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Foreword

In my work related to the topic of collisions and groundings in the past 12 years I have 
always considered this conference and the resulting proceedings to be of great value for 
everyone in of scientific community. It is my pleasure to participate in the 5th International 
Conference on Collision and Grounding of Ships organized in Finland. These proceed-
ings comprise a careful state of the art collection of current collision and grounding related 
research activities. The conference serves and will serve in the years to come, as an excel-
lent opportunity to disseminate our research findings and to outline future research areas. I 
would like to thank all contributors to the conference and to the proceedings.
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European Marine Casualty Information Platform a common EU 
taxonomy  
Paulo Correia 
European Maritime Safety Agency (EMSA) 
 
Abstract: 
A comprehensive and common marine casualty taxonomy is a fundamental factor for statistics, risk analysis and the facilitation of 
cooperation between States when investigating marine casualties and incidents.  This paper will present the structure and the taxonomy 
behind the database of the European Marine Casualty Information Platform (EMCIP), developed by the European Maritime Safety 
Agency (EMSA - was set up by the Regulation (EC) N° 1406/2002, with the main objective to provide technical and scientific 
assistance to the European Commission and Member States in the development and implementation of EU legislation on maritime 
safety, pollution by ships and security on board ships. http://www.emsa.europa.eu/ ). The database, using this common taxonomy, 
went live on October 2009 and is being used by a number of European Member States, on a voluntary basis.  Populating EMCIP will 
become mandatory after the transposition period established by the Directive 2009/18/EC, on 17 June 2011 
 
 
Introduction 

The Directive 2009/18/EC1, in establishing the 
fundamental principles governing the investigation of 
accidents in the maritime transport sector, puts an end 
to the absence of rules governing the conduct of safety 
investigations in Europe. 
The main principles of the Directive are: the 
implementation of independent maritime casualty safety 
investigations; cooperation among the investigative 
bodies and obligation to report accidents. To achieve 
these goals, permanent and independent investigative 
bodies should be created.  
Independence can be achieved by the separation of 
safety from judicial investigations, while still allowing 
the sharing of some factual information. It is worth 
contrasting the two types of investigations. The aim of a 
judicial investigation is to deliver justice by 
apportioning blame or liability in the case of any 
violation of the regulations in force. A safety 
investigation, meanwhile, by establishing a non-blame 
culture and preserving the confidentiality of the 
witnesses’ testimony, is in a better position to illustrate 
possible lessons and issue safety recommendations to 
prevent future accidents. 
Cooperation between the lead investigating State, other 
Member States and third countries involved in an 
accident, is an important factor for the effectiveness of 
the investigation. Parallel investigation should be 
avoided, although the views of the various investigative 
bodies involved should be taken into account.  
The obligation to investigate a certain type of casualty, 
based on the risk or the lessons that can be extracted 
from the investigation and also issuing safety 
recommendations as a follow up are also important 
pillars of the Directive. 
Finally, commitments to report all the marine casualties 
or incidents to EMCIP publishing any safety 
investigation reports produced are also important  
                                                 
1 http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:131:0114:0
127:EN:PDF 

 
 
elements for the transparency and quality of the process 
and for the public and for shipping industry awareness. 
 
European marine casualty information platform  

EMCIP is a web-based platform constituted up 
to now a Database, a Portal and an Admin tool. The 
development of further tools is also foreseen. 
The Admin tool allows organisations to access to their 
assigned repository on the EMCIP system in order to 
create users and to attribute roles.   
The EMCIP Portal is used to support the investigation 
process, and to help investigators, by providing support 
documents and information: e.g. user manuals, lists of 
contacts, 24-hour contacts, news, events and reporting 
problems and changes. 
The EMCIP database provides the means to store data 
and information related to marine casualties involving 
all types of ships and occupational accidents. It also 
enables the production of statistics and analysis of the 
technical, human, environmental and organisational 
factors involved in accidents at sea.  
The database taxonomy has been developed by EMSA 
in consultation with the Member States, on the basis of 
European research2 and international recommended 
practice and procedures3. The EMCIP technical 
platform makes use of a similar software platform 
developed for the aviation industry by the IPSC - JRC4 
of the European Commission.  
At the present stage, EMSA promotes voluntary 
participation in EMCIP population by the investigation 
authorities of the Member States, during a transitional 
period until the Member States bring into force the 
laws, regulations and administrative provisions 
necessary to comply with Directive 2009/18/EC. This 
voluntary participation phase anticipates the future 
                                                 
2 Such as: Casualty Analysis Methodology for Maritime Operations 
(CASMET) project. 
3 Such as: MSC-MEPC.3/Circ.3 - harmonized reporting procedures, 
International Maritime Organisation (IMO). 

4 Institute for the Protection and Security of the Citizen – Joint 
Research Centre 
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ANNEX 

                                                 
1 This includes for example any cargo damage or cargo lost 

overboard, oil spills and atmospheric pollution not caused by any 
other casualty event. 

 
Casualty event 
 
Capsizing/Listing 
      Capsizing 
      Listing 
Collision 
      With other ship 
      With multiple ships 
      Ship not underway 
Contact 
      Floating object 
            Cargo 
            Ice 
            Other 
            Unknown 
      Fixed object 
      Flying object 
Damage to ship or equipment 
Grounding/stranding 
      Drift 
      Power 
Fire/Explosion 
      Fire 
      Explosion 
Flooding/Foundering 
      Foundering 
      Flooding 
            Progressive 
            Massive 
Loss of control 
      Loss of electrical power 
      Loss of propulsion power 
      Loss of directional control 
      Loss of containment1 
Hull failure 
Missing 
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stress relation until fracture identified by Ehlers and 
Varsta (2009) for NVA steel; see Figure 8. This element 
length-dependent NVA material relation is identified on 
the basis of optical measurements. The Norske Veritas 
Grade A (NVA) steel is a certified and common normal 
shipbuilding steel. This material relation is assumed to 
represent the material behaviour of the large scale X-
core specimen sufficiently, because the exact material 
relation of the X-core specimen is unknown. 
Furthermore, Ehlers and Varsta obtained their results of 
4 mm thick plate material, which is equal to the 
thickness of the X-core elements and the inner plating, 
the outer plating is 6 mm thick and thereby in 
sufficiently close range. The elastic modulus is 206 
GPa, the Poisson ratio is 0.3 and the measured yield 
stress is 349 MPa. 

This failure strain and element length relation is 
implemented in the ANSYS parametric design language 
model generation via material 24 of LS-DYNA 
(Hallquist 2007) and allows failing elements to be 
removed at the critical strain. This failure strain is set to 
0.66 and 0.39 for the element size of 4.4mm and 26.4 
mm respectively, see also Figure 8. The constant strain 
failure criterion is justified due to the close ranges of 
triaxiality at failure for 4 mm and 6 mm thick plates, see 
Ehlers (2010). The strain rate sensitivity is not included 
in this material relation, as no influence on the ultimate 
tensile force and failure strain for different displacement 
speeds are found, see Figure 9 and Figure 10. The 
difference in both strain and force was found to be 
below three percent. 

 
Figure 8. Element-length dependent NVA material relation until 
failure 
 

 
Figure 9. Force versus elongation for different displacement speeds 

 
Figure 10. Local failure strain versus displacements speed 
 
Weld modelling 

The weld dimension-dependent material 
behaviour is obtained based on optical measurements, 
see Jutila (2009). The average width of his laser welds 
was 1.496 mm. Furthermore, he obtained a normal weld 
failure force from where the failure stress, 

( )N weld failureσ , equal to 20.947 /kN mm , can be found. 
Jutila’s local surface displacement measurements lead 
to logarithmic weld failure strain of 0.1. His 
measurements are in accordance with literature 
findings; see for example Çam et al. (1999) and 
Boroński (2006). Furthermore, this local weld failure 
strain is obtained on the basis of the discrete pixel 
dimensions from the optical measuring system whereby 
the strain reference length is clearly defined. This strain 
reference length is equal to 0.256 mm. Therefore, the 
gap between the X-core structures steel plates is set to 
0.256 mm and the constraint spot weld model of LS-
DYNA (Hallquist 2007) is used to represent the laser 
weld with a weld failure strain of 0.1, see Figure 11. 
The weld failure force in normal direction is set to 
6.236 kN and 37.41 kN for the 4.4 mm and 13.2 mm 
element sizes respectively. The spot weld fails if the 
failure strain or force is reached. The entire model 
consists of 10305 spot welds, or 227 spot welds per 
meter of laser weld, being sufficiently dense to 
represent a continuous laser weld. Furthermore, the 
choice of the constraint spot weld model is justified as it 
assumes that the mass less spot weld is torn out of the 
adjacent plates once the critical state is reached. This 
behaviour is in line with the experimental observations 
of the laser weld failure, see Figure 12. To study the 
sensitivity of the weld failure strain on the overall 
failure process, a series of quasi-static collision 
simulations are carried out with a weld failure strain 
value efε  of ∞, 0.1, 0.05, 0.01 and 0.001. 

