident probability and developing
avoidance strategies and determining the probability of fatigue due to
the workload.

In a recent study, Horteborn and Ringsberg [48] presented a
mid-fidelity model utilising probabilistic simulations for the analysis of
ship-bridge allisions. This model used a fast-running version of an MMS
to reduce simulation time without compromising the accuracy of the
probabilistic analyses. A novelty with the model is that it included
detailed local failure statistics of ship traffic scenarios, which were
concluded to be important in the comparison and assessment of miti-
gation actions that can reduce, among other things, the probability of
allisions. The main objective of the present study is to present a new
development of this model called STAPS (ship traffic allision probability
using Monte Carlo simulations). AIS data, MMS, failure event statistics
and the Monte Carlo simulation method are the fundamental pillars of
STAPS. In addition to the work presented by Horteborn and Ringsberg
[48], STAPS has been extended to include more failure events for the
probabilistic analysis of ship-bridge allision accidents. In this study, the
STAPS model is compared with IWRAP Mk2 in ship-bridge allision
scenarios to identify the pros and cons of their respective methodologies.
Since this type of benchmarking is scarce in the literature, suggestions
are presented as to when and why each of the methodologies should be
used.

The remainder of the paper is organised as follows: Chapter 2 offers a
brief presentation of the models IWRAP Mk2 and STAPS. Two case
studies have been designed to enable one fundamental and one real-life
comparison between the methodologies (hereafter referred to as
models). Chapter 3 presents the two case studies, and the results from
the simulations are presented in Chapter 4. Chapter 5 presents a dis-
cussion of how the results from the case studies could be utilised in a
broader perspective, i.e., when and why each model should be used in
the design of new bridges. The conclusions of the study are presented in
Chapter 6.

2. Models and methods

There are a variety of causes that can lead to a ship-bridge allision.
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According to Corié et al. [15], the most common categorisation of the
causes of a ship-bridge allision is the list proposed by Pedersen et al. [28,
49]; see Fig. 1 for an illustration.

L. The ship follows the intended route, but it has a too large offset
from the route centre.
II. The ship fails to turn at a given planned turning point.
III. The ship makes an evasive action, e.g. due to encountering
another ship.
IV. All other track patterns that relate to the lack of manoeuvrability
of the ship, e.g. a drifting ship due to blackout.

IWRAP Mk2 and STAPS can be used to simulate and analyse all the
categories except for category III. Chapters 2.2 and 2.3 present in more
detail how the failure events considered by the two models differ and
how they relate to accident categories I, Il and IV. These descriptions are
made as an introduction to the model-to-model benchmark presented in
Chapter 2.3.

2.1. Processing of AIS data

The ship traffic used in both the IWRAP Mk2 software and the STAPS
model relies on AIS data. Commercial ships send dynamic AIS infor-
mation every few seconds and static information every 5 min [50]. To
handle the large amount of data, the dynamic information (point data) is
translated into trajectories using a compression algorithm similar to the
Top-Down Kinematic Compression algorithm presented by Guo et al.
[51]. A major part of the “data noise” in the AIS data is filtered by
converting the data points into trajectories [51]. The trajectories are
used to extract the amount of traffic traveling on different routes, the
distributions of ship speed (for the different ship types traveling on the
different routes), and the lateral distributions of the ships on the
different routes. The extraction follows the same principles as how
IWRAP Mk2 determines which ships are traveling on each leg [18].
These extracted data are later used to populate the legs in STAPS and in
IWRAP MKk2 using a Python script that updates the XML model.

The STAPS model also uses AIS data to detect failure probability and
duration distributions. In this process, the trajectories are used to query
failure candidates. The point data from these candidates are later
reviewed in a manual step. The details of the model for extracting the
probabilities and durations are further described in [48,52].

2.2. The IWRAP Mk2 model

The IWRAP Mk2 model is a maritime risk analysis software devel-
oped to quantify the probability of ship collisions, groundings and alli-
sions [24,29]. In a recent study by Horteborn [29], the sensitivity of
each input parameter to INRAP Mk2 was analysed to determine its ef-
fect on the probability of groundings and allisions. A ship-bridge allision
analysis requires an analyst to define the routes, called legs (1), that the
ships should follow and stationary objects (o) near the fairway. The
object can be, for instance, the pylons of a bridge and the bridge girder,
including its height; the ship can strike the bridge girder if the height
between the water level and the bridge girder is less than the ship height.

In this study, IWNRAP MKk2 is run to compute powered (categories I
and II) and drifting (part of category IV) ship allision accidents. The
IWRAP MKk2 settings used in this study’s simulations are presented in
Appendix A. The probability of a ship-bridge allision in IWRAP Mk2 is
calculated as the expected number of allisions per year. The ships in
IWRAP MK2 are divided into ship categories (sc) depending on their size
and type. The number of allisions, N,, is estimated as the sum of all ship
categories for both powered and drifting allisions:

no. ship categories
N, = Z (ng, se X Pcy + Ngg se X Pcd) €))

sc=1
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Fig. 1. Illustration of four ship incident/accident categories defined by Pedersen [28].

where Ngj s is the number of geometrical powered candidates in each
ship category (presented in Chapter 2.2.1), Pc, is the probability
(causation factor) for powered accidents, Ngqs is the number of
geometrical drifting candidates in each ship category (presented in
Chapter 2.2.2) and Pcq is the probability (causation factor) of the drifting
accidents.

The equations presented in the following subchapters are based on
the document describing the theory behind IWRAP Mk2 [24]. However,
they have been slightly modified both to clarify what is included and to
make them comparable to STAPS.

2.2.1. Powered accidents
A powered accident in IWRAP Mk2 refers to accident categories I and
II; see Fig. 1. It defines an accident that may occur due to the ship being
too far off the centre of the fairway or the ship neglecting to turn at a
given required turning point. The number of powered candidates is
calculated as:
-

no. of objects no. of legs Lo

ng., sc —

i), 0
Nyt i / fio(2)dz @

min
%o

o=1 =1

where Nj . is the number of ships per leg and ship category per year, d;
(tp),o 18 the distance (unit: m) between the turning point of the I-th leg and
the object (this distance is O for category ), t, is the mean time between
checks (unit: s), vs is the ship’s operational speed (unit: m/s) of the ship
category and fi ,(2)dz refers to the ship’s lateral distribution over each
leg that overlaps with the object. Fig. 2 presents an illustration of the
geometrical parameters involved in the powered accident in Eq. (2).

2.2.2. Drifting accidents
A drifting accident refers to category IV in Fig. 1. The number of
drifting candidates, Ng g5, is summarised in Eq. (3) as:

no. of objects no. of legs
Ngy. s = (Nl,sc x Pad, x Pnal.o) 3

o=1 =1

where N is the number of ships per leg and ship category, Pd, is the
probability of being adrift on leg 1, see Eq. (4) and Pnay, is the proba-
bility per leg and object that the accident cannot be avoided, see Eq. (5).

—Fpx E
Pad,=1-e¢ @

where F;, is the blackout frequency, L; is the length of the I-th leg and vy
is the operational ship speed. The probability of the total none-

Fig. 2. An enlargement of the category II area of Fig. 1 to show the parameters
involved in powered accidents.

avoidance per leg | and object o is calculated as:

Pnal‘o = (1 _Panchor) X (1 _Prl‘o) X (1 _Pdal.o) (5)

where P,pchor is the probability of a successful anchoring (a user-defined
constant with some conditions [23]). Pri, is a user-defined function,
exemplified in Appendix A, that requires the drift time between the leg
and the object Td, ,; see Eq. (7). Pday, is the probability of drifting away
from an object that is calculated as a summation of the overlapping
percentage of the leg and the object in eight distinct directions as:

/ Frodineas (2)dz ©)

Zmin

7
Pdal‘ozzpdrdirx45>< 1-
dir=0

where Pdryg;, refers to the probability of drifting into direction dir x 45°
and fi o dirx45°(2)dz refers to the percentage of the leg length that covers
the object in the direction dir x 45°.

