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A B S T R A C T

Ship-bridge allision risk assessments often address either probability or consequence; integrations of both in a 
unified methodology are rare. This paper fills that gap by introducing Ship Traffic Allision Probability using 
Monte Carlo Simulations – consequence (STAPS-cons), a methodology where a mid-fidelity simulation meth
odology developed for probability assessment is used together with the results of Finite Element Analysis (FEA) 
simulations to include consequence assessments. Using Automatic Information System (AIS) data and the pro
posed methodology, a potential bridge over Norway’s Bjørnafjorden is analysed in a case study to determine the 
risk of structural collapse. The case study also illustrates how the risk is affected by different input parameters, 
both related to probability and consequence estimations. Five scenarios were analysed in this case study; three 
passed and two failed the Norwegian criterion for the probability of structural collapse, which is less frequent 
than 10− 4 per year. A 20 % increase in the duration of a ship’s miss of turning point notably raised both the 
allision frequencies and the necessary levels of energy the bridge must withstand. In another scenario, where a 
less stiff bridge structure was analysed, the demand on the global structure decreased. In conclusion, the STAPS- 
cons methodology represents a significant advancement in the field of ship-bridge allision risk assessment. By 
integrating probability and consequence assessments, this methodology offers a more robust and comprehensive 
tool for managing the risks associated with increased shipping traffic and bridge construction in navigational 
waters.

1. Introduction

With the increasing ship traffic worldwide and the constant increase 
in ship size, the risks of ship-bridge allisions in navigational waters have 
become increasingly imperative. The preferred terminology in this 
context is ‘allision’ to describe ships hitting stationary structures, as 
opposed to ship-ship collision. There are challenges that need to be 
considered with regards to different design perspectives, such as the 
design of new bridges, the design and allision resistance of existing 
bridges and how shipping traffic fairways should be designed to avoid 
ship-bridge allisions.

The March 2024 accident involving the DALI ship striking the 
Francis Scott Key Bridge in Baltimore (USA) [1] exemplifies the poten
tially grave ramifications of a ship-bridge allision, with fatalities, sig
nificant environmental damage and enormous societal costs that will 

affect Baltimore for decades. According to Zhang et al. [2] there were at 
least 29 ship-bridge allisions with severe consequences between the 1 
January 2018 and the 1 April 2024. Most of these bridges had already 
considered ship allision scenarios at the time of their design and con
struction, given the statistics of ship traffic, sizes, and tonnages at that 
time. However, since the progression in ship transportation has 
advanced faster than the bridges’ original construction was designed to 
encounter these statistics have become outdated [3].

The current study addresses the need both to continuously revisit old 
bridge designs in the context of changing ship traffic and have a pro
active mitigation mindset in future changes to the waterways, consid
ering ship traffic as well as environmental and societal safety. It is of the 
utmost importance that both new bridge designs (stationary or floating) 
and existing bridges learn from incidents and accidents so that risks can 
be proactively minimised. Today, two principal bridge-building codes 
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are employed for this purpose: American Association of State Highway 
and Transportation Officials (AASHTO) [4] and the Eurocode [5]. As 
AASHTO was adopted in 1991, it recommends that a vulnerability 
analysis should be conducted on bridges that were built prior to this 
standard being enforced. AASHTO uses two acceptance criteria with 
regards to structural collapses: an annual probability of less than (i) 10− 3 

for regular bridges and (ii) 10− 4 for critical bridges. The Eurocode states 
that risk acceptance criteria should be defined in local annexes, which, 
in Norway, is defined as, ‘The occurrence and consequence of accidental 
loads usually related to a certain risk level. To the extent the accidental 
load can be determined by probability calculations, the probability of 
events that can be disregarded in the analysis shall not exceed 10− 4 per 
year’ [6]. Many scholars have studied marine traffic probability as
sessments of ship-bridge allisions. The works presented in [7–9] high
light that probability assessments in most existing methodologies are 
refinements of Fujii et al. [10] and Macduff [11] from the 1970s. Ped
ersen [12] further refined the probability assessment framework to ease 
probability calculations and assessments. Based on this work, 
Friis-Hansen [13] established the IWRAP Mk II software [14], which is 
recommended by the International Maritime Organisation (IMO) [15]
for quantitative probability assessments of maritime accidents. This 
software is used to quickly determine a rough estimate of the probability 
of ship-bridge allisions. It should be noted that it cannot consider the 
ship’s hydrodynamics, which, in accident scenarios, can be a significant 
factor. Nevertheless, the software is considered a good tool for engineers 
since its computation time is low, and few parameters are needed to 
analyse various scenarios. To overcome the lack of ship hydrodynamics 
in the probabilistic assessment, Bąk et al. [16] proposed the use of ship 
manoeuvre simulators to improve the realism of accident scenario 
modelling. Similarly, Hörteborn et al. [17] developed the Ship Traffic 
Allision Probability using Monte Carlo Simulations (STAPS) methodol
ogy, which integrates vessel-specific manoeuvrability and environ
mental conditions through a maritime manoeuvre simulator (MMS). In a 
comparative study, STAPS was benchmarked against IWRAP Mk II, 
demonstrating that the latter tends to overestimate accident probabili
ties due to simplified failure modelling and static drift assumptions.

Consequence analyses for ship-ship collisions and ship-bridge alli
sions are often studied using different approaches via specific events or 
scenarios. Minorsky [18], one of the pioneers in the field, analysed 
ship-ship collisions to determine safety standards for protecting nuclear 
power plants. The study found that the deformed volume of the ships 
was related to their kinetic energy. Since the studies by Minorsky, 
multiple analytical and semi-analytical methods for structural integrity 
and crashworthiness consequence analyses have been developed. Most 
studies in the literature use nonlinear Finite Element Analyses (FEA) 
because of complex hydro-mechanical coupling effects and a need to 
resolve energy distribution and dissipation into different parts of the 
structures involved in the simulation.