 
Figure 11. Constraint spot weld location representing the laser weld 
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successfully integrated into the numerical model. A 
material relation, both for the plate- and weld material, 
based on optical measurements represented the non-
linear material behaviour with sufficient accuracy. The 
comparison of the simulated and experimental results 
by means of the force versus penetration curve and by 
the digitalized deformed test structure shows good 
correspondence. Furthermore, the digitalized model 
served to verify the simulations on a new accuracy level 
and thereby contributes to the quality and reliable of 
non-linear collision simulations. 
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simulations (data at Tcap = 1800 s means that there was no 
capsizing at the end of the simulation). The appearance of 
the graphs for the different headings suggests the existence 
of a survival limit, as also reported by e.g. Spanos and 
Papanikolaou, 2007; a wave height below which capsizing 
will never occur. This corresponds to a steady state 
floodwater volume (below ~2000 m3) on the vehicle deck. 
For sufficiently small waves there will be no flooding of 
the vehicle deck at all, due to the residual freeboard. 

For more accurate results, several wave train 
realizations are needed and it is currently under 
investigation in the project. This allows for a quantitative 
risk analysis, where each single graph in Figure 14 can be 
transformed into a region with increasing cumulative 
probability of capsizing as the wave height increases. 

 

 
Figure 14: Example of results from all Jonswap spectrum simulations: 
influence of the heading angle on the time to capsizing. 
 

It is also of interest to study the influence of wave 
seeds. A first set of simulations have been carried out for 
the two compartment damage in Figure 13 and with a 
loading condition that corresponds to a vertical centre of 
gravity (KG) equal to 12.89 m for the current ship. In the 
simulations, the sea states were represented by both the 
Jonswap spectrum (peak period Tp = 4·sqrt(Hs) and peak 
enlargement factor γ = 3.3) and the P-M spectrum with Tp 
= 12 s. The significant wave height, Hs, was varied 
between 3 and 8 m with an increment of 0.5 m. In the 
Jonswap spectrum simulations, 16 heading angles were 
used, i.e. every 22.5°, while in the P-M simulations, 8 
heading angles were used, i.e. every 45°. 

The time to capsizing, Tcap, is collected from the 
time series of all simulations. Figure 15 presents an 
example of the time to capsizing, Tcap, against the 
significant wave height for head sea conditions using the 
Jonswap spectrum. In the figure, the traces from the eight 
wave seeds also suggest the existence of a survival limit. 
Note the scatter band in time to capsizing as a 
consequence of the variation in wave seeds. 

The area enclosed by the traces in Figure 15 
constitutes a capsizing band, see Jasionowski et al. (2003), 
i.e. the probability of capsizing increases within the band 
as the wave height or time increases. This is illustrated in 
Figure 16 where the cumulative density function of 
capsizing probability versus Tcap is presented for the three 
significant wave heights 5.5 m, 6.0 m and 6.5 m.  

 
Figure 15: Scatter in time to capsizing obtained by simulation of 8 wave 
seeds with the Jonswap spectrum and head sea conditions. 

 
Figure 16: Cumulative density functions of capsizing probability versus 
Tcap for Hs = 5.5 m, 6.0 m and 6.5 m. 

Conclusions 
Today, material rupture of laboratory specimens and 

small-scale ship-like structures can be simulated with 
satisfying accuracy; only computer capacity and 
acceptable computational effort are limitations. 
Nevertheless, there are of course challenges when it comes 
to the computer capacity required when the larger full-
scale ship structures with a high degree of detail 
complexity is a matter for the analysis. This calls for 
further development of more simplistic models and also 
criteria that capture damage degradation phenomena 
appropriately without being too detailed. 

An example of a crashworthy structure was presented, 
which, by numerical simulations, shows very promising 
results and could be used already today in ships under 
construction. This structure must, however, be further 
assessed and also tested in a laboratory. The development 
of this type of structure is a good example of the fact that 
there is still room and large potential for contributing to 
safer shipping if a more open-minded thinking and 
acceptance for innovation approaches are adopted, not 
only by the researchers. 

The holistic approach utilised in the HASARD project 
has shown the importance of combining a structural 
analysis with a damage stability analysis, both in the early 
stages of safety assessment of ship structures, but also in 
the future for development of guidance in collision-
scenario-based decision making systems. One of the 
conclusions this far in the project is that the high degree of 
accuracy a researcher on structure analysis strives for 
actually has a minor influence on the characteristics in the 
following damage stability analysis; this yields also for the 
researcher within the area of damage stability analysis. 
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Consequently, by adoption of a holistic approach, where 
structure integrity and damage stability research are 
combined, using a systematic parameter (sensitivity) and 
collision-scenario-based analysis, simplified models and 
criteria can be developed more efficiently and with higher 
precision. It will also be clearer which variables that are 
the most important to focus on when it comes to, for 
example, the survivability or risk for capsizing that is of 
greatest concern in the HASARD project.  
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Review and Application of Ship Collision and Grounding 
Analysis Procedures 
Preben Terndrup Pedersen 

Technical University of Denmark, Department of Mechanical Engineering 
 
Abstract: 
It is the purpose of the  paper to present a review of prediction and analysis tools for collision and grounding analyses and  to outline a 
probabilistic procedure whereby these tools can be used by the maritime industry to develop performance based rules to reduce the risk 
associated with human, environmental and economic costs of collision and grounding events. The main goal of collision and grounding 
research should be to identify the most economic risk control options associated with prevention and mitigation of collision and grounding 
events.  
 

 
The full paper can be found in: 

 
Marine Structures (2010), doi:10.1016/j.marstruc.2010.05.001 
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Survivability of grounded and damaged ships  
George Zaraphonitis and Manolis S. Samuelides 
National Technical University of Athens, Greece 
 
Abstract: 
Accidents such as collisions and groundings have an effect not only during the incident but also after the impact. On one hand, the 
damage decreases the strength of the ship hull and on the other hand the ship after the accident may be subjected to unfavorable 
loading conditions. These may be static, as a result of change in the weight distribution and the external static loads - for example 
because of the grounding forces, or dynamic, under the action of incident waves. The paper addresses the strength of the damaged 
structure and the loading induced on damaged hulls of bulk carriers. The determination of the loading includes the influence of 
dynamic effects due to waves loading and the interaction of the hull with the sea bed in the grounding area. The strength of the steel 
structure in the corresponding damaged condition is assessed and the safety margin of the damaged ship is calculated by comparing it 
to the bending moment that is expected to be applied to the grounded ship. Results are generated for the case of a 175,000 dwt bulk-
carrier in full load condition.  
 
Introduction

Ship groundings may cause both local damage 
around the contact area between the hull of the ship and 
the sea bed, as well as high global loads that may cause 
failure of the ship girder and subsequent breakage of the 
hull. These detrimental effects of grounding actions are 
not limited during the incident or within a short time 
after it, but cause structural damage to the hull and 
present a hazard to the environment for days, weeks or 
even longer after the ship is set aground (Samuelides et 
al 2007).  

When the hull sits on the sea bed, the bottom 
structure is generally subjected to transverse loading. 
This mode may occur statically, when for example the 
ship sits on a pinnacle, supporting its weight, or 
dynamically under the wave action causing relative 
motion of the ship with respect to the sea bed, which in 
extreme cases (e.g. when the ship is relatively lightly 
loaded and under heavy weather conditions) may result 
in a repeated impact of the bottom structure (pounding 
impact). Example of actual grounding that has caused 
pounding action is the case of bulk carrier New Carissa 
(http://www.shipstructure.org). As an example to high 
static loads we refer to the case of a 304 m long, 
273,000 dwt single skin oil tanker that rode over the 
Buffalo Reef off the coast of Singapore (Tikka 2000). 
Transverse loading on the bottom plate that cause high 
forces on floors and girders also occur when the ship is 
forced towards the sea bed as a result of tidal actions.  

Grounding loads in combination with the 
changes in the weight and buoyancy distributions that 
are subsequent to groundings have an effect on the 
static bending moments that are exerted on the ship’s 
hull.  

Under these conditions high shear forces are 
expected in the vicinity of the contact area of the hull 
with the sea bed, whereas static bending moments may 
exceed the maximum allowable thresholds. Further, 
wave action causes wave bending moment distributions 
that when superimposed to the static loading may be 
detrimental for the grounded vessel. 

Investigations related to global loads during 
groundings have been reported among others by 
Pedersen (1994), Wang et al (1992), Brown et al 

(2004), Hussein et al (2009) and Luis et al (2009). 
Pedersen (1994) developed a mathematical model for a 
ship that rides on a slope and found that the longitudinal 
strength of the ship defined on the basis of the section 
modulus according to the IACS requirements may not 
be sufficient to withstand the static loads that are 
applied in a severe grounding. Wang et al (2002) 
developed a formula to derive the hull girder strength of 
damaged hulls and applied it to 67 commercial ships 
built in the 80ies and 90ies and were in service when 
the article was written. Brown et al (2004) presented an 
analysis of the motions and loads in six-degrees of 
freedom of a grounded ship in waves, with an 
appropriate soil reaction model to estimate dynamic 
ground reaction forces. In the analysis, the steady-state 
grounded motion of the stranded ship in waves around 
the quasi-equilibrium position is treated as a steady-
state linear dynamic problem. Recently Hussein et al 
(2009) reported a study on the residual strength of 
double hull tankers built according to the CSR, under 
various damaged scenarios and Luis et al (2009) 
conducted a longitudinal strength reliability of a 
stranded tanker hull. The loading on the tanker was 
defined on the basis of the extremes that the ship could 
find during operation for both still-water and wave 
induced loads. Example of a study on the global wave 
loads acting on a damaged Ro-Ro vessels is presented 
by Korkut et al. (2005).     