Dl.o
Va

Tdy, = 7

where Dy, is the distance between the ship’s position when the drift
started and the position of the allision object, and v is the drift speed.
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IWRAP MKk2 assumes constant drift speed and that the ship’s hydrody-
namic characteristics are not included in the model and will therefore
not affect the ship’s drift. This assumption, or limitation, enables fast
running and simulation times, but its influence on the results from a
probabilistic analysis of a ship-allision scenario is not well established.
At sea, a ship’s drift speed and direction are affected by the wind, waves
and current according to the ship’s hydrodynamic and aerodynamic
characteristics [53,54]. Models with low fidelity do not include these
physics in the simulation models, while models with a higher fidelity do,
e.g. the STAPS model presented in Chapter 2.3.

2.3. The STAPS model

A simulation using the STAPS model requires several steps, which
are described in more detail in Horteborn and Ringsberg [48]. The two
major steps are: (i) generation of start parameters for use in an MMS and
(ii) model set-up and execution of failure simulations in an MMS.

The model presented in Horteborn and Ringsberg [48] accounted for
three failure types that can result in a ship-allision accident: loss of
propulsion, loss of steering and miss of turning point. Furthermore, the
current study has added two more failure types to the STAPS model:
wrong course at a turning point (WCT) and turn at the wrong location
(TWL); see [52] for details.

The WCT and TWL failures are referred to as “active” failure types,
which means that the crew decided to act at a specific point and make
these turns when they were made. The former three failure types are
referred to as “passive”, which means that the crew was passive in their
navigation. Fig. 4 shows which failure modes that can be considered in
the STAPS model.

A detailed description is given in [48,52] of how AIS data are
retrieved and post-processed to obtain the necessary information to
determine the local frequency and duration of each of the five failure
types used in the STAPS model. A brief explanation of each type is
presented to clarify how they were included in a STAPS simulation.

o Loss of propulsion: The ship is drifting with the environment and its

propeller(s) is set to O rpm. There is a 50/50 chance to continue using

the rudder(s) to manoeuvre in a limited manner (even if some ships
alter their rudder(s) during a loss of propulsion, their efficiency is

decreased). Causes a category IV accident in Fig. 1.

Loss of steering: The ship makes a sharp turn by setting its rudder(s)

to full port/starboard and the propellers(s) to O rpm. Based on the

studied failure it is assumed to have faulty control system and re-

duces its speed. Could cause a category I or IV accident in Fig. 1.

e Miss of turning point: The ship continues straight ahead instead of
turning where required. This failure is also used for a ship that at-
tempts to find its way back to the normal path. This is similar to
category II in Fig. 1.
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e Wrong course at a turning point (WCT): The ship turns at the
correct location but sets the wrong course. Could cause a category I
or IV accident in Fig. 1.

e Turn at the wrong location (TWL): The ship makes an active turn
at a location that puts it at risk of an accident. Could cause a category
I or IV accident in Fig. 1.

These failures become different failure modes in the simulations.
These simulations contain a tempospatial world model and a vessel
model. The vessel model is generally described by its hydrodynamic
coefficients, but it also contains information regarding the vessel’s speed
and failure characteristics (such as its duration and turn angles). The
tempospatial world model describes the geometrical layout of the sce-
nario to be studied, including the legs (which describe the traffic paths),
water depth and objects such as structures and islands. Statistical
metocean data regarding winds and waves are also connected to this
model. For areas and studies where waves need to be considered, they
can also be included. However, in the current study, wave loads were not
considered since INRAP Mk2 cannot account for wave loads, and the
real-world case scenario is located in a fjord where the influence of wave
loads is minor and can be disregarded.

The parameters used in a simulation are single values. They can
either be deterministic (d) or randomly generated from their respective
distributions using the Monte Carlo method (mc); see Fig. 3.

The STAPS model has three deterministic parameters marked with
“d” in Fig. 3: the failure type, the vessel type and the leg. They are
combined into a simulation set in a STAPS simulation. Each simulation
in all simulation sets needs to have a collection of single values for all
parameters. The parameters marked with “mc” in Fig. 3 (vessel speed,
failure duration, set angle deviation, lateral offset, wind speed, wind
direction, current speed and current direction) are single values drawn
from their respective distributions in a Monte Carlo simulation, whereas
the deterministic parameters are constants in each simulation set. Two
of the failure types (miss of turning point and WCT) are initiated prior to
the turning points, while the other failure types are set to occur at an
equal distance between each other. For these other failure types, the
number of simulations to run in one set, N?éfg‘c,l, is estimated by:

I\I;i,"‘scil = Njs X Py X <ﬂ> X Yrep (€3))
VSC

Here, Py is the failure probability per hour (unique for each failure
type) and Yy, is the number of repetitions of one year’s traffic the
simulation set represents. The distance along the route between the
starting positions equals N*™/ L.

For failures that occur at planned turns, the number of simulations,
M?tifélc,], is estimated by Eq. (9) as:

M?tifr‘sC_l = Nl,sc X P x Nturns,l X Yrep (9)

Loss of propulsion ‘

TWL

Fig. 4. Examples of a sailing fairway, passing one island and three structures (A, B and C). Paths of the five failure types are included to illustrate how each could

result in an allision.
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Fig. 3. Overview of parameters included in the simulation, including their type: “mc” indicates that this parameter will be randomly selected from a distribution and
“d” indicates that this is a deterministic parameter. A simulation has three possible outcomes: either the simulation time runs out (the failure is repaired), the vessel

grounds, or it strikes a bridge in an allision.

where Niyms, is the number of turns per leg.

The STAPS model presented in this study uses the in-house code
Seaman [55] for the MMS, which uses PySim to solve the equations for
the seakeeping motions and manoeuvrability characteristics. Each ship
has a unique hydrodynamic specification to be used in the MMS that
defines the manoeuvrability characteristics of the ship. The Seaman
MMS can simulate ships either in full mission, with screens surrounding
in 360°, or in a desktop environment with a single computer. The sim-
ulations can be carried out in real-time or fast-time mode in the desktop
environment. STAPS uses the fast-time mode, where one fast-time
simulation of a 15-minute ship route takes approximately 1 second to
run.

The ship’s rudder and engine are controlled by an autopilot, which
aims to follow a predefined route at a Monte Carlo simulated ship speed.
Each simulation in all simulation sets has a unique set of coordinates to
follow (route). This route is based on the predefined route but adjusted
with the Monte Carlo simulated lateral offset parameter (the distribu-
tions used to generate the ship speed and lateral offset are based on AIS
data). The ship’s starting position is laterally moved to start on this
route, and the initial ship heading is set towards its next waypoint. Each
individual simulation runs for 2 min before the failure is initiated to
ensure that all forces of motion are correct. For simulations with a
failure relative to a planned turn (miss of turning point and WCT), the
starting position is moved back to the location 2 min prior to the turning
point. The ship runs for 2 min plus the failure duration. If the ship strikes
a ground or a bridge, the simulation is terminated early; otherwise, it
ends after the duration runs out. The failure modes are designed to
operate without human intervention. However, in some situations, the
crew onboard could take action to reduce the probability of allision.