Le Sourne et al. [19] proposed the MCOL tool in LS-DYNA software, 
which combines the consideration of internal mechanics and external 
dynamics. It enables a detailed assessment of structural integrity con
sequences, considering hydrodynamic-mechanical couplings in a real
istic physics setting. This advantage of high-resolution, detailed 
information comes with the cost of extensive computational efforts; 
hence, it is suitable for a few scenario simulations. Sha et al. [20]
simulated ship-bridge allisions of a sizeable floating bridge across a 
Norwegian fjord. They divided their simulations into local structural 
damages using LS-DYNA and global dynamic responses of the bridge 
using USFOS software. A parameter sensitivity analysis showed the 
bridge’s response to various allision scenarios, which were defined 
without any connection to their probability of occurrence. Barge-bridge 
allisions were studied by Chen et al. [21] using FEA. The purpose was to 
simulate and analyse bridge resistance to barge allisions and to propose 
mitigation actions based on numerical simulations and the Taiyangbu 
Bridge (China) bridge allision accident. Lu et al. [22] used centrifuge 
modelling to study progressive collapse in a multi-span bridge. They 

found that as much as 40 % of the kinetic energy from the ship could be 
transferred to the bridge-soil system. Wang et al. [23] used OrcaFlex 
software to simulate and analyse ship-bridge allisions under the influ
ence of winds and waves. The authors studied the global response of a 
floating bridge, considering loads from waves and wind, and ship alli
sion cases (ship type, kinetic energy, allision location, etc.). It was 
concluded that including wind and wave loads influences the results, 
with the allision location and angle of attack being sensitive parameters 
in the simulation model as well.

While many scholars continue to present methods for estimating the 
consequence of ship-bridge allisions using nonlinear FEA, the studies 
presented in [12,24–29] show the possibility of combining analytical 
methods, semi-analytical methods and FEA in collision analyses 
involving ships. Some of these studies also showed that simplified 
analytical expressions that apply energy dissipation internally in struc
tures during ship-collision events can be used, as they often match 
experimental results and nonlinear FEA.

There are examples of risk assessment methodologies that focus on 
probability or consequence, but few include both aspects in the same 
methodology. The works in [12,27,30,31] present probability and 
consequence analyses, strongly emphasising the need for one integrated 
methodology to simulate and analyse different consequences and their 
probabilities in risk assessments. The objective of the current study is to 
present such a methodology and its components. The proposed meth
odology, Ship Traffic Allision Probability using Monte Carlo Simulations 
– consequence (STAPS-cons), has been developed to meet the demands 
for better risk assessment methodology to re-evaluate existing bridge 
designs and the structural safety of new bridges against ship-bridge 
allisions, considering current and future accident scenarios. The nov
elty of the methodology lies in the combination of a mid-fidelity model 
called STAPS developed by the authors in previous work [17] for acci
dent probability calculations, with a newly developed consequence 
model that employs consequence analysis based on nonlinear FE model 
developed by Sha et al. [20]. In this study, the STAPS-cons methodology 
is applied to a vase study of a ship-bridge allision for a floating bridge.

The remainder of the paper is organised as follows: Chapter 2 pre
sents a brief overview of the STAPS methodology and the components 
that have been added to form STAPS-cons. Chapter 3 presents a case 
study of a floating bridge struck by a ship in different scenarios. The 
results from the case study are presented in Chapter 4, followed by a 
discussion in Chapter 5 on how the STAPS-cons methodology can be 
applied for mitigation action analyses, improvements in bridge designs 
and marine traffic planning. Finally, in Chapter 6, the conclusions of the 
study are presented.

2. Methodology

In this chapter, Section 2.1 presents the new STAPS-cons method
ology, which is based on the STAPS methodology presented in detail in 
Hörteborn et al. [17]. Section 2.2 introduces the new module that has 
been added to incorporate consequence assessments in STAPS-cons 
regarding the structural integrity of damaged structures. The novelty 
in this paper lies in the transition from a probabilistic methodology to a 
risk methodology, where the consequence estimation is added to the 
STAPS methodology. Fig. 1 shows a flowchart of the STAPS-cons 
methodology, where the green boxes represent the additional conse
quence module to the former STAPS methodology.

A limited number of ‘FE analyses’ are conducted with a specific ship 
hitting a specific bridge. These cases are used in the ‘consequence 
analysis’, where they are combined with the output from the Maritime 
Manoeuvre Simulator (MMS) to estimate the consequence of each alli
sion. This combined output will determine if enough kinetic energy is 
transferred to the bridge for it to collapse, thereby allowing the risk of 
collapse to be estimated. Section 2.2 presents the details of how the 
forces are estimated in the new consequence module added to STAPS, 
forming the STAPS-cons methodology.
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2.1. Probabilistic simulations

The STAPS model is a mid-fidelity model for ship traffic allision 
probability estimation, which includes a ship’s manoeuvrability and 
motion physics, using the Monte Carlo simulation method for probabi
listic calculations. Its origin and details are described in detail in 
Hörteborn and Ringsberg [32], followed by an extension in Hörteborn 
and Eidem [33], where active navigational errors can be included in a 
simulation. One novelty of STAPS is its inclusion of detailed local failure 
statistics of ship traffic scenarios, which are important in tailoring risk 
assessments to local areas. The STAPS model in [17], which is used in 

the current study, can simulate five failure types that may result in a 
ship-allision accident: loss of propulsion, loss of steering, miss of turning 
point, wrong course at a turning point (WCT) and turn at the wrong 
location (TWL); see Fig. 2. Each failure type has a predetermined routine 
that reduces the model’s autopilot’s ability to navigate the ship ac
cording to the predefined routes.

AIS data are used to identify normal operations in a specific 
geographic area and to determine the probability and duration of fail
ures. The ship’s manoeuvrability and motion physics are handled by a 
maritime manoeuvre simulator (MMS). STAPS uses Seaman [34,35] as 
its MMS. Seaman is a modular simulation tool where force-generating 

Fig. 1. The STAPS-cons methodology overview. The green boxes are the main contribution in this paper, differentiating the STAPS and STAPS-cons methodologies.

Fig. 2. 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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systems are connected to one ship object, which uses PySim [36] to solve 
the equations for seakeeping motions and manoeuvrability character
istics. Each ship has a unique hydrodynamic specification to be used in 
the MMS that defines the ship’s manoeuvrability characteristics. The 
Seaman MMS can simulate ships either in full mission, with screens 
surrounding in 360 ◦, or in a desktop environment with a single com
puter. The simulations 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 s to 
run. A ship is simulated using an autopilot, first without failures to 
ensure that the ship can follow the intended route in all weather con
ditions, and thereafter with ‘triggers’ to the aforementioned failure 
types; see Hörteborn et al. [17] and Hörteborn and Ringsberg [32] for 
details.