Zaraphonitis et al (2009) presented an 
investigation that aims to evaluate the ability of a 
damaged hull of a 175,000 dwt bulk carrier to withstand 
the combined global static and wave loads, when she 
sits on a pinnacle of the sea bed. The static vertical 
bending moment is calculated using the equations of 
static equilibrium under the assumption that a) the 
weight of the ship, b) the draughts of the grounded ship, 
and c) the location of the reaction force from the sea 
bed are known. Wave loads are derived using potential 
flow calculations, assuming that the hull is attached to 
the sea bed where she is set aground. Further, the 
authors calculated the ultimate strength capacity of the 
ship hull under vertical bending moments using a 
Smith-type approach, for both the intact and damaged 
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bending moments (BEND curve) along the ship length 
for the grounded ship are presented in Figure 5. In this 
figure, the grounding force has been added to the 
buoyancy curve, resulting in a sharp peak that may be 
clearly observed in the middle of the 4th Hold. The 
maximum bending moment after the grounding accident 
is equal to 1,211.55 kt·m at x=178.4 m from AP 
(hogging). The maximum shear forces are 18.99 kt at 
x=63.5 m from AP and -23.77 kt at x=193.0 m from AP. 
According to these results, the maximum shear force 
and bending moment have been increased by 42% and 
113% respectively, in comparison with the intact case. 
For the shake of comparison, the corresponding 
maximum bending moment and shear force for the 
freely floating ship and for the same damage case (i.e. 
without the grounding force) are equal to 726.43 kt·m 
and 18.09 kt respectively, indicating that at least for the 
particular case, a grounding accident results in a 
considerable increase of the static loads exerted on the 
hull structure.  
 

Figure 4. Distribution of forces and moments-intact condition. 

 
 

Figure 5. Distribution of forces and moments, after grounding. 
 
Wave loads in regular waves 

The analysis of the hydrodynamic interaction of a 
vessel freely floating at zero forward speed with an 
incoming regular wave has been discussed in detail by 
Papanikolaou (1985). The distribution of zero-speed 
pulsating Green sources over the wetted surface of the 
body is used to express the radiation and diffraction 
potentials, and the resulting integral equation is solved 
to derive the corresponding source strengths. The above 
procedure and the related computer software was 
extended by Papanikolaou et al. (1990) for the 
calculation of bending moments and shear forces acting 
on the transverse sections of a ship floating on the free 
surface with zero forward speed, or when advancing 

with a constant forward speed, subject to incident 
regular waves.  

For the calculation of the vertical bending 
moments and shear forces acting on the transverse 
sections of a grounded vessel the above procedure has 
been modified accordingly. The sea-bottom is assumed 
horizontal with a water depth H. The ship is assumed to 
be grounded on a reef, resulting in a new floating 
position under the action of a (steady) vertical motion 
G. Under the action of an incoming regular wave of 
amplitude aw and frequency ω, additional dynamic 
forces and moments are acting on the vessel. Within the 
limits of the linear theory these forces are considered 
sinusoidal, oscillating with frequency ω, while their 
amplitude is proportional to the wave amplitude aw. The 
forces and moments acting on the ship at the point of 
grounding in the longitudinal plane are shown in Figure 
6. Let FG1 and FG3 be the complex amplitudes of the 
forces acting on the ship in the longitudinal and vertical 
direction respectively, and FG5 the amplitude of the 
pitching moment around the transverse axis passing 
through the centre of the contact area (in the following 
for simplicity reasons the contact area is reduced to a 
single point). Additional forces and moments, i.e. a 
transverse force FG2, a horizontal (yawing) moment FG6 
about the vertical axis passing through the collision 
point and a torsional moment FG4 about the longitudinal 
axis may be also acting on the ship, although not shown 
in Figure 6. 

 
Figure 6. Forces and moments acting on the vessel at the point of 
grounding. 

 
For the sake of simplicity, in the following we 

assume that the damage case due to grounding is 
symmetric and that the vessel remains in a vertical 
position after the damage. In addition, we consider only 
the cases of head and following waves, therefore the 
transverse force FG2, the torsional moment FG4 and the 
yawing moment FG6 are set equal to zero. However, the 
extension of the developed model to the case of oblique 
wave direction is straightforward. We introduce a 
coordinate system with it’s origin on the free surface, 
directly above the point of grounding with the x axis 
towards the bow, the y axis towards the port side of the 
ship and a vertical axis z pointing upwards. The 
equations of motion may be expressed as follows: 
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where i=1,2,..6, ξk is the complex amplitude of motion 
k, Mik are the components of the generalized  mass 
matrix of the ship, Aik, Bik and Cik are the added mass, 
damping and restoring coefficients in the i direction due 
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Wave loads in irregular waves 
The calculated wave loads in regular waves 

provided the basis for the analysis of the loading in 
more realistic irregular seaways. Calculations are 
performed assuming long crested seaways characterized 
by JONSWAP two parameters spectra, with a heading 
of 180 deg (head waves). The already calculated wave 
bending moments in regular waves have been divided 
by the product of ρgL2Baw to obtain the non-
dimensional responses. The spectra of the non-
dimensional bending moments have been calculated for 
various combinations of significant wave heights and 
modal periods T0. Since a linear dependency between 
the wave induced loads and the wave amplitude is 
assumed, in the following results are presented only for 
a significant wave height of 1.0 m. From the presented 
results, the corresponding wave loads for different wave 
heights can be readily calculated. The calculated wave 
bending moment spectra at the longitudinal positions of 
bulkheads no 4, 5 and 6 for two modal periods (6 sec 
and 10 sec) are presented in Figure 11 and Figure 12. 
Short term predictions for the various responses may be 
performed based on the characteristics of the 
corresponding response spectra. In the present study we 
are particularly interested in estimating extreme wave 
bending moment values with the vessel being exposed 
in specified sea conditions and for a given period of 
time in the order of a few hours, for which it may be 
assumed that the wave conditions remain constant. 

 
Figure 10. Wave bending moment spectrum for H1/3=1 m and 
To=6 sec (BE=180o). 

Figure 11. Wave bending moment spectrum for H1/3=1 m and 
To=10 sec (BE=180o). 

Let 
wM be the non-dimensional wave bending 

moment acting on a transverse section of the ship. For a 
given sea state, we seek to find an extreme value wM̂ of 
the wave bending moment, for which the probability of 
been exceeded in a given time T is less than α, where α 
is an acceptable small positive number. Following Ochi 
(1973) wM̂ may be calculated: 
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(5)  

where m0 and m2 are the zero and second moments of 
the corresponding response spectrum and T is the time 
interval in seconds. Applying equation (5) the extreme 
wave bending moments acting on the vessel at the 
longitudinal position of the transverse bulkheads have 
been calculated. Table 2 summarizes the obtained 
results for the extreme wave bending moments at the 
transverse bulkhead no. 4 assuming a significant wave 
height of 1.0 m and for a range of modal periods. The 
presented values correspond to probabilities of 
exceedance of 0.1%, 0.5% and 1.0%. The 
corresponding results for transverse bulkhead 5 (i.e. the 
first intact bulkhead) are presented in Table 3. 
 
Table 2: Extreme wave bending moments (in t.m) at bulkhead 4 

α 
T0 4sec 6sec 8sec 10sec 12sec 14sec 

0.1 4,525 11,430 13,540 42,020 63,350 74,760 

0.05 4,677 11,820 24,380 43,560 65,720 77,590 

0.01 5,013 12,700 26,240 46,960 70,910 83,790 

0.001 5,460 13,860 28,700 51,420 77,740 91,940 

 
Table 3: Extreme wave bending moments (in t.m) at bulkhead 5 

α 
T0

 
4sec 6sec 8sec 10sec 12sec 14sec 

0.1 4,656 12,010 23,790 46,470 76,550 94,500 

0.05 4,812 12,430 24,640 48,190 79,410 98,080 

0.01 5,158 13,350 26,520 51,950 85,700 105,930 

0.001 5,610 14,570 29,000 56,900 93,960 116,250 

 
Vertical bending capacity 
Allowable still water bending moment 

The allowable still water bending moments at sea 

,SEA iM are given by:  

                     , ,SEA i ALL WAVE iM SM Mσ= ⋅ −
                          

(6) 

where SM is the actual minimum section modulus of 
the ship based on net scantlings, which equals to 
45.6 m3,  ALLσ  is the allowable normal stress due to 
vertical bending, which equals to 264 MPa for HTS 
with yield stress 360 MPa, ,WAVE iM  is the design wave 
bending moment and subscript i denotes hogging or 
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Figure 15. Applied bending moment of stranded vessel 
 

Figure 15 presents the applied bending moment 
on the stranded vessel versus the probability of 
exceedance for in the case of significant wave height of 
4 m and modal periods of 8 sec and 10 sec. As it can be 
seen when the modal period is 10 sec the bending 
moment of 1,428 kt·m has a probability of exceedance 
of 0.1%. The value of 1,428 kt·m exceeds by more than 
19% the design bending moment of the ship, i.e. the 
section modulus times the allowable stress, and it is 
16% lower than the ultimate bending moment capacity 
of the damaged hull. If the ultimate bending capacity is 
determined by considering also the partial safety factor 
1.1 according to the CSR, the demand is 7% lower than 
the respective capacity, i.e. 1692 kt·m/1.1=1538 kt·m, of 
the hull. 