The Monte Carlo simulation of input parameters creates randomness
in the result. To mitigate this, Yrep, in Egs. (8) and (9) could be increased.
To decide what Yy, is good enough, a threshold should be defined, such
as the spread of “the expected number of allisions in 10* years” (A)
between three random seeds [56] should be <5 %, as expressed in Eq.
(10).

0.95 < !

< s < 105 fori €{1,2,3} a0
3

Here, A; corresponds to the number of allisions with seed 1, etc.

2.4. Model comparison

The different classifications of model fidelity between the IWRAP
Mk2 and STAPS models justify a benchmark, since they are both applied
for the same purpose in probabilistic analyses of maritime traffic sim-
ulations and analyses. There are inevitable differences between the two
models, which cannot be fully controlled or pinpointed, as well as as-
sumptions that had to be made in the current study to enable a bench-
marking of the models; see Table 1 for a summary. One of the major
differences is that INRAP MKk2 relies on previous accidents, whereas
STAPS relies on previous failures. There are also many similarities, e.g.
the parameter generation of the models’ required start input values,
which must be defined to clearly describe how the comparison was
made:

- In both models, the definitions of the legs, objects, structures, ba-
thymetry, etc., are similar.

- Both models use the same number of ships, average ship speed and
lateral offset from the leg, gathered from AIS data.

- Modelling of accident category II in IWRAP Mk2 is modelled and
simulated as a miss of turning point failure in STAPS.

- Modelling of drifting accident category IV in INRAP MKk2 is modelled
and simulated as a loss of propulsion failure in STAPS.

- The probability of drifting failure in INRAP MKk2 is calculated using
Eq. (3). In STAPS, the corresponding probability is calculated as Pg x
Lj /vy as part of Eq. (8).

- The duration of a failure in the STAPS model is based on AIS data
analyses. Hence, it includes both Panchor,1 and Prepaired,L,0 in Eq. (6). In
STAPS, the term Pgrift away,,0 iS considered by the model’s capability
of considering the interaction between metocean conditions and the
ship’s hydrodynamic characteristics.

. Benchmark using case studies

Two case studies were designed to benchmark the two models for
different situations, considering the complexity of the simulated case.
The first case study is a low-level case with well-defined ship-bridge
allision scenarios and clear metocean conditions. Its primary purpose is
to compare how IWRAP MKk2 simplifications of the ship behaviour affect
the estimated allision probability. The second case study is a high-level
case based on a real-world situation for estimating the ship-bridge alli-
sion probability in the design of a new bridge across a fjord in Norway.
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Table 1

Examples of important differences in the IWRAP Mk2 and STAPS models in ship-

bridge allision analysis.

Topic IWRAP Mk2 STAPS
Modelling of ship Statistical model of how the  Each ship is simulated
movements traffic on an entire leg is individually, the ship

Modelling of active
navigational
errors.

Modelling of loss of
steering failure.

Influence on ship
drift from
metocean
conditions.

Modelling of the start
speed and
direction of a
drifting failure.

homogeneously moving.
Actual ship movements are
not simulated; instead, the
probability of allision is
instead computed based on
geometric distributions.

A “fake leg” can be
introduced in the model
with 1-2 % of the traffic
intended to pass in the
navigational span in a
uniform distribution
spanning the entire bridge
length; see [49,57], who
introduced the “fake leg”.
Cannot be simulated by
IWRAP.

Simplified model: based on
area specific information the
analyst defines one constant
drift speed and eight pre-
defined drift directions
shown in Fig. 5.
Probabilities are calculated
according to Egs. (4) and
(5).

The ship continues along the
path of the leg when the
drift failure occurred, with a
speed corresponding to the
speed at the instant when
the drift was initiated.

following the legs until a
failure is initiated. During
the entire simulation, the
ship is affected by the
hydrodynamic physics.

Can be modelled as TWL
and WCT failures.

Can be modelled as loss of
steering.

The weather is randomly
selected for each
simulation and its influence
is computed by the MMS.
Thus, unique for each ship
type (vessel model) and
includes all metocean
conditions.

The leg heading is used as
the start direction. The
simulation starts with the
operational speed of the
ship (which is a Monte
Carlo simulated input
parameter). The ship speed
and the drift direction
changes with time
depending on the metocean
conditions and the ship’s
aero- and hydrodynamic
characteristics.

In this case study, the complexity of the analysis case is more extensive
compared to the former, considering the definition of multiple legs, type
of failure events, modelling of metocean conditions and number of ship
models used in the analysis. The results from the two case studies will
form the basis for a discussion about the pros and cons of the two
models.

3.1. Case study 1: simulation of one bridge with one leg

Four simplistic scenarios were designed to highlight fundamental
differences between the INRAP Mk2 and STAPS models. Each scenario
consisted of a 1000-meter leg and was run three times with a 1000-
meter-long bridge at three different offsets. The bridge was lower than
the ship, i.e. the ship could not pass under it. Annual ship traffic is
defined as 1000 ships of a single ship type in both directions of the leg,
where the ships operate at an average speed of 15 knots. The probability
of drifting (Pg—1oss of propulsion) Was set to the default blackout frequency
of 0.75 per year.

Three scenarios, 1.1 to 1.3, were designed to simulate drifting failure
events by options of controlling drift directions and initial speed when
the failure was initiated. Scenario 1.4 was designed to simulate the
powered accident category Il in Fig. 1, the miss of turning point in Fig. 4.
The settings used in INRAP MKk2 are presented in Appendix A.

e Scenario 1.1: limited drift direction and limited start speed
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The drift/current directions were equally divided into eight distinct
directions in both models; see Fig. 5. The drift speed was set to 1 knot
in IWRAP Mk2, and the ships speed (perpendicular to the ship
heading) and current speed set to 1 knot in STAPS to make it as
similar as possible between the models. This scenario should be
regarded as the base case in comparison to Scenarios 1.2 and 1.3 for
STAPS. No modifications were made in the INRAP Mk2 model in
these two scenarios.

Scenario 1.2: unlimited drift direction in STAPS but limited start
speed

The same settings as in Scenario 1.1, but in this scenario, STAPS was
not restricted to distinct drifting directions (a change that is not
possible in the IWRAP MKk2 software). This quantified the effect of
the limitation of distinct drifting directions (with this scenario
geometry).

Scenario 1.3: unlimited drift direction and unlimited start speed
in STAPS

The same settings as Scenario 1.1, but in this scenario, STAPS was not
restricted to distinct drifting directions or 1 knot starting speed (a
change that is not possible in the INRAP Mk2 software). The ships
simulated in STAPS used the same start heading as leg direction and
were initiated without propulsion in with 15 knots (and 1 knot
current speed evenly distributed).

Scenario 1.4: powered accident

In this scenario, the leg was rotated 90° and directly pointed at the
bridge, ensuring that the ships that failed to turn would strike the
bridge at full speed. This scenario highlighted that powered acci-
dents due to missed turns were estimated in similar manners in both
models.