The estimation of the allision probability in STAPS requires millions 
of simulations to be executed in an MMS simulator. These simulations 
are executed in sets with the same failure type (ft), route (r) and ship 
category (sc). The number of simulations to run in each set for the failure 
types loss of propulsion, loss of steering and TWL, Nsim

ft,r,sc, is estimated by 
Eq. (1). The number of simulations to run for the failures that occur at 
planned turns (miss of turning point and WCT), Msim

ft,r,sc, is estimated by Eq. 
(2). 

Nsim
ft,r,sc = Nr,sc × Pfte ×

(
Lr

vsc

)

× Yrep (1) 

Msim
ft,r,sc = Nr,sc × Pftu × Nturns,r × Yrep (2) 

where, Nr,sc is the number of ships per route and ship category, Pfte is the 
ship failure probability per hour (unique for each failure type), Lr is the 
length of the route (unit: metre), vsc is the ship speed of the ship category 
(unit: metre/second), Yrep is the number of repetitions of one year’s 
traffic that the simulation set represents, Pftu is the failure probability 
per turn (unique for the two failure types) and Nturns,r is the number of 
turns per route. The probability of allision is then given by the number of 
simulated allisions divided by Yrep.

Each simulation in all sets has a unique combination of values for the 
input parameters. This combination is generated in a Monte Carlo 
simulation using the distribution of each parameter. The input param
eters that have distributions are those that control the simulated weather 
(wind, current and waves), ship set speed, heading and parameters 
related to the failure characteristics, such as the failure duration and 
angle deviations. As previously mentioned, the simulated ships are 
navigated by the autopilot and the implemented logic controlling the 
failure for a failure duration. If the ship strikes a ground or a bridge, the 
simulation is terminated early; otherwise, the simulation ends after the 
duration runs out. For further details on the STAPS methodology, see 
Hörteborn et al. [17].

2.2. Assessment of structural integrity consequences

The consequence assessment focuses on the energy involved in the 
structural integrity of the structures during a ship-bridge allision. The 
model originates from Minorsky [18] and Pedersen et al. [27], enabling 
a computationally efficient and sufficiently accurate model for a holistic 
assessment of ship-bridge allision risks. The approach considers the 
energy before and after the allision, i.e. how the striking ship’s initial 
kinetic energy is distributed and dissipated into different energy terms 
and parts of the structures. The method is general and can be applied to 
fixed bridge structures (the pylons and the girder) or floating bridge 
structures (the bridge girder and the pontoons).

Since multiple models are used in the STAPS-cons methodology, 
three different coordinate systems are required. The MMS runs the ship 
simulation using a global coordinate system (X, Y). To determine the 
structural damage of a pontoon allision, a coordinate system relative to 
the pontoon orientation is used (turned γ1, relative to X, Y coordinate 

system). Finally, to determine if it is a sliding or a head-on allision, a 
coordinate system relative to the surface is used (turned γ2, relative to 
pontoon coordinate system). Fig. 3 illustrates these three coordinate 
systems with the angles β and α. The travel direction of the contact point 
of the ship is illustrated with a green arrow in the figure. However, the 
entire ship (not just the contact point) is modelled both in STAPS-cons 
and in the FE model.

The following equations present the general formulation for a bridge 
that may have floating structures. The initial kinetic energy of the ship 
before it strikes the bridge, K0, is divided into eight components after the 
allision (similar to Wang et al. [37]) in Eq. (3). 

K0 =Kpos,ship +Kpos,bridge +Whyd,ship+Whyd,bridge+Eint,ship+Eint,bridge +Wfri

(3) 

where Kpos refers to the remaining kinetic energy in the ship/bridge 
post-allision, Whyd refers to the work done by hydrodynamic forces of 
the ship/bridge, Eint refers to the internal structural deformation energy 
in the ship/bridge and Wfri refers to the work done by friction forces. The 
kinetic energy of the ship is estimated using Eq. (4). 

K0 =
(Dsc + A11sc) × u2

2
+
(Dsc + A22sc) × v2

2
(4) 

In Eq. (4), Dsc is the displacement of the ship in ship category sc (unit: 
kg), A11sc is the added mass for the ship in its longitudinal direction, 
A22sc is the added mass in its lateral direction, u is the forward speed 
(unit: m/s) and v is the side speed (unit: m/s).

In oblique allisions, Kpos,ship is estimated based on the Eurocode [5]. 
The Eurocode uses the terminology ‘sliding impact’, which is defined as 
a lateral impact angle (α) below 45◦; see Fig. 3. The remaining kinetic 
energy in the ship for these allisions is estimated according to Eq. (5). 

Kpos,ship =

{
K0 × cos(α), α < 45

0, α ≥ 45 (5) 

The remaining variables in Eq. (3) are estimated using nonlinear FEA 
for a few specific cases. Sha et al. [20] described this decoupled 
sequential local and global FEA simulation setup in detail. Further, the 
case study includes example cases and models from Jin et al. [38], 
although it builds on the FEA setup from Sha et al. [20]. The energy 
terms are taken directly from the FEA simulations at every timestep of 
the simulation.

For the local allision analysis, a Finite Element (FE) model was 
developed in LS-DYNA, including the striking ship’s bow, the bridge’s 
floating pontoon and the bridge deck. The FE model contains all major 
structural components, including the outer panels, decks, bulkheads, 
frames and stiffeners, using shell elements; see Fig. 4. It should be noted 
that this FE model accounts for both geometric and material 
nonlinearities.

During the simulation of the local FE model, the internal structural 
deformation energy (Eint,ship and Eint,bridge) and the friction energy (Wfri) 
are estimated. Additionally, the local FEA simulation also generates a 
force-deformation curve, which is subsequently used in the global FEA 
simulation.

The global FE model is a generalised beam model representing the 
entire bridge’s global structural stiffness. The global model is run after 
the local model where the energy is distributed between the bridge and 
the ship. Ye et al. [39] found that fluid-structure interaction can have an 
important effect on the global deformation of such a floating bridge. In 
this study, the hydrodynamic properties of the floating pontoons are 
based on the potential flow theory [23]. This theory was used to verify 
the accuracy of the Arbitrary Lagrangian-Eulerian (ALE) method. While 
the ALE method includes the effects of ship-generated waves, it is 
computationally intensive and time-consuming. The global floating 
bridge FE model is illustrated in Fig. 5.