 
Conclusions 

The paper presents a methodology to assess the 
survivability of a ship that rest on a pinnacle of the sea 
bed as a result of a grounding. In stranded condition the 
ship is assumed to be in contact with the sea-bed, i.e. 
there is always a reaction force between the ship and the 
ground. The assessment is based on the comparison of 
the demand, i.e. the bending moment, which the ship is 
expected to encounter under irregular wave conditions 
while she rests on the pinnacle versus the capacity, i.e. 
the ultimate bending moment capacity of the damaged 
hull. The action of the waves is determined assuming 
that the ship is attached at a certain point to the sea bed 
and may freely pitch with respect to that point. The 
ultimate bending capacity is calculated using the 
software MARS of Bureau Veritas. The methodology is 
applied in the case of grounding of a 175,000 dwt bulk 
carrier, built according to the CSR. An on-going study 
investigates the effect of the grounding scenarios, 
location of point of contact, flooding condition, 
reduction of draught, location and transverse extend of 
the damage on the results.  
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Gulf of Finland represents an eastern arm of the 
Baltic Sea. It is 231 Nm long, and maximum 65 Nm 
wide. It contains many islands, especially in front of the 
City of Helsinki. Gulf of Finland is located between 
Finland, Russia and Estonia. On very harsh winters the 
Gulf can be frozen entirely from December throughout 
March, while more regularly freezing occurs from late 
January till March. It is very shallow and groundings 
occur regularly, but for this reason traffic is intensively 
regulated and monitored. Furthermore, the winter 
conditions add to the risks. 

Alongside the Mediterranean, Adriatic 
experiences very intense tanker traffic. Mediterranean 
Sea, which represents only 1% of the world sea area, 
takes 30 % of the world trade, and more than a quarter 
of global oil traffic. More than a thousand tankers and 
70 million tons of oil enter Adriatic every year. Croatia 
holds 75 %of the Adriatic coast, while Italy holds 75 % 
of the tanker traffic in its ports, mostly in Trieste, in the 
very north of the Adriatic. Adriatic is also extremely 
important for the tourism and fishing, and economies of 
Croatia and Montenegro heavily depend on these. 

The Gulf of Finland is one of the densest sea 
areas in the world. In the maritime traffic in the Gulf of 
Finland were transported 263 million tonnes of cargoes 
of which the share of oil products was 56%. 23% of the 
cargoes were loaded or unloaded in the Finnish ports, 
60% in the Russian ports and 17% in the Estonian ports. 
Characteristically, the traffic in the Gulf of Finland 
consists of east-west and north-south traffic. East–west 
traffic, leading to and from the Russian harbours, relates 
mostly to the cargo shipping, while the transverse traffic 
connects passengers on their route between Helsinki in 
Finland and Tallinn in Estonia. 

Deformation collision energy 
Ship-to-ship collision phenomenon is typically 

split between ship dynamics and structure deformations. 
The overall kinetic energy of both vessels is thus split 
onto deformation energy absorbed by the structure and 
the residual kinetic energy that induces ship motions. 
How the overall kinetic energy is split depends on a 
multiple of factors, among others the vessels’ 
displacements, their speeds, collision angle and location 
along the hull, and to a lesser extent the vessels’ 
structural arrangement. 
For this reason Zhang (1999) defines a simplified 
collision model based on the momentum conservation 
originally by Minorsky (1959). The model is able to 
well estimate the amount of deformation energy, 
without considering the colliding vessels’ structure. 
Therefore, deformation energy is decoupled 
computationally from the residual kinetic energy, and 
the effect of collision onto damage of vessels can be 
observed more easily. Furthermore, for this reason, 
deformation energy can be established for a desired 
geography area, or for an observed ship, or for their 
combination, e.g. see Lützen (2001). Such is the case 
here, where using the Monte Carlo Simulation method 
we establish effectively the available deformation  

energy for the observed enclosed waters, and for the 
considered three tankers.  

a)                                              b) 

 
Figure 4.Vessel speed (a) and displacement (b) probability desity 
distributions (CDF in window) in the Adriatic sea 

a)                                             b) 

 
Figure 5.Vessel speed (a) and displacement (b) probability desity 
distributions (CDF in window) in the Gulf of Finland 
 

The particulars of striking vessel are defined 
statistically based on the traffic data. Traffic data of the 
Adriatic and the Gulf of Finland, classified over annual 
distributions of vessels’ speed and displacement, is 
presented in Figure 4 and 5. The data is collected using 
Automatic Identification System (AIS). Specifically for 
the Gulf of Finland, it refers to the open water 
navigation, i.e. the winter navigation in ice-bound 
conditions is excluded. The traffic data is fitted with 
Normal and Gamma probability distributions for vessel 
speed and displacement respectively. Goodness of fit 
can be verified visually observing the cumulative 
probability distribution given in smaller windows of 
Figures 4 and 5. 

Collision speed of the striking vessel is 
conditional to the service speed provided in the data. 
According to the data obtained from the previous 
worldwide collisions (Lützen 2001), collision speed can 
be uniformly distributed between the zero speed and 
75% of the service speed, after which it triangularly 
decreases to zero at service speed. The speed of the 
observed struck tanker on the other hand is assumed to 
be triangularly distributed between zero and her service 
speed, with the most likely value equal to zero. 

Collision angle and collision location along the 
struck vessel are assumed also on the basis of previous 
worldwide collision accidents data, as presented by 
Tuovinen (2005). Their distributions are defined as 
normal for the collision angle, with the mean of 93° and 
a standard deviation of 42°, while the distribution of 
collision location is uniform. Ståhlberg (2010) recently 
presented new arguments that could raise doubts in the 
applicability of the worldwide data of collision angle 
distribution to the enclosed sea areas, indicating that 
this distribution is fairly location-dependent. Being so 
recent, the results of this study should be however 
further explored with respect to actual sea areas 
considered, especially in the case of the Adriatic sea. 
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Figure 6. Computed deformation energies ED against kinetic energies 
EK during collisions simulations using Monte Carlo method. Energy 
values are given in Giga Joules. 
 

Figure 6 depicts the values of deformation 
energy attained from the Monte Carlo collision 
simulations plotted against the kinetic energy. We can 
see how the overall kinetic energy increases with the 
size of the vessel. It is also higher for the Gulf of 
Finland in comparison with the Adriatic, but the 
maxima of the attained deformation energies for each 
case differs much less. This can be addressed to the 
known fact that high-energy collisions incite much 
more ship motions than deformations, see e.g. Tabri 
(2010). 

The number of collision simulations proves to be 
sufficient to achieve a reasonable convergence of 
deformation energy frequency distributions. The 
probability distributions can be seen in Figures 7a and 
b. for a couple of combinations – the vessel size and the 
considered sea area. In the same figures we can see also 
that in both situations, the discrete distribution can be 
sufficiently accurately approximated with a continuous 
Gamma distribution. 

Assuming that the Gamma distribution of the 
deformation energy is applicable generally, for the sake 
of comparison Figure 7c brings also the distribution of 
the available deformation energy in the worldwide 
traffic for the observed AFRAMAX, established based 
on the calculations by Lützen (2001). Evidence of this 
               a)                                              b) 

 
      c) 

 
Figure 7: Probability distribution of the available deformation 
energies given for a few exemplary cases. Namely for the a) 
HANDYMAX tanker in the Adriatic Sea, b) VLCC tanker in the Gulf 
of Finland, and c) AFRAMAX tanker in the worldwide traffic 

Table 2: Mean and standard deviation of computed available 
deformation energies 

 
applicability can be indirectly confirmed by a solid fit 
of a cumulative Gamma distribution through the 25, 50, 
75 and 90 percentiles.Depiciting of distributions for 
other tankers and navigation areas is omitted in order to 
maintain paper brevity.  

Table 2 presents the mean and standard deviation 
for the Gamma distributions of the deformation energy 
attained from the Monte Carlo collision simulations. 

Hull crashworthiness 
After establishing the available deformation 

energies for the observed three tankers operating in the 
Adriatic, the Gulf of Finland, but also worldwide, we 
need to define the nominal capacity of their hull to 
tolerate this energy without breaching of the cargo 
tanks. This capacity, defined as such, is effectively 
assumed to represent the crashworthiness of the tankers 
independently of the geographic location of operations, 
or striking ship size and speed of collision. 

Crashworthiness is established using the non-
linear Finite Element Method (FEM) through numerical 
simulations of the structural deformations of tankers’ 
hulls during collision. The simulations determine the 
required deformation energy to initiate the breach of the 
inner hull of the vessel. 