Each scenario was run 9 times; using 3 different distances between
the leg and the bridge, 1, 3, respective 5 nautical miles; and using 3
different models: one IWRAP Mk2 model and two STAPS models with
two different ship types. As mentioned above, two STAPS models were
included to illustrate how different ship categories (the hydrodynamic
effects) affect the allision probability, an effect INRAP Mk2 cannot

W STAPS drift areas 7
N IWRAP Mk2 drift directions
. leg
W Bridges

Fig. 5. The three (red) bridges and the leg (black) in Scenarios 1.1 to 1.3. The
blue areas indicate where ships may drift from a 1000-meter-long leg in INRAP
Mk2 (dir[0-7] x 45°). The ships may drift in any direction in STAPS (except in
Scenario 1.1). The transparency of the green circles indicates the decreasing
proportion that the bridge length has on the total circumference.
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consider. The two ship categories were represented by a bulk carrier
with a length over all (LOA) of 90 m and a container ship with LOA 225
m.

In all the scenarios, wave and wind loads were set to zero in STAPS.
However, ocean current was included in the STAPS model to simulate
the loss of propulsion failure trying to mimic the conditions in IWRAP
Mk2. To obtain a drifting behaviour in STAPS that was as similar as
possible to IWRAP Mk2 in Scenario 1.1, the start heading was turned
perpendicular to the current direction (instead of using the leg direction
as heading).

The eight directions that a west-east 1000-meter-long leg can drift in
IWRAP MK2 are illustrated with blue in Fig. 5 (i.e. there will be no ac-
cidents outside the blue areas in IWRAP Mk?2). In STAPS, a ship can drift
in any direction as illustrated by the green circles. As the size of these
circles increases, the proportion of the circle’s circumference repre-
senting the bridge decreases, illustrated by the transparency of the green
colour.

Both models are using the example values presented in Appendix A.
However, STAPS runs the failure simulation for a duration of time,
which may be regarded as an inverse of the repair time function. The
repair time function in Appendix A Eq. (A-1) (for drifting accidents) and
Eq. (2) (for powered accidents) are rewritten as Eq. (11) and (12) to
obtain how many seconds (T drifting time and T, powered time) to run the
simulation for.

In (1 — Pyg)\ **°
T; = — -~ fmd) 11
4 3600><< Tos a1
T, = —180 x In(Prnq) 12)

where P,,q is a random value from a uniform distribution [0,1].

3.2. Case study 2: simulation of a real-world scenario

This study consists of a realistic scenario including multiple legs,
shallow areas, different types of vessels, the annual dominant current
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and wind directions in the area and additional types of failures to
represent a realistic probabilistic analysis. The area and its character-
istics are described in the first subchapters and the scenarios are pre-
sented in Chapter 3.2.4.

3.2.1. Description of topology, fairway and ship traffic

A new bridge over Halsafjorden (Norway) was selected as the real-
istic example in this case study. It is located on the west coast of Norway
between Bergen and Trondheim; see Fig. 6. The fjord is approximately
2000 meters wide and 400 meters deep, making it impossible to anchor
to avoid allisions. Fig. 6 also shows the fjord’s layout, including a new
planned bridge (blue line), AIS tracks (red lines) of today’s ship traffic
and three legs marked as red solid lines that indicate how future ship
traffic is planned if the bridge is built. The AIS tracks used for the traffic
analysis were based on the ship traffic in the area during year 2023.

Before the bridge is built, the ship traffic in the area is dominated by
ferries that cross the fjord; see the red ellipsoid of AIS tracks in Fig. 6.
When the bridge has been built, there is no longer a need to have ferry
traffic and supply ships for bunkering, hence these vessels were removed
from this case study’s simulations. The remaining ship traffic in the case
study is presented in Table 2 as 7 ship categories navigating on 3 routes.
Route 1 passes outside the fjord, Route 2 goes to/from the northwest,
and Route 3 goes to/from the northeast; see Fig. 6 (right).

The new floating bridge across the fjord will have a 370-meter-wide
navigational span at the west part of the bridge; see Fig. 7 for the INRAP
Mk2 model layout (the same geometry is also used in STAPS). Fig. 7
shows the legs: Route 1 in Table 3 is defined by LEG 6; Route 2 by LEGs
2, 5 and 7; while Route 3 is defined by LEGs 3, 7 and 17. Table 1 in
Chapter 2.3 displayed that active navigational errors in INRAP Mk2
need to be modelled by a fake leg. This leg is shown in Fig. 7 as LEG 20. It
is in the centre of the fjord’s span and contains 2 % (as suggested by
Pedersen et al. [49]) of the original ship traffic on LEG 7. This entails
that Routes 2 and 3 are computed with 98 % of the ship traffic.

3.2.2. Environmental statistics
The wind data for the area were sampled from the Norwegian

Fig. 6. (Left) Overview map, the red ring indicates where the Halsafjorden is located in Norway. (Right) The ship traffic (red) in the Halsafjorden during June 2023,

including legs and the new bridge (blue) layout.
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Table 2
Summary of the ships included in the case study; LOA is the length of the ship.
Ship Properties Ships per year in both
category directions
Mean Mean Mean Route Route Route
LOA speed displacement 1 2 3
(m) (kts) (tonnes)
Cargo 40 9.1 918 150 68 12
ship 1
Cargo 65 10.2 2641 200 70 15
ship 2
Cargo 90 9.7 5043 300 137 5
ship 3
Cargo 115 11.0 8019 310 308 0
ship 4
Supply 110 12 10,100 2 2 0
ship 1
Supply 160 10 20,163 1 2 0
ship 2
High 40 31.8 556 100 0 0
speed
vessel

Meteorological Institute [58], and statistics between 2015 and 01-01
and 2021-12-31 are presented as a polar plot in Fig. 8 (left). The ocean
current statistics at 1 m water depth are obtained from Knutsen and
Stefanakos [59]; see Fig. 8 (right). Wave statistics were also collected,
and it showed that, because the fjord is relatively sheltered, the waves’
influence on the ship traffic and the vessel models in STAPS were
considered minor and therefore disregarded in the case study.
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The wind speed polar plot in Fig. 8 shows that westbound winds
dominate and northbound winds are relatively rare. The ocean current
polar plot shows a relatively stable ocean current in the range of 0 to 0.6
m/s (0 to 1.2 knots). From these statistics, the ship drift speed in IWNRAP
Mk2 was set to 1 knot. However, its direction was re-calculated to the
drift polar plot in Fig. 9 to represent ship drift from both the wind and

Table 3

Base case values for the failure statistics in Case Study 2. Here, 1.17 x 107*
corresponds to 1.03 blackouts per year. The values are given per hour, except for
those marked with *, which are defined per turn. INRAP Mk2 uses these prob-
abilities in Eqgs. (1) to (3) and STAPS in Egs. (8) and (9).

Failure type Probability Repair time (hours)
IWRAP Mk2 STAPS IWRAP Mk2 STAPS (T¢)
(Pr)
Loss of F, =1.17 x 1.17 x Lognormal Lognormal
propulsion 107 10 (7.63, 0.077) (7.63, 0.077)
Loss of n/a 0.21 x n/a Lognormal
steering 104 (7.63, 0.077)
Miss of Pc,=1.55 x 1.55 x Eq. (2), with Normal (360,
turning 104 10" 180s 54)
point
WCT n/a 1.30 x n/a Lognormal (4.8,
10 0.70)
TWL n/a 0.47 x n/a Lognormal (4.3,
10 0.41)
Uniform 0.02 x n/a n/a n/a
(“fake leg”)  1.55.107*

Fig. 7. The INRAP MK2 geometrical model of the case study area, including all the legs (black solid lines) needed to run the IWRAP Mk2 and STAPS models, the
green and blue illustrates the lateral offset distributions for all legs, which is normal for all legs except LEG 20 which is uniform distributed.
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Fig. 8. (Left) Polar plot of the wind speed, describing where the wind is blowing from, based on an average of 10 min of data from Halsanestet during the years
2015-2021. (Right) Polar plot of the current speed, describing where the current is travelling to, based on statistics from Halsafjorden middle from 2017 to 2021.

the ocean current.