In the global allision analysis, the kinetic energies of the ship and the 
bridge after allision (Kpos,ship and Kpos,bridge ) and the work done by hy
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drodynamic forces (Whyd, ship and Whyd, bridge) are obtained. The local FEA 
simulation is run before the global FEA simulation since the bridge’s 
natural period is long. While it would be ideal to include the global 
boundary condition in the local simulation, this refinement does not 
surpass the ‘cost’ with respect to model complexity and simulation time.

To summarise, the consequence is expressed as a scalar energy, 
derived from a sequence of coupled simulations and the initial kinetic 
energy obtained from MMS simulations. The distribution of energy 

between the local and the global structural components is based on 
nonlinear FEA results.

Finally, with all terms of Eq. (3) known, it is possible to review how 
many allisions occurred with a global or local energy greater than the 
structure’s maximum capacity. The maximum capacity that the local 
part of the bridge can withstand is defined here as Cl (unit: MJ), and the 
maximum capacity that the global structure can withstand is defined 
here as Cg (unit: MJ). If these capacities are exceeded, the structure is 

Fig. 3. The three coordinate systems used in STAPS-cons. The green arrow illustrates where the ship is travelling from. (X, Y) are used in the MMS model: xpontoon, 
ypontoon is used to calculate the β angle for pontoon allisions and xsurface,ysurface is used to calculate the α angle to determine sliding allisions.

Fig. 4. The FE model of the ship and the pontoon (left) and the FE model of the ship deckhouse and bridge girder (right). The different colours represent different 
materials in the FE models.

Fig. 5. Global finite element models used in the consequence analysis (figure from Wang et al. [23]).
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assumed to collapse. The total number of collapses (Ncol) in Yrep years 
can thereby be calculated by Eq. (6).

Ncol =
∑no.allisions

i=1

{
1 Eint,bridge i > Clor

(
Kpos,bridge i + Whyd,bridge i

)
> Cg

0 Otherwise

(6) 

3. Case study: Bjørnafjorden crossing

A case study using a real-world example demonstrates the capabil
ities of the STAPS-cons methodology. The case study focuses on the 
planned bridge over Bjørnafjorden, a fjord in the western part of Norway 
between Stavanger and Bergen. It is one of eight ferry crossings on the 
E39. The fjord is approximately 500 m deep and 5 kilometres wide at the 
planned fixed crossing location, which is being evaluated to reduce 
travel time. The weather is in this study represented by the current and 
the wind, which was obtained from local observations [43]. Westerly 
winds are dominant and wind from the north is rare in the area. How
ever, the statistics for the ocean current reveals that northly current is 
the most common.

3.1. Bridge model

The planned bridge across Bjørnafjorden has a novel design; see 
Fig. 6 for an overview of its layout. Ship passage underneath the bridge 
is allowed in one location between a fixed pylon on the island of Svar
vahelleholmen and a floating pontoon. The remaining spans of the 
bridge will not allow commercial ships to pass underneath due to 
insufficient free sailing height [40]. The 38 pontoons are identical with 
circular ends, a length of 50 m and a width of 15 m.

The bridge has been used in case studies presented by Jin et al. [38]. 
They simulated a variety of ship-allision scenarios and calculated the 
global allision energy Kpos,bridge + Whyd,bridge and the deformation en
ergies Eint,ship and Eint,bridge in Eq. (3). Among others, they ran six sim
ulations of ship-pontoon allisions: two with β = 0◦, two with β = 45◦ and 
two with β = 90◦; see Fig. 7.

The relative distribution of energy in the six simulations illustrated in 
Fig. 7 is presented in Table 1. The energy is divided between global, local 
ship and local bridge in this table. The impact angle α is 45◦ or greater in 
all examples, and it is assumed that Kpos,ship is 0 MJ in these allisions.

The percentages in Table 1 are approximate and based on these six 

FEA simulations, with a 160-metre-long container ship with a 
displacement of 20,000 tonnes at 8.2 m/s speed. However, the table is 
used for the division of energies for allisions regardless of ship category 
and ship speed. In future studies, it is recommended to investigate how 
this approximation affects the results of the analysis. Further, another 
assumption is that for the β angles between these three examples, the 
energy distribution could be linearly interpolated.

As indicated by Fig. 7, ships may hit the pontoon differently; the 
travel direction of the ship determines the β angle relative to the 
pontoon. However, two ships with similar β angles might have a large 
difference in the α angle (and vice versa). To give an example, two ships 
hit a pontoon with the same β angle, but they have different α angles. 
The first ship has an α angle of 90◦ and a β angle of 45◦, which means 
that K0 × 0.3 of the ship’s kinetic energy is transferred to the global 
bridge model, K0 × 0.21 is transferred to local ship deformation and K0 
× 0.49 is transferred to local bridge deformation. In the second ship, the 
β angle is also 45◦, but the α angle is 20◦, making it a sliding allision. Eq. 
(5) is used to calculate Kpos, ship and subtract it from the initial kinetic 
energy. This means that K0 × (1 – cos(α)) × 0.3 of the energy is trans
ferred to the global model, K0 × (1 – cos(α)) × 0.21 is transferred to 
local ship deformation and K0 × (1 – cos(α)) × 0.49 is transferred to 
local bridge deformation.

The bridge girder allisions have also been investigated by Jin et al. 
[38]. It was found that the bridge is stiffer closer to the shore compared 
to the centre of the bridge, as illustrated in Fig. 8. At these locations, 
three different ships with different speeds were simulated in LS-DYNA.

The relative distribution of energy in the simulations between the 
two locations illustrated in Fig. 8 is presented in Table 2. The energy is 
divided between bridge global, local ship and local bridge in this table. 
The impact angle α is 90◦, and all the ship’s kinetic energy is assumed to 
be consumed in the allision. It is assumed that the energy distribution of 
allisions between the mid-section and the end could be interpolated.

The actual structural integrity capacity of the bridge’s design has not 
been finalised and will depend on the final selection of parameters, such 
as shell thickness. Yu et al. [41] and Storheim et al. [42] have conducted 
local FEA simulations with allisions at β = 0◦ and K0 up to 150 MJ. These 
simulations revealed that the pontoon experienced shell fractures at this 
energy level, which is used in this paper to set Cl = 50 MJ (using 30 % of 
150 MJ according to Table 1). Storheim et al. [42] also performed global 
FEA simulations with K0 up to 200 MJ, assuming that these occurred at 
mid-bridge and reached the global maximum capacity, resulting in Cg 

Fig. 6. Overview of the bridge layout, including the numbering of the pontoons. The blue lines indicate the simulation of future sailing routes.
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= 160 MJ (using 80 % of 200 MJ according to Table 2).