Physically, these simulations consist of 
computing energy required to push a rigid indenter into 
the side structure of the observed tankers, until the 
indenter breaches the inner hull. The rigid indenter 
resembles a bulbous bow, with a tip diameter of 3.2m, 
while its length is 6.85 m and base radius 5.6 m. It has 
been noticed that in many collision cases striking bow 
sustains only a minor damage compared with the side 
structure of the struck ship, striking bow can be defined 
as rigid in these types of calculations (Zhang et al. 
2004). 

Collision is a very localized phenomenon due to 
differing size of striking bulbous bow and the extension 
of the side structure (Wevers and Vredevelt 1999, 
Ehlers et al. 2008). As such, hull’s crashworthiness will 
depend significantly on the location of contact. Since 
the probability of collision location is difficult to 
estimate, hull crashworthiness will be established for a 
number of characteristic locations over the hull side. 

Structural arrangement of the three tankers with 
scantlings is given in Figures 8 to 10 depicting their 
midship cross-sections. All ship are built from normal 
shipbuilding steel Grade A with 235 MPa yield 
strength. 
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a) 

 
b) 

 
Figure 12: a) Fracturing strain and element length relation,b) NVA 
true strain and stress relation applied 

Non-linear behaviour of the hull material is 
modelled using the true strain and stress relation until 
fracture identified by Ehlers and Varsta (2009) and 
Ehlers (2009), as seen in Figure 12. The fracturing 
strain and element length relation is implemented into 
the model via material 24 of LS-DYNA (Hallquist 
2007). The elements surpassing fracturing are in the end 
removed from the model during simulation. 

Collision Cases 
Structural collision simulations are very time-

expensive, thus the most critical collision scenarion is 
generally applied to computationally determine the hull 
crashworthiness; see Zhang et al. (2004). Here, the 
collision scenario is designed in a way that a striking 
and a struck ship collide at the angle of 90°. Such a 
scenario is generally considered critical since in most of 
the cases it results in the extensively large damages. 

As noted above, the amount of energy prior to 
the breach of the inner hull of the struck ship changes 
with respect to the striking position. In other words, 
different configurations of side structural elements of 
the struck ship in longitudinal direction generate 
different energies prior to the breach of the inner hull. 
As a consequence, there are two characteristic striking 
positions in longitudinal direction, see Figure 13: 

i. Position amid web frames, i.e. within 800 mm 
(half of the radius of the cone-shaped bulbous 
bow) from each one, 

ii. Position directly on the web frame, with span of 
800 mm from both, fore and aft side of web 
frame. 

 
Figure 13: Striking positions concept/determination 
 

Two more characteristic positions in transversal 
direction are defined: 

iii. Position amid stringers, i.e. within 800 mm from 
each one, 

iv. Position directly on the stringer, bounded with 
lines 800 mm offset from each one. 

To increase the precision of averaging the energy 
prior to the breach of the inner hull, four described 
positions are duplicated and vertically arranged. Using 
of eight striking positions surely affects on getting the 
final amount of averaged energy. Probability of 
occurrence of each striking position is calculated 
according to their areal contribution to the surface 
bounded with tank top and waterline in vertical 
direction, and horizontally between two bulkheads, 
Figure 14. 

Amounts of energy prior to the breach of the 
inner hull for all striking positions as well as averaged 
values of energy are given in Table 3, and are applied in 
further considerations. 

 
Figure 14: Striking positions on the AFRAMAX tanker 

Table 3: Calculated energies, penetration lengths and probabilities of 
occurrence for each striking position 
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Penetration 
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MJ 
Penetration 
Length, m p  

1  8,31 3,0 0,178 49,14 3,0 0,076 82,83 4,0 0,136  

2 8,58 3,0 0,116 35,51 2,5 0,057 89,57 3,5 0,085  

3  11,39 3,0 0,178 38,41 3,0 0,292 50,56 3,5 0,183  

4 12,34 3,0 0,116 38,28 3,0 0,221 60,48 3,5 0,114  

5  8,19 3,0 0,178 43,36 3,0 0,076 53,53 3,5 0,068  
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7  7,27 3,0 0,072 60,22 4,5 0,126 63,57 5,0 0,230  

8 4,54 2,5 0,047 61,99 4,5 0,095 82,35 5,0 0,143  

Eavg 8,71   46,11   67,98    
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Figure 15: Collision event tree

Computation of Risk 
Having established the available deformation 

energy, and the energy required to breach the inner hull 
of the tankers, we can now estimate the environmental 
risk for each of the observed sea areas, as well as for the 
worldwide navigation. 

We evaluate here the risk following a standard 
definition of value of loss under uncertainty, i.e. risk is 
a sum of products of probabilities of occurrence of 
certain damages. Thus it is necessary to estimate well 
the damages instigated by the collision consequences, 
as well as the corresponding probabilities. 
In this paper it is assumed that the breach of the inner 
hull occurs once the available deformation energy 
surpasses the capacity of the hull to absorb collision 
energy, i.e. if Edef>Ebreach. 

Probabilities of environmental damage 
Probability of occurrence of a collision is 

assumed to be pcoll = 0.02. Several studies indicate this 
figure both for the worldwide navigation (Lützen 2001) 
and for local sea areas, namely the Gulf of Finland 
(Kujala et al. 2009, Ylitalo 2010). It is also adopted 
here for the Adriatic, as no better estimates exist in the 
literature for this sea area.Lately, other values had been 
also proposed for the worldwide navigation, but no 
general consensus has been noticed in the literature. 
Furthermore, it is assumed that the tankers sail 60% of 
time fully laden, which is a very conservative estimate. 

If inner hull rupture appears, various hazards 
show up. Performed risk calculation includes only fire 
and explosion as an event, which may lead to the oil 
spillage from all tanks. Probability of fire and explosion 
on the vessel is taken as 0.2. However, it is assumed 
that vessel will sink in only 20 % of fire and explosion 
cases, and thus lose and spill the complete oil cargo. 

Here we consider two casualties that the oil spill 
emerges from a single tank, or from all tanks. 
Considered collision scenarios are represented in Figure 
15, and the probabilities adopted are assumed according 
to IMO (2001, 2002, 2004, 2005, 2005b), Tuovinen 
(2006), Papanikolaou et al.(2005), Grey (1999). 

Costs of the environmental damage 
Regarding collisions of tankers, environmental 

damage is the most relevant casualty for all the 
maritime stakeholders, and it considers here all direct 
consequences to the economy of the affected coastal 

area. This considers then not only oil spill clean-up 
costs, but also direct damages to the business, e.g. 
fisheries, tourism, etc. Secondary effects to the 
economy in the national level are not considered. 
Generally, they belong more under consideration of 
standard business risk. 

Environmental damage, i.e. the costs of oil 
spillage can be conveniently estimated utilizing the 
probabilistic model of Friis-Hansen and Ditlevsen 
(2003). The model is based on the recorded major spills 
damage data (IOPC 2009), which is represented through 
the probability of the environmental damage cost C, 
defined with the expected cost of spillage [ ]logE C and 
its dispersion [ ]logD C , and the expected volume of the 
oil spilled S, defined similarly with [ ]logE S  and 
[ ]logD S , where sµ  represents the expected volume of 

oil to be spilled, e.g. the tank volume, and c is the 
random variable of damage cost. In brief, the 
probability distribution of the environmental damage 
cost as defined by the model is defined with the 
following normal distribution: 

( ) ( )1

0

log log log
, s

C s

c
F c d

ς η µ υ
µ υ

θ
− − −⎛ ⎞

= Φ⎜ ⎟
⎝ ⎠

∫   (1) 

in which: 
[ ] [ ]log logE C E Sς η= − ,  (2) 

[ ] [ ] [ ]log , log log logC S D C D Sη ρ= ,  (3) 

[ ] [ ]2log 1 log , logD C C Sθ ρ= − . (4) 

Since the original publication of this damage model 
several new accidents have occurred, e.g. the likes of 
m/t Prestige and m/t Hebei Spirit, the original damage 
data is thus updated. The new consolidated data is seen 
now in Figure 16. Furthermore, since the original 
damage data has been considered in the value of USD 
of year 2000, the financial valuation is also updated, 
and also converted to EUR. The mean values and 
standard deviations of distributions of amount of oil 
spilled and the amount of damage costs are changed 
then accordingly. These are then based on the linear 
regression of the data presented in Figure 16. 
Furthermore, since the original damage data has been 
considered in the value of USD of year 2000, the 
financial valuation is also updated, and also converted 
to EUR. The mean values and standard deviations of 
distributions of amount of oil spilled and the amount of 
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Figure 16: Double logarithm scatter plot of reported oil spill volume 
and corresponding environmental damage costs with logarithms of the 
expected spill volume and damage costs E[.] and respective 
dispersions D[.]  

 

damage costs are changed then accordingly. These are 
then based on the linear regression of the data presented 
in Figure 16. 

The expected damage costC is computed for two 
characteristic adverse events following the considered 
event tree, i.e. the spillage of a single tank of oil, and 
the spillage of the overall cargo; see Fig.15. The 
damages are split over each of the relevant three 
maritime stakeholders, i.e. the ship owner/operator, oil 
receiver(s) and the public. Their expected costs are 
established by using the following expression that 
formalizes liabilities of each of the three stakeholders 
according to the established maritime conventions, i.e. 
CLC’92 and IOPC’92. 