3.2.3. Failures statistics and repair times

AIS data between 2017-01-01 to 2021-12-31 were collected and
post-processed in Halsafjorden and the surrounding fjords, using the
methods described in Horteborn and Ringsberg [48] and Horteborn and
Eidem [52] to find failures and calculate failure probabilities. The AIS
data were used to analyse the frequency of the five failure types:
blackout/loss of propulsion, loss of steering, miss of turning point, WCT
and TWL. Almost all ships included in this analysis were cargo ships and
tankers (AIS type 70-89).

The AIS ship traffic consisted of 420,600 ship hours in the area and

Drift directions (knots)
|l 1

Fig. 9. Ship drift polar plot used in the INRAP Mk2 model, the drift speed is
fixed 1 knot.

34,000 distinct turns identified at six locations. In total, 63 failures were
identified: 50 loss of propulsion, 9 loss of steering, 2 miss of turning
point, 2 TWL failures and no WCT failures. This corresponds to a
probability of 1.17 x 10 per hour for a loss of propulsion/drifting ship,
2.1 x 107 per hour for loss of steering, 5.9 x 10™ per turn for miss of
turning point and 4.8 x 10°® per hour for the TWL failure. It is important
to mention that ship traffic patterns change when a bridge limits the
fairway, hence it is recommended to use marine traffic and failure sta-
tistics from other similar areas that can be used as relatively represen-
tative values in the STAPS model; see examples of passive failure
probabilities in the Great Belt area, Denmark [21,42,46] and active
failure probabilities [52]. Since no WCT failures were found in the
studied area, the probability and duration from a larger area close by
with similar prerequisites as in Horteborn and Eidem [52] were used.

The duration (Tf) of the found failures were fitted to a lognormal
distribution as described by Limpert et al. [60]:

<<ln(X)u)Z)

1 202

Tp =——=e 13)
O.

where yu is the exponent of the mean and o is the standard deviation of
the normally distributed logarithm of the variable. Based on the 59
failures in the area, the duration of loss of propulsion and loss of steering
failures are described by Eq. (13) in seconds using ¢ = 7.630 and ¢ =
0.077 (mean time of 34 min). For the miss of turning point, results from
the Great Belt area [35] were used where the repair time was described
with a normal distribution in seconds with 4 = 360 and ¢ = 54 (mean
time of 6 min). The areas where the duration of WCT and TWL duration
were found in Horteborn and Eidem [52] were more open compared to
the Halsafjorden; therefore, they were reduced in this study. The WCT
duration was assumed with a lognormal repair time in seconds with y =
4.8 and 6 = 0.7 (mean time of 2 min) and the TWL was assumed with a
lognormal repair time in seconds with 4 = 4.30 and ¢ = 0.41 (mean time
of 1.5 min). These values were used as the base case in Case Study 2; see
Table 3 for a summary of all the probabilities and durations used in
IWRAP Mk2 and STAPS.
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3.2.4. Definition of simulation scenarios

Four scenarios were designed, where Scenario 2.1 is the baseline case
with the primary purpose of benchmarking the IWRAP Mk2 and STAPS
models for more realistic scenarios compared to Case Study 1 presented
in Chapter 3.1. Scenarios 2.2 to 2.4 can be seen as parametric, sensitivity
and mitigation action studies.

e Scenario 2.1: baseline case

This scenario used the model settings presented in the Chapters 3.1
to 3.3.

Scenario 2.2: without active navigational errors

In this scenario, the same model setting as in Scenario 2.1 was used,
except that the probability of the WCT and TWL were set to zero in
STAPS, LEG 20 was removed and 100 % of the ship traffic was
assumed on the other legs in IWRAP Mk2.

Scenario 2.3: increased miss of turning point failure duration

In this scenario, the same model setting as in Scenario 2.1 was used,
except that the duration of the t; parameter in IWRAP Mk2 was
increased from 180 s to 240 s, and the normal distribution in STAPS
was increased to ¢ = 420 s and 0 = 114 (from y = 360 s and ¢ = 54).

Scenario 2.4: introduction of VTS and TSS

This scenario was based on a change of the layout of the fairway; see
Fig. 10 and the probabilities/duration of active navigational errors in
Table 4.

Since the active navigational errors were not present in Horteborn
and Ringsberg [48], it is interesting to quantify the effect of these errors
in Scenario 2.2. In that previous study, it was also concluded that the
duration of the missing turning point failure, investigated in Scenario
2.3, was the most crucial parameter in the Great Belt area [48]. Hence,

2
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Table 4
Failure statistics for an area with VTS. The values are given per hour, except for
WCT, marked with * that is defined per turn.

Failure type Probability Repair time (hours)
IWRAP Mk2 STAPS IWRAP STAPS (Tg)

(Pr) Mk2

WCT n/a 0.13 x n/a Lognormal (3.7,
10 0.85)

TWL n/a 0.37 x n/a Lognormal (3.6,
10 0.60)

Uniform (“fake 0.01 x n/a n/a n/a

leg™) 1.0-10*

such a scenario is included in the current study.

The Traffic Separation Scheme (TSS) in Scenario 2.4, illustrated in
Fig. 10, moves the traffic from northwest to continue slightly longer out
in the fjord, and the traffic from northeast to continue straight until it
connects to the other traffic, approximately 2 nautical miles north of the
bridge. To further reduce the risk, a Vessel Traffic Service (VTS)
covering the area was implemented in this scenario. The VTS will reduce
the probability of accidents by providing real-time monitoring and
guidance to vessels, thereby enhancing situational awareness and
decision-making for navigators [61]. It was shown in Horteborn and
Eidem [52] that a VTS reduces the probability and duration of active
navigational errors. The reduced failure probabilities and durations due
to the presence of the TSS and VTS are presented in Table 4. The
probability reduction for in IWRAP Mk2 is both lowering the traffic
volume on LEG 20 from 2 % to 1 % and the causation factor from 1.6 x
10%to1 x 10°*

4. Results
4.1. Results from case study 1

Before the computation was run in STAPS, Y., was defined using Eq.
(10). For Scenarios 1.1-1.3, Y, was defined as 107 yielding 61,640 loss
of propulsion simulations, and for Scenario 1.4, Y, was defined as 10°

I Land
Bridge
Routes
- Baseline case
= With TSS
Depths
10-20 meter
20-500 meter

Fig. 10. The layout of the fjord with the original routes (magenta lines) and the routes with a suggested TSS (blue lines) in an enlarged view of the area north of the

planned bridge (yellow line).
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yielding 160,000 powered simulations, per distance and ship type.

The allision probability results for all the simulated scenarios are
presented in Table 5. The scenarios are presented in the rows and the
different models and distances to the bridge are presented in the col-
umns. The different models were differently affected by the distance
between the leg and the bridge. Fig. 11 presents an example of results in
a bar plot from Table 5 for the case when the leg and the bridge were
separated by 3 nautical miles. This distance was chosen as a represen-
tative example to illustrate the results, providing a balanced view be-
tween the shorter and longer distances of 1 and 5 nautical miles.