3.2. Ship traffic in the area

West of the inlet to the fjord, a busy ship route provides a sheltered 
path along the Norwegian west coast. Approximately 5600 passages 
were registered on this route during 2023, and almost 2000 ships passed 
into the Bjørnafjorden in the same year. For the final design, it is 
important to forecast how the ship sizes and number of ships will change 
in the future. Fig. 9 presents the AIS tracks from July 2023. It also shows 
four passage lines and the future ship routes. The four passage lines are 
used in the STAPS-cons methodology to count the number of ship pas
sages and assign the number of ships on the routes.

The four passage lines I to IV in Fig. 9 were used to create the five 
ship traffic routes, lines 1–5, which define the ship traffic in two di
rections, resulting in 10 routes in total. A total of 1032 unique ships 
travelled on these routes in 2023 (excluding road ferries). These ships 
are categorised based on the ship type and ship size, into the seven ship 
categories presented in Table 3. The seven ship categories represent 
typical examples in the Bjørnafjorden area, and most vessels operate 
under similar loading conditions in both directions. However, the 
methodology allows for the inclusion of additional ship types and 
varying loading conditions in other case studies or geographic locations.

Each ship category was simulated with one MMS ship model with a 

Fig. 7. LS-DYNA simulations of pontoon allisions in Jin et al. [38].

Table 1 
Pontoon allision: percentages of the division of energies between the ship and 
the bridge. Figs. 3 and 7 contains the graphical interpretation of the angle β.

β Bridge global energy 
(Kpos,bridge + Whyd, 

bridge)

Local 
ship 
(Eint,ship)

Local 
bridge 
(Eint,bridge)

0, 180◦ : Transverse to bridge 
axis

50 % 20 % 30 %

45, 135, 225 and 315◦ 30 % 21 % 49 %
90, 270◦: Parallel to bridge 

axis
10 % 18 % 72 %

Fig. 8. Two different locations of impact from ship-bridge girder allisions.

Table 2 
Distribution of energy in girder hits. *The mid bridge is considered the bridge 
girder around pontoon number 20; see Fig. 6.

Bridge global 
energy 
(Kpos,bridge + Whyd, 

bridge)

Local 
ship 
(Eint,ship)

Local 
bridge 
(Eint,bridge)

Impact close to one of the shores 
(Impl_2)

60 % 32 % 8 %

Impact at mid bridge* (Impl_1) 80 % 16 % 4 %

Fig. 9. Map over the Bjørnafjorden area with AIS data during July 2023 
(excluding road ferries), the four passage lines (I-IV) and five future ship routes 
(1− 5). Note: the lines are slightly offset in the figure from their intended po
sitions to be visualised. Although the ship traffic varies in volume over the year, 
the pattern of how the ships navigate is rather constant. To reduce the number 
of lines in the figure, only the month of July was used.
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unique hydrodynamic and aerodynamic property. Ottosson [35] pre
sented the main mathematical model in Seaman, which is the MMS used 
in this study. These seven ship types were simulated on all 10 routes to 
ensure that the autopilot had the capability to safely manoeuvre the 
ships from one end of the route to the other in various weather condi
tions. The AIS data also included the ship speed, which was used to 
generate a normal distribution for each combination of ship category 
and route. The number of ships in each ship category travelling on each 
route is presented in Table 4.

3.3. Failure probability and duration of failures

The STAPS-cons methodology requires the input of ship failure 
probabilities and their durations. A few scholars have conducted studies 
and presented examples of these values for specific geographic areas, 
waterways, and ship traffic conditions [32,44]. As no site-specific data 
for the Bjørnafjorden have been found, this case study adopted the 
values presented in Table 5, which were obtained by the authors in 
previous studies; see Hörteborn and Ringsberg [32] and Hörteborn and 
Eidem [33]. These values are assumed to be representative for the cur
rent case study since they are from a similar type of geography. How
ever, in the final design of the structure, it is recommended to revisit 
these values and update them with site-specific probabilities and dura
tions. Particular attention should be given to updating the durations 
associated with Miss of turning point, WCT and TWL, due to their strong 
correlation with location and the need to account for late discoveries 
(the “Heinrich factor” [45]).

3.4. Scenarios

The STAPS-cons methodology contains multiple input parameters. 
One of the main objectives of this study is to investigate how different 
input parameters, both related to probability and consequence estima
tions, could affect the risk of structural failure. There are numerous 
input parameters that could be altered, and an in-depth analysis of the 
area would be required to determine which parameters are most sensi
tive in each case and the range of the input values. The following sce
narios are included to highlight the capabilities of the methodology: 

1. Baseline
2. Increased probability of miss of turning point failure

3. Increased duration of miss of turning point failure
4. A less stiff structure, reduced energy uptake in the global model
5. A stiffer structure, increased energy uptake in the global model

The baseline case used the failure probabilities given in Table 5 and 
the distribution of energies given in Tables 1 and 2. These values include 
likely modifications and regulations to the ship traffic that will be 
enforced when this bridge will be built, such as Traffic Separation 
Schemes (TSS) and Vessel Traffic Service (VTS).

Previous research [17,46] has highlighted that the probability and 
the duration of the failure miss of turning point are sensitive parameters in 
the probability estimation. These parameters could be affected by a lack 
of TSS and VTS. To see the sensitivity in these parameters, a 20 % in
crease in probability was investigated in Scenario 2 (Pft=miss of turning point 
= 1.2 × 1.55 × 10− 4), and a 20 % increase in the duration of miss of 
turning point was assessed in Scenario 3 (Duration = Normal (μ = 210 ×

1.2, σ = 60 × 1.2)).
With regards to the consequence modelling, the impact of the stiff

ness of the structure was assessed in two scenarios. In Scenario 4, a less 
stiff bridge global model was used, and in Scenario 5, a stiffer bridge 
global model was used. These scenarios were evaluated using the per
centages in Tables 6 and 7 instead of using the values in Tables 1 and 2. 
These values represented a 20 % decrease/increase in the amount of 
energy used by the global bridge. As the values were defined without 
any FEA simulations, they were included to illustrate the influence and 
importance of the FEA simulations in understanding how the ship’s ki
netic energy is distributed among local and global models.