0

( , ) ( , ) ( )s c sC stakeholder c f c I stakeholder dcµ µ
∞

= ⋅ ⋅∫  

 (5) 
min max( , )

( )
0 otherwise

c sf c c c c
I stakeholder

µ < <⎧
= ⎨
⎩

  (6) 

 
where ( )I stakeholder  filters the inapplicable costs and 

( , )c sf c µ is a PDF of probability distribution given in 
Eq. (1). The financial value of liabilities, cminand cmax, 
for each stakeholder are specified in Table 4 based on 
the observed tanker size, in this case the her gross 
tonnage(IOPC 2005), while the expected environmental 
damage costs in a collision for a stakeholder are 
specified accordingly in Table 5. 
Table 4: Limits of liability for environmental damage costs  

 
Table 5: Expected costs in M€ of the environmental damage in a 
collision per considered stakeholder and tanker. 

 

Calculation of the environmental risk  
Risk is evaluated on the annual basis, due to 

considered traffic data. Risk is given for each of the 
observed tankers and also for each of the relevant 
maritime stakeholders. Risk is calculated by integrating 
over the random variable of the available annual 
deformation energy of all the probable collision 
consequences, and by multiplying that value with the 
probability of collision occurrence, pcoll, and a 
probability of the fully laden tanker voyage 
௥௜௦௞,௝ݑ ൌ
௖௢௟௟݌ · ௟௔ௗ௘௡݌ ׬ ෌ ௗ௘௙൯ܧ௜൫݌ · ௗ௘௙௜ா೏೐೑ܧௗ௘௙ሻ݀ܧ௜,௝ሺܥ

  (7) 
where the consequences costs and corresponding 
probabilities are calculated as 
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based on the numbers provided in Figure 15 for ther 
probabilities and Table 5 for the cons  

The annual value of risk for the three tanker 
sizes, three stakeholders and three geographical areas is 
given finally in Table 6. The same table brings also the 
annual risks averaged per day of operations since 
vessels do not operate constantly in the enclosed sea 
area. 

Discussion 
Observing the risk given in Table 6 we can make 

a few conclusions on attained findings. Annual risks 
averaged per day of operations are higher in the 
enclosed waters than in the worldwide navigation, as 
Table 6: The annual (a) and averaged per day (b) risk for 
the three tankers, three stakeholders and three 
navigation areas  

a)

 
b) 

 
much as double. This relates obviously to the higher 
available deformation energy in the enclosed waters, 
emerging from differences in traffic, see the mean and 
standard deviation given in Table 2. Thus also, the risk 
is the highest in the Gulf of Finland, about 80% higher 
than for the worldwide navigation if comparing daily 
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Owner 0 0 0 10 29 84

Receiver 10 29 84 1037 1037 1037

Public 1037 1037 1037 ∞ ∞ ∞

Cmin Cmax

St
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Ship Type

Ship 
Volume

One tank 
2200 [m3]

All cargo 
40000 [m3]

One tank 
12000 [m3]

All cargo 
127000 [m3]

One tank 
21000 [m3]

All cargo 
309000 [m3]

Owner 1 1 4 5 7 10

Receiver 12 31 19 38 20 41

Public 70 550 229 1197 384 2202St
ak

eh
ol

de
r

Handymax Aframax VLCC

Risk [M€] Handymax Aframax VLCC Handymax Aframax VLCC Handymax Aframax VLCC

Owner 0.006 0.014 0.023 0.009 0.018 0.036 0.005 0.010 0.017

Receiver 0.077 0.081 0.065 0.110 0.102 0.101 0.058 0.054 0.049

Public 1.510 1.107 1.489 2.296 1.389 2.291 1.213 0.733 1.120

TOTAL 1.593 1.202 1.577 2.415 1.509 2.428 1.276 0.797 1.186

Adriatic Sea Gulf of Finland World

Risk [1000€] Handymax Aframax VLCC Handymax Aframax VLCC Handymax Aframax VLCC

Owner 0.016 0.039 0.063 0.023 0.049 0.097 0.012 0.026 0.048

Receiver 0.211 0.222 0.178 0.301 0.279 0.277 0.159 0.148 0.134

Public 4.137 3.033 4.079 6.290 3.805 6.277 3.323 2.008 3.068

TOTAL 4.364 3.294 4.321 6.615 4.134 6.651 3.495 2.182 3.250

Adriatic Sea Gulf of Finland World

E[log S] = 3.45    D[log S] = 1.34   
E[log C] = 1.42   D[log C] = 1.19 
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averaged values. In the Adriatic, the risk is higher about 
50%.  

These results justify in the end the premise that 
navigation in the enclosed waters is riskier with respect 
to collision and environment than the worldwide 
navigation. However, it should be noted that vessels do 
not spend equal amounts of time in the worldwide and 
enclosed water navigation, nor these observed tankers 
take the same routes. For example, if we consider a 
typical journey of an AFRAMAX from the Arabian 
Gulf, e.g. Kuwait to the Trieste harbour in the Adriatic, 
that lasts abt. 15 days (excluding the anchorage in 
Suez), the open water, i.e. the worldwide navigation, 
can be realistically assumed to exist only between the 
Gulf of Oman and the Gulf of Aden, and between Suez 
and the Strait of Otranto. This is about 1 900 nm out of 
total 5 000 nm, i.e. about 5 to 6 days or 30 to 35% of 
total time, since the vessel, besides the Adriatic, sails 
through the Gulf of Aden and the Red Sea. Some of the 
typical VLCCs, on the other hand, cannot pass through 
Suez Canal fully laden, and when they take a journey, 
e.g. to Rijeka harbour in the Adriatic they might need to 
take a longer route around the Cape of Good Hope, 
which means that the risk of collision in the worldwide 
navigation becomes much more relevant. 

Besides these findings and conclusions, itis very 
important to bring attention to the difference in risk 
between stakeholders. While the risks for ship 
owner/operator on an annual basis are fairly small, for 
oil receivers these are abt. 10 times as high. Yet these 
values are minor in comparison with the risk faced by 
the public, which measure 10 to 20 times that of oil 
receivers, and correspondingly 100 to 200 times that of 
owner/operator. 

 
Figure 17: Distribution of the anual environmental collision risk per 
stakeholder, per tanker and and geographic area. 

Further conclusions based on the findings of this 
study can be made if we analyse the effect of ship size 
to the environmental collision risk. If considering total 
risk, the riskiest tankers are interestingly the 
HANDYMAX (40’000DWT) and VLCC 
(313’000DWT), the smallest and the largest vessels 
considered, while the risk is significantly reduced with 

AFRAMAX (110’000DWT) tankers, see Table 6. 
Figure 17 thus presents the calculated risk against the 
tankers’ deadweight.  

This result is caused by the ratio between the 
hull crashworthiness and the amount of oil transported 
onboard. From Figure 18 we can notice a quick rise in 
crashworthiness between HANDYMAX and 
AFRAMAX tankers in comparison to the rise in the size 
of the expected oil spill, i.e. the size of their tanks, or 
the amount of transported cargo. 

From Figure 17 we can also notice the 
distribution of risk between different stakeholders. The 
ship owner/operator thus experiences the smallest risk 
with the smallest tanker, i.e. HANDYMAX, while their 
risk is increasing with the size. Obviously then, the 
owner/operator would prefer to invest and operate the 
smallest tanker, but if we consider that this collision 
risk is almost negligible, size of the preferred tanker 
will be determined probably on other, more commercial 
factors. Oil receivers, on the other hand, seem not to be 
affected by vessel size. This means that could base their 
preferences on oil transport on other economical 
attributes, or other kinds of risk. The public is best off 
with the medium sized tanker, the AFRAMAX, as she 
shows the least risk in comparison with the other two 
considered vessel sizes. Commonly, all stakeholders do 
not experience significant difference in risk variations 
due to tanker size between the navigational areas 
considered in this study. 

Conclusion 
This paper brought a series of comparative 

analysis of environmental risk of collisions. Focus of 
the analysis was on the enclosed sea areas, the Gulf of 
Finland and the Adriatic, and on a three tanker sizes, 
HANDYMAX, AFRAMAX and the VLCC. Evaluated 
risks of collisions for these three tanker types were also 
compared for the worldwide navigation. 

 

 
Figure 18: Expected oil spill size against hull crashworthiness 

 
The analysis considered evaluation of the 

available deformation collision energies for the 
enclosed sea areas and for the observed tankers. 
Evaluation of the expected costs of environmental 
damage was also performed. In the end, the risks were 
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distributed over three relevant stakeholders, the ship 
owner/operators, oil receivers and the public.  

Results brought a series of findings. The following 
three are possibly the most relevant to be repeated here. 
Navigation in the enclosed sea areas is more risky than 
in the open, worldwide regime. The least risky tanker 
out of three considered seems to be the AFRAMAX due 
to good combination of her hull crashworthiness and 
cargo capacity. The risk is very unevenly shared 
between the stakeholders, where the public faces the 
very biggest share of the total environmental risk, i.e. 
more than 90%. 