The results of Scenario 1.1 show that the drift probability between
IWRAP Mk2 and STAPS is rather similar (note: using the “restricted”
drifting conditions in STAPS). The small difference in the results is
caused by the randomness in the number of “long” simulations with the
northbound current that were simulated in STAPS. However, when the
drifting direction was not restricted in STAPS in Scenarios 1.2 and 1.3,
there was a larger difference between the INRAP Mk2 and STAPS re-
sults. As the distance increases (see the 5 nm results), this difference
between the scenarios and models also increases, which is expected
since the bridge becomes a smaller part of the circle circumstance ac-
cording to Fig. 5. Comparing the two different ship sizes in STAPS for
Scenario 1.2 shows that the 225 m ship has a slightly higher probability
of allisions compared to the 90 m ship. This difference is due to the ship
geometry: the 225 m ship strikes the bridge in a slightly larger sector
than the 90 m ship.

A larger difference in allision probability is observed when the initial
ship speed is set to the operational speed (Scenario 1.3). This can be
explained by the fact that, in this scenario, the ships travel for a longer
time in the leg direction before they start to drift. The difference be-
tween the two ship types simulated in STAPS is presented in Fig. 12,
which shows the paths of the two ships in a simulation with a starting
speed of 15 knots. The two paths in the figure exemplify the hydrody-
namic effects when the 225 m ship (blue line), having a larger mass
compared to the 90 m ship, maintains its trajectory for a longer duration
compared to the 90 m ship (red line), which has a smaller mass
compared to the 225 m ship. The current direction was slightly different
for the two ships in the simulations, since this parameter is randomly
generated, and 1 of the 61,640 simulations is illustrated in the figure for
each ship type. Nevertheless, the trend is similar for all randomly
generated currents.

The results from Scenario 1.4, the powered allision, are almost
identical between IWRAP Mk2 and STAPS (the leg in Fig. 12 is turned
90° in this scenario). The minor difference, which shows a slightly
higher probability of allisions in STAPS compared to IWRAP Mk2, can be
explained by how the ship geometry is modelled in the different models.
In STAPS, the ship is modelled with its actual geometry, and the ship is
placed with its centre of gravity at the end of the leg. This implies that
the bow is approximately half of the ship’s length closer to the bridge,
and that the bow of the 225 m ship is closer to the bridge compared to
that of the 90 m ship at the start of the simulation. The distance between
the end of the leg and the bridge is used in INRAP MKk2.

4.2. Results from case study 2

4.2.1. IWRAP MKk2: allision probability
IWRAP MK2 is a fast-running computation code. The four scenarios

Table 5
Probability of the different scenarios in Case Study 1. The numbers present the
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took only a few seconds to run in IWRAP MKk2, since the size of the
geographical area was relatively small. Table 6 presents the allision
probability separated into drifting and powered allisions.

The probability of allision due to drifting was similar between Sce-
narios 2.1 to 2.3. For Scenario 2.4, it was lower because Route 3, defined
as LEGs 3, 7 and 17 in Fig. 7, was moved away from the bridge in the
new route as shown in Fig. 10.

The probability of powered allisions varied between all scenarios.
Most of all powered accidents in Scenarios 2.1, 2.2 and 2.3 originated
from the ships travelling southbound on LEG 5 that missed to turn in
Fig. 7. The dramatic increase of accident probability in Scenario 2.3
(when t;, was increased) is further analysed in Chapter 4.2.3. The
decrease in Scenario 2.4 is mainly due to the fact that ships failing to
turn at LEG 5 would not strike the bridge with this layout. The difference
between Scenarios 1.1 and 1.2 indicates that active navigational error
accounts for 28 % of all failures in this model.

4.2.2. STAPS: dllision probability

To compute the allision probability in STAPS, the number of simu-
lations Ny, and Mg, in Egs. (8) and (9) must be estimated. As this re-
quires Yrep, given the Norwegian criterion [62], it should be larger than
10*. The result of using Eq. (10) with Yiep = 10° and Yiep = 108 is pre-
sented in Table 7. Here, Scenario 2.2 is used, since it had the fewest
simulations to run and is therefore the most sensitive.

The spread between the numbers in Table 7 presents how the
randomness in the realisations of input parameters affects the number of
allisions. When Yrep was set to 10°, the expected number of allisions in
10* years was 5.2, 6.5 and 5.5 (the first column divided by 10), which
did not pass the criterion in Eq. (10). However, when Y, was increased
to 10%, the expected number of allisions in 10* years was 6.15, 5.89 and
5.92 (the second column divided by 100), which passed the criterion in
Eq. (10).

With Yy, set to 10° and 2.5 failures per year, approximately 2.5 x
10° simulations (Ngim -+ Msim) had to be run for each scenario. These
scenario sets of simulations took 6 h each to run. The number of allisions
caused by each failure type from the four scenarios computed by STAPS
are presented in Table 8. The total probability is given as the total
number of allisions divided by 10°.

The results in Table 8 show that the number of allisions caused by
loss of propulsion and loss of steering are rather constant in all four
scenarios. Fig. 13 illustrates the ship paths of the allisions in Scenario 2.1
in STAPS. As shown in the figure, the largest contribution to the accident
probability arises from the ships travelling south that fail to set the
correct course northwest of the bridge. The exclusion of the active
navigational failures (Scenario 2.2) decreased the number of allisions by
>50 % compared to the baseline case, which indicates that they are
important to consider. Similar, almost all these accidents were elimi-
nated by introducing the TSS, moving the turning point further away;
and VTS, reducing the failure probability. The large increase in accidents
in Scenario 2.3 is further described and analysed in the next chapter.

4.2.3. Comparison of INRAP Mk2 and STAPS

The yearly allision probabilities estimated for the different scenarios
as determined by IWRAP Mk2 (see Table 6) and STAPS (see Table 8) are
summarised in Table 9.

The results reveal some major differences in the probability of

allision probability per year (E-1 =1 x 107h.

Model IWRAP Mk2 STAPS, 90 m ship STAPS, 225 m ship

Distance 1 nm 3 nm 5 nm 1 nm 3 nm 5nm 1 nm 3 nm 5nm
Scenario 1.1 260E-6 43E-6 8.1E-6 270E-6 47E-6 9.0E-6 270E-6 47E-6 9.0E-6
Scenario 1.2 190E-6 11E-6 1.1E-6 210E-6 13E-6 1.3E-6
Scenario 1.3 85E-6 5.4E-6 0.3E-6 2.2E-6 1.6E-6 0.6E-6
Scenario 1.4 5.9E-2 4.1E-3 2.8E-4 6.4E-2 4.1E-3 3.0E-4 6.6E-2 4.2E-3 3.2E-4
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Fig. 11. The probability of allision in the four scenarios 1.1 — 1.4 (see section 3.1 for the scenario definitions) where the leg and bridge are 3 nautical miles apart.

STAPS 225 m
STAPS 90 m

IWRAP Mk2

- .‘“ Leg

Fig. 12. Allision paths of ships striking the bridge 3 nautical miles away in
Scenario 1.3. The 225 m container ship (blue) and 90 m bulk carrier ship (red)
models running with an initial speed of 15 knots in STAPS; the black dashed
line shows the path for these ships in IWRAP Mk2.

allision accidents between the different scenarios and the two models.
IWRAP MKk2 always predicts a higher accident probability compared to
STAPS. However, both models show similar trends in-between the
different scenarios, i.e. an increase or decrease of allision probability
related to the baseline case. They also have the same ranking in allision
probability (descending magnitude): Scenario 3, 1, 2 and 4.