4. Results

The 7600 ships per year in the area experience approximately 4.8 
failures per year. To match the Norwegian design criterion in the 
Eurocode, Yrep was set to 106 (repeating the failures one million times) 
[6], which results in 4.8 million failure simulations to run in the MMS. 
The majority of these failures will result in the failure/error being 
resolved or in grounding accidents. However, some will also hit the 
bridge. The number of simulations and allisions is presented separately 
per failure type in Table 8. The paths of the ships that were simulated 
with allisions are illustrated in Fig. 10.

The data from the allisions were post-processed, and the allision 
energy was split into the components of Eq. (3). Each allision in this case 
study has a probability of occurring of 1 × 10− 6 per year (since the 
traffic was defined per year, and Yrep was set to 106 repetitions of the 
year). To pass the Norwegian criterion [6], the number of allisions 

Table 3 
Overview of the ships included.

Ship category Type Length (m) Deadweight (tonnes)

1 Product tanker 73 3200
2 Tanker 89 4850
3 General cargo 110 10,500
4 Military vessel 160 18,054
5 Container vessel 160 16,905
6 Tanker 160 27,600
7 Cruise ship 190 17,400

Table 4 
Number of ships travelling on each route.

Route Ship 1 Ship 2 Ship 3 Ship 4 Ship 5 Ship 6 Ship 7

1 711 1124 434 35 7 208 287
2 810 1040 441 25 9 240 280
3 103 143 16 16 0 7 0
4 54 127 2 8 0 28 0
5 292 109 8 63 0 1 0
6 264 113 9 28 0 1 0
7 58 82 8 8 0 27 0
8 50 99 18 6 0 5 0
9 65 27 4 19 0 0 0
10 54 44 4 19 0 0 0

Table 5 
Failure probabilities and duration used.

Failure type Probability Duration in seconds (μ, σ)

Loss of propulsion 0.65 × 10− 4 per hour Lognormal (6.63, 0.077)
Loss of steering 0.7 × 10− 5 per hour Lognormal (6.63, 0.077)
Miss of turning point 1.55 × 10− 4 per turn Normal (210, 60)
WCT 1.55 × 10− 5 per turn Lognormal (5.7, 0.45)
TWL 0.7 × 10− 5 per hour Lognormal (4.6, 0.4)

Table 6 
Distribution of energy in the scenarios with a [less stiff, stiffer] global model for 
pontoon hits.

Bridge global energy 
(Kpos,bridge + Whyd,bridge)

Local ship 
(Eint,ship)

Local bridge 
(Eint,bridge)

0◦: Transverse to 
bridge axis

[40 %, 60 %] [24 %, 
16 %]

[36 %, 24 %]

45◦ [24 %, 36 %] [23 %, 
19 %]

[53 %, 45 %]

90◦: Parallel to 
bridge axis

[8 %, 12 %] [19 %, 
19 %]

[73 %, 69 %]
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causing structural collapse, Ncol, must be less than 100 (which will add 
up to a probability of 1 × 10− 4 per year).

With regards to the consequences of the allisions, Fig. 11 illustrates 
that most of the pontoon allisions occurred with a β angle between 22.5◦

and 67.5◦, and that allisions with a β angle above 67.5◦ were rare. 
Furthermore, the figure also illustrates that most of the allisions are 
considered sliding allisions.

4.1. Results of the sensitivity scenarios

The results from the five scenarios are presented in this subchapter 
and compared in the next subchapter. In Scenario 1 (the baseline case), 
with Cl set to 50 MJ and Cg set to 160 MJ, in accordance with [41,42], 
the simulations found 81 allisions where the maximum energy was 
above the structure’s maximum energy, equal to a bridge collapse 
probability of 0.81 × 10− 4 per year. To give two examples of allisions 

causing collapses: 

• 162 MJ in global energy corresponding with a military ship with a 
deadweight of 18,000 tonnes at 16 knots hitting the bridge girder 
close to the north end with an α = 50◦.

• 56 MJ in local energy corresponding with the military ship at 11 
knots hitting a pontoon with an α = 60◦ and a β = 43◦.

However, Cl and Cg could be changed with a detailed design (for 
example, increased/decreased shell thickness). How this affects Ncol in 
the baseline is illustrated as a 3D surface in Fig. 12.

The flat surface in Fig. 12, with a design where Cl > 150 MJ and Cg 
> 200 MJ, illustrates that there were zero allisions leading to structural 
collapse with this design (probability of collapse <1 ×10− 6). The colour 
of the surface indicates the distribution of allisions that surpassed Cg, i.e. 
with a Cl > 150 MJ; all structural collapses were caused by allisions with 
a Whyd,bridge+Ebridge>Cg.

The design criterion of one structural collapse in 104 years is illus
trated by the black line. This indicates how Cl and Cg could be varied to 
maintain Ncol = 100; this line is further discussed and analysed in 
Fig. 15.

Scenarios 2 and 3 involved an increased probability and duration of 
the miss of the turning point failure, leading to a different set of simu
lations and allisions, presented in Table 9. Specifically, Scenario 2 
required a 20 % increase in the number of simulations compared to 
Scenario 1 and an increase in the number of allisions. The number of 
simulations in Scenario 3 remained the same as in Scenario 1; hence the 
number of allisions drastically increased. Scenarios 4 and 5 maintained 
the same number of simulations and allisions as Scenario 1.

The number of allisions caused by miss of turning point increased from 
109 to 136 when the probability increased by 20 %, resulting in a 
slightly more than 20 % increase. This is due to the randomness in the 
output from the Monte Carlo simulation for the input parameters. With 
the 20 % increase in the duration of miss of turning point, the number of 
allisions caused by the failure increased from 109 to 500. Further 
analysis, with Cl set to 50 MJ and Cg set to 160 MJ, reveals that Ncol in 
Scenario 2 became 78 and 166 in Scenario 3. How the Ncol varies for 
these scenarios with varying Cl and Cg is illustrated in Fig. 13.

Table 7 
Distribution of energy in the scenarios with a [less stiff, stiffer] global model for 
girder hits.

Bridge global energy (Kpos, 

bridge + Whyd,bridge)
Local ship 
(Eint,ship)

Local bridge 
(Eint,bridge)

Impact close to 
shore

[48 %, 72 %] [41 %, 23 %] [11 %, 5 %]

Impact mid 
bridge

[64 %, 96 %] [28 %, 3 %] [8 %, 1 %]

Table 8 
Number of simulations and allisions based on the yearly failure rates and Yrep 
= 106.