These findings need further investigations 
however. Firstly, more vessel sizes could be analysed, 
like PANAMAX and SUEZMAX, which would fill in 
the gaps in the curves presented. All elements of the 
analysis presented could also benefit from 
improvements in methodology and the data considered. 
This specifically refers to the collision model to 
estimate the deformation energy. Recent works of Tabri 
(2010) could be applied for example to better estimate 
the deformation energy considering also the hull 
crashworthiness. Furthermore, the probabilities of 
adverse events can be studied more, especially if they 
can be sensitive to the geographical areas, using 
methods such as that of Goerlandt F. (2010) 

More enclosed sea areas could also be 
considered, like the Danish Straits, the Strait of Dover, 
Sea of Marmara, Gulf of Bothnia, etc. Such a data could 
be eventually used to establish a GIS-based map of 
world environmental risk, especially if other adverse 
events are to be considered, firstly the groundings, and 
later on hull breakings due to service conditions. 
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An Experimental Investigation of the Intermediate Flooding 
Phases in Internal Compartments of an ITTC Damaged 
Passenger Ro-Ro Ferry  
Chadi Khaddaj-Mallat, Bertrand Alessandrini, Jean-Marc Rousset and Pierre Ferrant 
Équipe Hydrodynamique et Génie Océanique, Laboratoire de Mécanique des Fluides, École Centrale de Nantes, France 
 
Abstract: 
Damaged Ro-Ro ferries have proved to be extremely vulnerable regarding their hydrostatic stability. After an abrupt ingress of water 
caused by a maritime accident, the spaces below the car deck can experience dangerous intermediate flooding stages, and the ship can 
sink earlier than predicted. 
These stages depend upon many factors pertaining to the vessel, the accident, and the environment. Some of these factors interact 
during the flooding. An experimental investigation using an ITTC Ro-Ro ferry was devoted to provide a thorough insight to the 
flooding physics by following the Design of Experiments methodology.  
Both transient and progressive phases are found highly dependent upon water and air behaviours. The damage area, the time of 
damage creation, and the air ventilation level inside damaged compartments are key factors in determining the final ship state. We 
encourage the application of DOE method to statistically analyse the data and reveal interactions between entailed factors. 
 
Nomenclature 
C Wave velocity (m/s) 

CD Cross Duct 

DBA Double Bottom Aft 

DBF Double Bottom Forward 

EB Engine Block 

ER Engine Room 

g Gravitational acceleration (m/s2) 

GR Generator Room 

IFS Intermediate Flooding stages 

OM Opening Mechanism 

patm Atmospheric pressure (Pa) 

Pij Level j of design factor Pi 

PS PortSide 

SB StarBoard 

SR Storage Room 

T Wave period (s) 

TΦ PRR02 natural period 

WT_PS Wing Tank of the DBF PS 

WT_SB Wing Tank of the DBF SB 

ρ Water density (Kg/m3) 
 
Introduction 

Ro-Ro and Ro-Pax ferries have been growing for 
decades. Despite the global economic downturn, their 
industry continues to show positive signs. This is 
evident by the scheduled launch of some humongous 
new Ro-Pax vessels by 2012 (as Stena Superferry 1 and 
2, 1st and 2nd Stena Seabridger Class MKII, etc.). The 
safety of such vessels remains of the utmost importance 
in their design, and operation, when accidents of a 
varying nature (collision, grounding, etc.) can occur. 
Thus, advantage should be taken of the available 
maritime accident data; to foster a better understanding 
of the underlying physics, and to prevent the occurrence 

of more accidents in the future. The commercial use of 
passenger Ro-Ro ferries has proven to be successful. 
This is due to undivided car decks that reduce the time 
required for onboard operations. However, it is well 
known that this characteristic is the main contributor to 
the sinking of these vessels, as the reserve of buoyancy 
above the bulkhead deck has completely vanished when 
the ship shell was damaged. Therefore, efforts have 
been made by researchers and ship designers, to 
contribute to confirming the vulnerability of these 
vessels regarding their stability (Braund 1978; Dand 
1989). On the other hand, the geometry of the spaces 
below the bulkhead deck is also of great importance 
indeed. It has proved to be a key parameter in the 
determination of the final state of such vessels when 
damaged. During the investigation of the sinking of the 
European Gateway (1982), reported in (Spouge 1985), 
the "Transient Asymmetric Flooding" phenomenon was 
discovered, and 80% of the total heeling moment 
produced during sinking was attributed to the newfound 
phenomenon. Reinforced by an abrupt ingress of water 
right after the damage creation, large free surface 
effects, as well as inertia effects regarding roll motion, 
render the IFS potentially dangerous, as shown in 
(Journée et al. 1997; TNO 1997). Thus, the heeling 
moment exceeds the residual restoring one, and; 
therefore, the ship heels violently and eventually 
becomes on the verge of capsize as concluded in 
(Santos and Guedes Soares 2000).The effect of the IFS 
on ships’ damaged survivability has been studied based 
on parametric investigations (Chang and Blume 1998; 
Chang 1999). The floodwater behaviour in the IFS has 
been extensively investigated and well documented (de 
Kat et al. 2000; Vassalos 2000; Santos and Guedes 
Soares 2000, etc.), although the air behaviour and its 
interaction with water have attracted considerably less 
attention (Palazzi and de Kat 2002; SSPA 2008). 
Generally, parametric investigations have provided a 
better understanding of the basic flooding physics’ 
fundamentals, and have assisted in identifying some 
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significant parameters of the assessed phenomena. 
Nonetheless, it was stated in (Santos et al. 2002), that: 
"Very few attempts have been made to ascertain exactly 
what happens during the IFS and its influence in the 
capacity of a damaged ship to survive under given 
environmental conditions". The IFS depend upon hosts 
of factors related to the vessel hydrostatical and 
geometrical characteristics, the accident that caused the 
damage, and the environmental conditions. Besides, 
what actually characterise these phases are the inherent 
interdependencies linking these factors that could 
become strong interactions (Khaddaj-Mallat et al. 2009, 
2010). However, it is worth noting that there has not yet 
been a study to reveal interdependencies and 
interactions between implicated factors. This is the 
primary motivation for this work. 
 
Philosophy  

One particular research project of the 
Hydrodynamics and Ocean Engineering Team of the 
Fluid Mechanics Laboratory of the Ecole Centrale de 
Nantes in France is devoted to assessing the dynamic 
behaviour and survivability in waves of damaged Ro-
Ro ferries. Supported by intuitive means and 
preliminary examinations, a rich state-of-the-art-
research has assisted in determining the steps to come 
gradually, for both experimental and computational 
investigations. As the complex floodwater behaviour 
and its interaction with the damaged vessel motion limit 
the effectiveness of the numerical prediction attempts, it 
was a requisite to perform physical model tests. Three 
main ideas established the guidelines of the 
experimental work. They are as follows. 

 
1) Physically, "Ship motion and flooding are 

distinct but intrinsically interrelated and highly 
interacting processes", as stated in (Vassalos 
and Letizia 1998). 

2) Experimentally, we do believe in iterative 
experimentation. Thus, both experimental and 
computational works progress gradually and in 
parallel.  

3) The measurement of hydrodynamic efforts is 
required for the validation of numerical 
models, in particular for those phenomena 
whose mathematical representation is difficult 
to formulate, as the flooding we intend to 
examine. Thus, we measured the 
hydrodynamic efforts for captive tests, as well 
as forced-oscillation tests.  

Moreover, the project’s first step, whose outcomes are 
partially reported in (Khaddaj-Mallat et al. 2009, 2010), 
has culminated in two important findings: 

1) The adequacy of calm water investigation to 
assess the IFS of Ro-Ro ships. 

2) The requisite of applying statistical approaches 
to Design of Experiments methodologies 
(simply called nowadays DOE), in order to 
identify the main contributing factors and 

reveal their main effects, existing 
interdependencies, and possible interactions. 

The aforementioned key points determined the extent of 
innocuous simplifications the investigation in the 
project’s second step is going to have with respect to a 
real damage scenario. Hence, rather than embarking 
with the more general damage scenario of a passenger 
Ro-Ro ferry advancing in waves and, consequently, 
involving both water ingress/egress through the damage 
hole and ship motion processes, we first considered the 
assessment, in calm water, of the flooding of a Ro-Ro 
ferry. We applied the DOE methodology for designing 
the plan of experiments, as well as for analysing the 
data. Two series of distinct tests were performed:  

• Flooding experiments in which the model 
is kept fixed. These tests are performed to 
assess the influence of the entailed factors 
on hydrodynamic efforts exerted on the 
model during the IFS. Moreover, they help 
better understand the behaviour of both 
implicated fluids, i.e. water and air. 

• Forced oscillation tests performed for 
realistic combinations between the six 
degrees of freedom. These tests permit to 
quantify the influence of external 
excitations on the measured quantities and 
sloshing.Based on the background 
mentioned previously, the objective of the 
experimental investigation into the IFS  
was twofold, viz.: 
 

1) To find a model characterising the transient 
phase, that accounts for the involved factors 
and elucidate their interactions. To this end, a 
statistically-based experimental design method 
was employed. 