The number of allisions caused by ships missing a turning point is
high in both models (Scenario 2.3 compared with Scenarios 2.1 and 2.2),
which is explained by Fig. 14. It shows how the probability of a ship
continuing to travel decreases with distance, using different failure
durations. A ship travelling in 11 knots is used in the demonstration. The

12

blue and orange lines represent the baseline case and the increased
duration time in IWNRAP MKk2, respectively, and the green and red lines
represent the baseline case and the increased duration time in STAPS,
respectively.

As illustrated by Fig. 14, the 60-second increase in duration for the
missing turning point increases the probability that the failure remains
at the distance to the bridge (red dashed line). A simple linear rela-
tionship between the probability of failure remains and the accident
probability exists in IWRAP MKk2, i.e. a doubled increase of remaining
probability equals a doubled increase of accident probability. Since the
ship speed is a random parameter in STAPS, this figure is just one
example, and as illustrated in Table 8, there are ships with higher speeds
that will strike the bridge due to the missing turning point failure even
with the base case duration.

Based on this case study, it is concluded that the difference between
the two models is not primarily dependent on the model fidelity level.
Instead, the difference in the results depends more on how the failures
are implemented, their frequency and their duration.

5. Discussion

The two case studies compared the INRAP Mk2 and STAPS models
with different perspectives. The first study aimed at quantifying differ-
ences between the models in a controlled environment, and the second
study had a wider scope where the comparison aimed at quantifying
differences in a real-world probability analysis.

Scenario 1.1 in Case Study 1 illustrated that the two models could
predict the same drifting probability if the behaviours of STAPS were
adjusted to match the drifting conditions allowed in IWRAP Mk2. When
these restrictions were removed in Scenarios 1.2 and 1.3, the case study
showed some major differences with regards to how IWRAP Mk2 and
STAPS estimated the probability of drifting allisions. When the enforced
drifting direction was removed, the probability of drifting in the bridge’s
direction decreased in STAPS. However, these differences are subjected
to the layout of the case study. The difference will decrease with longer
legs, which is commonly used in risk assessments for larger areas. Legs
not directly pointing at a drift direction will also reduce the difference
between the models. Still, in certain cases, this drift behaviour can have
a significant effect. For instance, when a leg points towards 0, 45, 90,
135, 180, 225, 270 or 315°, there is a “blind spot” near the end of the
legs in INRAP Mk2. The STAPS model does not have such blind spots
and can also recognise that ships of different types and sizes have
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Fig. 13. Map illustrating the paths of the allision accidents from the base case. The colours indicate which type of failure led the ship to the simulated allision.

Table 6
Results of Case Study 2 computed by IWRAP Mk2 (E-1 =1 x 107).

Scenario Probability of drifting allision Probability of powered allision
2.1 10.8E-4 52.3E-4
2.2 10.9E-4 37.2E-4
2.3 10.8E-4 93.4E-4
2.4 9.5E-4 7.6E-4
Table 7

The number of allisions with different realisations of Scenario 2.2, using
different random seeds and different numbers of yearly repetitions.

Number of allisions with Y,e, = 10°

Number of allisions with Y,ep, = 10°

Seed 1 52 615
Seed 2 65 589
Seed3 55 592
Table 8
The number of allisions caused by the different failures calculated using STAPS.
Scenario  Loss of Loss of Miss of WCT TWL  Total
propulsion steering turning probability
21 257 315 29 718 116 14.4E-4
2.2 254 324 41 0 0 6.2E-4
2.3 249 350 4493 708 107 59.1E-4
2.4 256 303 0 0 21 5.8E-4
Table 9

Summary of allision probabilities computed by IWNRAP Mk2 and STAPS (E-1 =1
x 1071).

Allision probability (per year)

Scenario 2.1 2.2 2.3 2.4
IWRAP Mk2 63.1E-4 48.1E-4 104.2E-4 16.9E-4
STAPS 14.4E-4 6.2E-4 59.1E-4 5.8E-4
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different drifting patterns [63,64]. This difference affects how far away
the ship will drift and thereby the probability of striking a structure. The
initial speed at the time of the failure is another aspect that STAPS ac-
counts for, as maintaining speed for a longer time has an impact on
where drifting ships end up. Overall, STAPS captures these physics and
where ships may end up better compared to INRAP Mk2. However, the
large difference between the results of both models in this case study
depends mostly on the layout of the scenarios. Based on the first case
study, two recommendations are suggested:

- Caution is needed in situations where the leg is aligned with one of
the eight drift directions; the drifting cases are more “concentrated”
in some directions in IWRAP Mk2 compared to real-world scenarios.
Analysts should investigate if a small alteration of the leg influences
the accidental probability caused by drifting ships.

Larger ships move further away from the leg (in the leg direction)
compared to smaller ships. Due to the lack of hydrodynamic equa-
tions in IWRAP MKk2, this effect is omitted, and it is therefore rec-
ommended to make the legs slightly longer in IWRAP Mk2 for critical
areas.

The second case study also showed differences in the results from the
two models. IWRAP Mk2 estimated a higher allision probability
compared to STAPS for all scenarios, mainly due to the INRAP Mk2’s
estimation of powered accidents. Therefore, one of the most important
parameters to investigate is t, in INRAP Mk2 and the duration of
missing turning point in STAPS. This has also been found in previous
studies [27]. However, as illustrated in Fig. 14, the sensitivity of this
parameter depends on the ship speed and the distance between the route
turn and the object, indicating that the importance of the parameter will
vary between different areas. For areas where the distance is shorter, the
probability Pg in STAPS and Pp, . in IWRAP Mk2 might be more relevant
to study in more detail in future work. Additionally, the large reduction
in accident probability with the implementation of TSS/VTS in the
models suggests that such measures are crucial for improving maritime
safety.

Defining the models with legs and capturing data from AIS data to
these legs is a similar process in both IWNRAP Mk2 and STAPS. The
simulation time in STAPS depends on the Y, parameter, the number
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and length of legs that are included in the model, but it usually takes
several hours. The computation of probabilities in INRAP Mk2 can be
computed in less than a few minutes if the model can be computed in
RAM memory. However, large models with detailed bathymetry might
take several hours to compute in IWNRAP Mk2. Although the ships run on
autopilot in STAPS, it is important that the user ensures that ships
manoeuvre as general ship traffic, which is a time-consuming task.
Additionally, capturing of local failure statistics requires some time.
Based on this, it is suggested that IWRAP MK2 is a good starting model
for the early design and analysis of case studies. However, STAPS en-
ables the possibility to replay any allision that occurred in a simulation
in real-time. This increases the understanding of why and how the
allision occurred and thereby what mitigation actions would best reduce
the accident probability. This also enables a better possibility to analyse
the consequences of the allisions. The following conclusions are based
on this second case study:

- IWRAP MKk2 limitations and the issues found in Case Study 1 seemed
to have a minor impact on the results in a larger study.

- IWRAP MK2 is a good initial model to determine maritime risks.

- The STAPS tool is designed to be agile and reasonable and thereby a
good model to evaluate risk control options or specify specific events.

- Both models are sensitive to the layout and failure duration/repair
time, making these parameters important to consider.

Since the route layout in Case Study 2 was found to have a major
impact on the accident probability, it was further investigated in a
separate analysis. According to Rong et al. [65,66], it is possible to
predict where a ship will navigate in an existing routing system; how-
ever, it is more challenging when the routing system changes [67]. The
design of the layout (how the ship routes are modelled) is a source of
uncertainty that relates to the analyst’s assumptions and experience. To
quantify this sensitivity, five experts on maritime risk assessment
employed at the Research Institutes of Sweden (RISE) and five inter-
national experts from different European countries were invited to a
route layout benchmark study applied to the baseline scenario in Case
Study 2. The experts worked independently, and they were given the
same basic information regarding the AIS ship traffic data, the topology
in the area and the bridge layout. Fig. 15 presents a summary of the
participants’ suggestions on the coordinates of the two routes 2 and 3.