Number of simulations Number of allisions

Loss of propulsion 455,904 420
Loss of steering 49,071 160
Miss of turning point 3860,892 109
WCT 386,045 247
TWL 49,071 71
Total 4800,983 1007

Fig. 10. Overview of the 1007 ship paths that struck the bridge.
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The increased probability of the miss of turning point failure in Sce
nario 2 gave a similar result to the baseline in Scenario 1. However, the 
increased duration in Scenario 3 had a larger effect on the results. This is 
illustrated in Fig. 13 with a higher number of Ncol for Scenario 3 
compared to Scenario 2.

To evaluate Scenarios 4 and 5, the allisions from the baseline in 
Scenario 1 were used, combined with Tables 6 and 7 (instead of Tables 1 
and 2). This resulted in Ncol = 67 for Scenario 4, using the less stiff global 
model, and Ncol = 113 for Scenario 5, using the stiffer global model. 
How the Ncol varies for these scenarios with varying Cl and Cg is illus
trated in Fig. 14.

The colours in Fig. 14 illustrate that the stiffness of the global model 
has a major impact on the cause of the structural failure. Using the less 
stiff global model increases the Ncol caused by Eint,bridge > Cl, while the 
stiffer global model increases the Ncol caused by Whyd,bridge + Ebridge 
> Cg. This is expected since less of the total energy is transferred into 
global energy with the less stiff global model and vice versa with the 
stiffer model that had more of the total energy transferred to the global 
model.

4.2. Comparison of the different scenarios

A summary of the results from the five scenarios with Cl set to 50 MJ 

and Cg set to 160 MJ is presented in Table 10. The probability of collapse 
is under the Norwegian criterion in Scenarios 1, 2 and 4.

To compare the parameters’ influence on the result, the lines where 
Ncol = 100 in Figs. 12, 13 and 14 could be compared; see Fig. 15. The 
lines should be regarded as the minimum combination of Cl and Cg to 
meet the 10− 4 criterion.

The black solid line in Fig. 15 indicates that Scenario 1 (the baseline 
case) requires at least 120 MJ in Cg (if Cl is at least 125 MJ), and vice 
versa, Cl needs to be at least 20 MJ (if Cg is at least 180 MJ). This figure 
can thereby be used to find the balance between the required local and 
global design.

The example values of Cl and Cg are included in Fig. 15. Scenarios 1, 
2 and 4 are constantly to the left/below these lines and, thereby, the 
probability of collapse is less than 1 × 10− 4 per year. However, Sce
narios 3 and 5 are partly to the right/above these lines and, thereby, 
have a probability of collapse greater than 1 × 10− 4 per year. It is 
important to highlight that this figure represents Ncol = 100 and does 
not provide any information on how many allisions would collapse the 
bridge ‘outside’ of these lines.

Even though Scenario 2 included more allisions caused by miss of 
turning point compared to Scenario 1 (136 compared to 109), the number 
of collapses was slightly lower (78 compared to 81). This was not ex
pected but could be explained with Fig. 15, specifically where the red/ 
black lines cross the orange lines. Both the black and the red lines cross 
the 50 MJ local Cl at 145 MJ in global Cg. However, just around 160 MJ 
for Cg, there is a slight ‘drop’ in the red curve compared to the black, 
which explains the drop of Ncol from 81 to 78. Zooming out from the Cl 
and Cg criteria, the red line is right of the black line for Cl greater than 60 
MJ, which indicates that more of the allisions in Scenario 2 (compared to 
Scenario 1) caused greater local damage rather than global damage.

Scenarios 4 and 5, with Cl above 50 MJ, illustrate that the amount of 
energy consumed by the global deformation (see Table 1 vs. Table 6) 
almost has a linear effect on how much energy is required for Cg. 

Fig. 11. Distributions of α angles for the allisions with different groups of 
β angles.

Fig. 12. Number of collapses, Ncol, as a 3D surface in the baseline, depending on the design of Cl and Cg. The black line represents where the surface overlaps with the 
Norweigan criterion (1 structural failure every 104 years).

Table 9 
Number of simulations where the probability and duration were increased by 
20 % in two separate case studies.

Number of simulations Number of allisions

Scenario 2 Scenario 3 Scenario 2 Scenario 3

Loss of propulsion 455,904 455,904 420 419
Loss of steering 49,071 49,071 160 159
Miss of turning point 4633,066 3860,892 136 500
WCT 386,045 386,045 247 148
TWL 49,071 49,071 71 70
Total 5573,157 4800,983 1035 1398
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Scenario 4, with the less stiff global model, has a lower requirement for 
Cg compared to the other scenarios; however, this scenario has a larger 
requirement for Cl.

5. Discussion

In this paper, a methodology for assessing the risk of ship-bridge 
allisions has been described. Pedersen et al. [27] and others have con
ducted similar studies, where one model has been used to assess the 

probability and another model to assess the consequence of allisions. 
However, the STAPS-cons methodology described in this paper assesses 
the risk of collapse due to ship-bridge allisions in a unified approach, 
without separating the analysis of probability and consequence into 
different models. While Pedersen’s framework [27] and related studies 
have contributed significantly to the understanding of ship–bridge alli
sion mechanics, they typically treat probability and consequence as 
separate analytical domains. In contrast, the STAPS-cons methodology 
integrates these aspects into a unified simulation framework, enabling 
simultaneous assessment of failure likelihood and structural impact. 
This integration not only streamlines the risk evaluation process but also 
enhances the fidelity of scenario-based assessments. The originality of 
STAPS-cons lies in its capacity to couple probabilistic ship manoeuvre 
simulations with nonlinear finite element consequence modelling, 
thereby overcoming the fragmentation inherent in previous approaches. 
This holistic methodology allows for a more thorough understanding of 
ship-bridge allisions, considering both the mechanical properties of the 
structures and the dynamic behaviours of ships.

As demonstrated, it is possible to use the proposed methodology to 
assess different options regarding the local and global strength of the 
structure. However, the results of the case study show that the STAPS- 
cons methodology is sensitive to both the parameters related to the 
allision probability estimation and the estimation of kinetic energy. 
Reducing the amount of kinetic energy that the global model absorbs 
with a less stiff global model reduced the demand on the structure; 
however, the manners in which the stiffness can be reduced was not 
studied here. As previous research has also identified, the duration of the 
failure type miss of turning point is a crucial parameter. Hörteborn et al. 
[17] illustrated why this parameter might have an exponential impact in 
addition to why a 20 % increase in this duration led to a dramatic 

Fig. 13. Ncol as a 3D-surface depending on the design of Cl and Cg, using Scenario 2 (left) and Scenario 3 (right). The red line (Scenario 2) and the magenta line 
(Scenario 3) represent where the surface overlaps with the Norwegian criterion (1 structural failure every 104 years).