Since there is no “correct way” of modelling how future traffic will
navigate when a bridge has been built, the experts used their experience
to define future routes. Both IWRAP Mk2 and STAPS were run with the
experts’ coordinates to quantify how route geometry affected allision
probability (the IWRAP Mk2 models also included LEG 20 from Scenario
2.1). Further, all simulations were run with the same settings as Scenario
2.1. The results from the 10 experts’ routes, including Scenario 2.1, are
presented in Table 10.

As illustrated with the results of this sensitivity study presented in
Table 10, how the future routes may look has a large impact on the
expected number of allisions, from 2800 to 9400 in IWRAP Mk2
(average 4354) and from 619 to 17,216 in STAPS (average 3710). The
route suggestion from participant 7 caused a large number of allisions,
which were caused by the failure missed turning point and a waypoint
close to the bridge. The low number of accidents with the route sug-
gestions from participants 1 and 5 was derived from layouts without
routes pointing towards the bridge. This indicates that the way future
routes may look like is important. Therefore, future studies are sug-
gested to investigate this topic further and to make recommendations on
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how to predict future routes that could be included in these types of
probability assessments.

The real-world example of Dali hitting the Francis Scott Key Bridge in
Baltimore [12] highlights an issue with Pedersen’s categorisation. Since
Dali was without propulsion, it should, in one aspect, be categorised as a
drifting accident (Pedersen’s accident category IV). However, due to its
higher speed, it could also be categorised as a category I event. However,
Dali was travelling in the normal route until the failure occurred,
making it difficult to account for, while setting up a wide enough dis-
tribution to include it as a category I event. The STAPS model captures
this accident by simulating the failure itself. The increased fidelity in the
representation of failures reduces the model output uncertainty, which
might otherwise be a source of additional conservatism [68].

IWRAP MK2 is based on accidents, while STAPS is based on failures.
The increased model fidelity level and the use of a model based on
failures enable the addition of new failure modes caused by new ad-
vancements in the maritime domain, such as E-navigation and fully
autonomous surface ships [42], which have different requirements for
equipment degradation [69]. These advancements and rapid climate
changes introduce new types of hazards (and possibly failure nodes) like
rough ice and long distances in the Artic [70,71], and in ports [72]. The
failure probabilities and durations in STAPS are based on AIS data. In
future research other types of root causes could be included [36,43].

With regards to the risk of accidents, neither the IWRAP Mk2 nor
STAPS model can assess the impact of accidents; however, a BiLSTM-
CNN-RF model could make a rough estimate of the consequences [73],
or this can be analysed in detail with analytic models like [74,75] or
finite element models like [76-80]. Future studies are suggested to
investigate how consequence modelling could be combined with prob-
ability models to develop risk models.

6. Conclusions

In this paper, two quantitative risk models, INRAP Mk2 and STAPS,
analysed ship-bridge allisions in two separate case studies, allowing a
further analysis of the pros and cons of the respective models. The first
case study focused on detailed differences between the two models,
mainly how the implementation of hydrodynamic effects and ship ge-
ometry affected the assessments. The second case study had a more
holistic view while studying the differences between the models in a
real-world scenario.

Both case studies showed that IWRAP Mk2 estimated a higher
probability of allisions compared to the STAPS estimations. In the first
case study, this increase of accident probability was caused by the lack of
hydrodynamic calculations in INRAP Mk2, and in the second case study,
it was caused by the low level of fidelity with regards to failure
modelling. In this paper, it is shown that by increasing the failure model
fidelity, it is possible to reduce the model uncertainty and thereby
reduce the predicted accident probability.

The sensitivity analysis of route layout in Case Study 2 revealed that
this modelling has a significant impact on accident probability, high-
lighting the importance of accurately predicting future ship routes. The
variability in expert predictions emphasises the uncertainty inherent in
modelling future traffic patterns, especially when routing systems
change due to physical changes. Future studies should focus on devel-
oping methodologies to better predict future route layouts, which could
enhance the accuracy of probability assessments for ship-bridge
allisions.

In summary, both models are good for conducting probability

Table 10

Number of expected allisions with the layouts given by the 10 experts using Yep = 106 in STAPS and during 1000,000 years in IWRAP MKk2.
Model Scenario 2.1 1 2 3 4 5 6 7 8 9 10
IWRAP Mk2 6310 2800 3300 6200 3700 3400 3300 5200 3700 2600 9400
STAPS 1435 665 1112 4254 2955 619 2889 17,216 2110 1539 3745
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assessments. The IWRAP Mk2 software runs the analysis faster
compared to STAPS by omitting hydrodynamics; while this might have
an effect in a detailed analysis, in general it is deemed to be good
enough. The major difference between the models is the fidelity of
failure modelling: IWRAP Mk2 uses input derived from accidents,
whereas STAPS uses real-world failures as input. IWRAP MK2 is faster to
run and is recommended to use in the early design phases. However,
while executing the detail design, defining the accidental load case and
studying risk mitigating actions on bridge design, fairway design and
ship operation, it is recommended to use STAPS.

Beyond the specific context of ship-bridge allisions, the probabilistic
models and risk assessment techniques developed in this study have
broader applications in reliability engineering and system safety. Engi-
neering models that currently use statistical methods to estimate acci-
dent probabilities could be adapted to simulate events more accurately.
Future research could apply these methods in various fields, such as
aerospace, automotive, and civil engineering. By focusing on specific
events rather than general models, this study aims to advance reliability
analysis and design, ultimately supporting the development of more
resilient engineering systems.
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Summary of relevant parameters that the user of the INRAP Mk2 model provides. The presented values are used both in IWRAP Mk2 and STAPS in Case Study 1.

Default values in INRAP MKk2 are indicated with *.

Type of parameters Name, abbreviation

Example value

Drift-related parameters Blackout frequency, Fy

Anchoring probability, Panchor

Max anchor depth

Minimum distance to ground

Repair time, function or distribution, Prj,
Drift directions, Pdrg;,

Drift speed, vq

Bathymetry Geometry
Depth
Structures Structure — Geometry

Height
Leg information Waypoint
Leg,
Leg extension
Lateral distribution
Ship frequency, Ny
Average ship speed, S
Draught
Height
Grounding—Powered
Grounding—Drifting
Allision—Powered, Pc,
Allision—Drifting, Pcg
Mean time between checks, t,,

Traffic information
(per ship category)

Causation factor

0.75 per year*

70 %*

7 times ship draught*

2 times ship length*

1 — 105 *tadifeio”’ (A-1)

[12.5 %, 12.5 %, 12.5 %, 12.5 %, 12.5 %, 12.5 %, 12.5 %, 12.5 %] *
1 knot*

Polygon ((-1-1,10,11,-11,-1-1))
100 meters

Polygon ((0.033316 0.033108,
0.033316 0.033557,

0.042314 0.033558,

0.042314 0.033108,

0.033316 0.033108))

10 meters*

WP1: Point (0.01636 0.033352)
WP2: Point (0.01638 0.042306)
From WP1-WP2

50,000 meters™

Uniform distribution [0, 1]
1000 ships/year

15 knots

12 meters

15 meters

1.6 x 107*

1%

1.6 x 107

1 *

180 s*

Data availability

Data will be made available on request.
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