Fig. 14. Ncol as a 3D-surface depending on the design of Cl and Cg, using Scenario 4 (left) and Scenario 5 (right). The blue line (Scenario 4) and the green line 
(Scenario 5) represent where the surface overlaps with the Norwegian criterion (1 structural failure every 104 years).

Table 10 
The probability of collapse (Ncol/Yrep) with Cl set to 50 MJ and Cg set to 160 MJ.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Probability of collapse 0.81 × 10–4 0.78 × 10–4 1.66 × 10–4 0.67 × 10–4 1.13 × 10–4

Fig. 15. The combination of minimum strength with the regards to local and 
global strength, for a failure rate of 10− 4.
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increase in the number of allisions and an increased need for structural 
strength.

The unexpected results when comparing Scenarios 1 and 2, with Cl 
set to 50 MJ and Cg set to 160 MJ, indicate that the random influence of 
the Monte Carlo simulation was greater than the 20 % increase in the 
failure probability of miss of turning point. In Hörteborn et al. [17] the 
number of allisions using the same input with a different random seed 
was analysed. If the number of allisions differed by more than 5 %, Yrep 
needed to be increased. Future research should recommend similar 
criteria with respect to the number of collapses.

The included scenarios highlight the importance of obtain inputs for 
probability estimation and outputs from FEA simulations that are as 
precise as possible when conducting a risk assessment. FEA simulations 
are crucial in describing how the kinetic energy from a ship is distributed 
in an allision. However, as previously highlighted there was only one 
ship type hitting the pontoon at one speed in a limited number of lo
cations in the FEA simulations. Further studies are recommended to 
investigate this in more detail to determine a minimum number of FEA 
simulations. Regarding the probability assessment, there are many more 
parameters that are important to analyse, for example, the expected 
vessel traffic (how many ships of different sizes, their speeds and their 
distribution over the fairway) and the local failure probability and 
duration.

Assessing mitigation options is a crucial part of risk assessment to 
reduce the risk of allisions. Specific risk mitigation options have not 
been exemplified in this study; however, the scenarios could represent 
different options. These options can target minimising the probability or 
consequences of the incident [47]. Other general actions include 
reducing the probability of allisions through the addition of VTS [32,48]
and changing the route layout [32]. To mitigate the consequence of 
allisions, the structure could be designed to withstand allisions with 
higher energies [49,50]; similarly protective structures could be added 
to protect the bridge pillars [51–54]. Chen et al. [55] proposed the use of 
an adaptive arresting vessel device, which might completely stop some 
vessels or at least reduce their speed. However, the effect of these mit
igations could be difficult to compare by using one tool to assess the 
probability and another to assess the consequences. Therefore, there is a 
need for the STAPS methodology to include both the probability and the 
consequences of an allision.

The complexity and the number of components involved in the 
proposed methodology might limit its usage. For example, failure 
modelling requires a substantial quantity of AIS data to find local failure 
statistics and a ship simulator capable of running manoeuvre simula
tions in fast-time mode. In addition, non-linear FEA computations 
require a high level of expertise to set up and significant resources to 
run. However, in relation to the cost of building and maintaining these 
large bridges, the cost of using the proposed methodology is small. 
Further, reducing the uncertainty in the risk assessment with a meth
odology capable of assessing uncertainties in different types of input 
could reduce building costs. Also, as addressed by Wu et al. [56], as the 
bridge ages, the material strength decreases, and detailed assessments of 
a specific allision might be less relevant to the design criteria.

One of the main strengths of this methodology is its capability to 
address risk mitigation options related to both navigation and the 
structure itself. The methodology can, for example, evaluate naviga
tional restrictions, the width of the bridge span (navigational span), and 
the structural strength all within one methodology. This adds the pos
sibility of addressing different stakeholders’ interests in a comprehen
sive manner.

6. Conclusions

This study presented the development and application of the STAPS- 
cons methodology, a unified approach for assessing the risk of ship- 
bridge allisions by integrating both probability and consequence as
sessments. This integrated approach provides a comprehensive risk 

assessment where the same tool is used to analyse both the probability 
and the consequences of an allision.

One of the main strengths of the STAPS-cons methodology is its 
ability to evaluate the risk of bridge collapse and assess the influence of 
options related to both navigation and structural design. This capability 
allows for a holistic assessment of different stakeholders’ interests, 
facilitating more informed decision-making. While the methodology’s 
complexity poses challenges, such as the need for AIS data and advanced 
simulation tools, it also reduces uncertainty in risk assessments by 
addressing multiple uncertainties within a single methodology. Future 
research should focus on improving the accuracy of different models 
within the methodology, exploring new risk mitigation strategies and 
extending the methodology to other types of structures and accidents. A 
promising avenue for further development is the integration of dynamic 
consequence modelling through embedded FEA simulations, which 
could enhance impact accuracy but also introduce considerable 
computational demands. Moreover, external validation using historical 
allision data would help strengthen the credibility and practical rele
vance of the methodology. The practical implications of this research are 
significant for bridge designers, policymakers and maritime authorities.

However, the case study demonstrates that the developed method
ology is sensitive to the parameters that affect both the probability and 
the consequences of an allision. Notably, the STAPS-cons model uses the 
distribution between global bridge, local bridge and local ship of the 
initial kinetic energy from FEA simulations, resulting in a linear influ
ence on the required structural strength to withstand allisions. The study 
highlights the critical role of the duration of failures, such as the miss of 
turning point, in determining the risk of collapse. A 20 % increase in 
failure duration led to a substantial increase in the number of allisions 
and a corresponding need for a stronger bridge, making this a vital 
parameter to consider in this methodology.

In conclusion, the STAPS-cons methodology represents a significant 
advancement in the field of ship-bridge allision risk assessment. Of the 
five scenarios analysed in this paper, three passed and two failed the 
Norwegian criterion for the probability of collapse, which is less than 
10− 4 per year. By integrating probability and consequence assessments, 
this methodology offers a more robust and comprehensive tool for 
managing the risks associated with increased shipping traffic and bridge 
construction in navigational waters.
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