2) To provide test data for calibration and 
validation of a numerical model based on SPH 
method (Smooth Particles Hydrodynamics), 
under development at the moment of writing 
this paper, as well as numerical results of past 
investigations that dealt with the same ship 
(24th and 25th ITTC benchmarks; European 
research project Harder 2000-2003; Cho et al. 
2005; Santos and Guedes Soares 2009). 

In addition to the main objective, secondary purposes 
are listed as follows. 

• Better understand flooding physics.  
• Test the efficiency of DOE methodology to 

deal with ocean-engineering problems, 
particularly vessel’s stability. 

• Verify the adequacy of calm water condition to 
assess the IFS of Ro-Ro ferries, and 
identifying the factors whose trends remain 
similar or less-changing whether assessed in 
calm water or in waves. 

• Optimise the layout of Ro-Ro engine rooms. 
To meet these goals, the PRR02 - ITTC/SiW 

passenger Ro-Ro ferry was used. The data of this vessel 
were elaborated within the ITTC studies and are limited 
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to the single case of two compartments damage 
amidships. Furthermore, as we aim at investigating the 
flooding far from its strong interaction with ship 
response and motion, we dealt with the midsection of 
the ship and tested it for two distinct test series.  

 In the present paper: IFS refers to both transient 
and progressive phases. The term "wave" is used to 
categorise the flooding water behaviour occurring at the 
free surface, inside the model. The experimental 
quantities and results are presented in model scale. 

The remainder of this paper is organised as 
follows. After presenting the physical background and 
the way to achieving our goals, section 3 describes the 
preparation of the experimental investigation. Sections 
4 and 5 are devoted to presenting the adopted 
experimental methodology and the testing programme, 
respectively. Then, section 6 presents some first 
findings, not relevant to any DOE design plans. Finally, 
conclusions are drawn in Section 7.  
 
Experimental Investigation Model 
Model Design and Scale  

PRR02 is a modern passenger Ro-Ro ferry of 
SOLAS 90 stability standards. The main dimensions of 
the model (the PRR02 midsection) are given in Table 1,  
and the PRR02 body plan is shown in Figure 1. The 
model was designed for side damage investigations. It 
was constructed at a 1:38.25 scale, in compliance with 
(ITTC 2005). As it can be seen in Figure 2, the model 
extends to the car deck and comprises two double 
bottoms containing a cross-flooding arrangement in the 
forward one above which a generator room then a 
storage room are located. A large compartment 
representing the ER and including two EBs is located 
above the aft double bottom.  The permeability of the 
ER was insured by fitting intact plane-parallel foam 
blocks. These dummy blocks, made removable for 
model testing purposes, were glued on the bottom of the 
ER at different transversal positions. In the DBF, a 
3B/5-length CD connects the tank WT_SB to WT_PS. 
Void spaces, coloured in light black in Figure 2, 
surround the CD, and remain intact after damage. 

 
Table 1. Main dimensions of the PRR02 midsection. 
 

Length, L(m) 26.714 

Beam, B(m) 25.000 

Draft, T(m) 6.400 

Car deck above baseline (m) 9.100 

             Model scale 1:38.25 

PRR02 Length, Lpp(m) 174.800 

 

 
Figure 1. PRR02 body plan (dimensions in mm real scale). 

 

Figure 2. Model general arrangements. 
 

Model Construction 
Generally, the selected materials for the 

construction of the model (midsection ship hull and 
internal compartments) should ensure: 

1) A high degree of global rigidity and a 
negligible flexural response particularly when 
the model is subjected to forced oscillations. 

2) Setting the OM, with ensuring water and air 
tightness between the OM and the ship hull. 

3) Possible visual analysis of the flooding 
process and air behaviour in the compartments 
below the car deck.  

Therefore, the vessel shell, the internal decks, 
and the central bulkhead were manufactured in PVC.  

However, the aft and forward bulkheads, as well 
as the upper deck were made in see-through Plexiglas to 
allow visualisation and video recordings. In the DBF, a 
CD connected the two wings double bottom tanks. A 
valve was mounted at the midpart of the CD. It was 
either opened (On) or closed (Off) during the 
experiments. The access to this valve was gained 
through a hole performed in the aft bulkhead. 

Two air pipes were included in the model, to 
reproduce air pressure fluctuations expected in full-
scale ship. They extended from the decks limiting the 
double bottoms upwards to outside the model. Thus, air 
pipe 1 was placed in the PS corner of the ER, near the 
central bulkhead, and air pipe 2 was positioned in the 
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In Figure 12: 1 is the point where we want to measure 
the air pressure; 2 is the highest point the water might 
reach in the tube; 3 is the point where the air pressure is 
measured, i.e. the contact between the tube and the 
transducer. L is the tube length (distance between points 
1 and 3), and ε is the distance between points 1 and 2. 
Therefore, ݌ଷ is the measured pressure indicated by the 
air pressure transducer. It will be corrected to ݌ଵ (the 
air pressure we want to measure) by taking both air and 
water behaviours inside the tube into account. 

The air compressibility inside the tube lets the 
product of pressure and volume remains constant during 
the studied phenomenon. Thus, we can evaluate ε:  

 
ߝ                                  ൌ .ܮ ൬1 െ

௔௧௠݌

௔௧௠݌ ൅ ଷ݌
൰                                            ሺ1ሻ 

 
Hydrostatics allows writing:  
 
ଵ݌                                        ൌ ଷ݌ ൅ .௪௔௧௘௥ߩ ݃.  ሺ2ሻ                                          ߝ

 
The numerical application of Equation (1) provides the 
ratio ߝ ⁄ܮ  (it was found to be less than 12% for all 
tests). Then, ݌ଵ is evaluated based on Equation (2). 

As we are going to present the first experimental 
findings, not the DOE results, we shall not continue to 
present the further steps in applying the DOE 
methodology. Thus, for the work presented in this 
paper, we have taken advantage of the DOE 
methodology to perform the experiments as effectively 
as possible. 
The test runs we are going to analyse in this paper are 
indicated in Table 3. The test related to the selected 
combination (believed "realistic and moderate") was 
performed twice (F001&F002). 
Table 3. Tests’ configurations 

Experimental Results  
The performed tests provide a great deal of 

important information on the influence of the entailed 
factors on the IFS. The tests we treat in this paper can 
highlight the physics of flooding; quantify the 
repeatability for all measured data and the reproduction 
of relevant aspects and sub-phenomena. The coordinate 
system is previously indicated in Figure 12; Y-axis is 
positive towards the forward ship part along its 
longitudinal dimension. 

 
Hydrodynamic Efforts  

The times of damage creation (P7) for tests F001 
and F002 are 3.602 s and 3.590 s, respectively. The 
curves of Fx, Fy, and Mx for the two tests are very 
close. They oscillate from the start of the door 
movement to approximately six times the time of 
damage creation. Three peaks can be identified during 
these oscillations: PEAK1 occurring at 37%.P7, PEAK2 
occurring at 78%.P7, and PEAK3 occurring at 177%.P7. 
It is worth to mention that the maximums of Fx, Fy, and 
Mx occur at the same time, 78%.P7 corresponding to 

PEAK2. Figure 13 shows the trimming moment Mx for 
the two tests, and identifies the 3 PEAKS. Mx tends to 
an asymptote with a value of zero after the IFS end, 
indicating that the floodwater is equally distributed 
along the model longitudinal direction. 

 

 
Figure 13. Trimming moment Mx (N.m) for tests F001&F002. 
 

The response variables relevant to the vertical 
force Fz (previously defined in §4.3) are very close 
between the two tests; see Figure 14. Even at their 
maximums synchronised with PEAK3, the vertical 
forces Fz show similar oscillations. After the transient 
flooding ceases, Fz is approximately 463 N. This value 
is in correspondence with the floodwater mass. 
Furthermore, the difference between the maximum Fz 
value and the one it reaches after the transient flooding 
ceases is not more than 23 N (a difference of 5% of the 
maximal Fz magnitude). However, the Fz slope during 
the damage creation is about 136 N/s, highly influenced 
by the levels P22 and P72.  

 

 
Figure 14. Vertical force Fz (N) for tests F001&F002.       

Test Run P1 P2 P3 P4 P5 P6 P7 P8 
F001 & F002 1 2 1 1 1 1 2 1 
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The response variables relevant to the heeling 
moment My are also very close between the two tests; 
see Figure 15. Even at their maximums synchronised 
with PEAK3, My show similar oscillations. The value 
that My takes after the transient flooding ceases is 
approximately 43 N.m towards the PS. Furthermore, the 
difference between the maximum Fz value and the one 
it reaches after the transient flooding ceases is not more 
than 7N.m (a difference of 14% of the maximal My 
magnitude). However, My slope during the damage 
creation is about 11 N.m/s, highly influenced by the 
levels P22 and P72.  
 

 
Figure 15. Heeling moment My (N.m) for tests F001&F002. 
 
Behaviours of floodwater and air  

The air over pressure measured in DBA for the 
two tests, depicted in Figure 16, corresponds to fully-
ventilated compartments. Once again, the three PEAKS 
previously identified are found. An exceptional 
reproduction is observed during the IFS, particularly for 
PEAK1 and PEAK3. Thus, PEAK3 is the maximum 
value for Fz, My, and the air pressure in DBA. The 
slight delay at PEAK2 is believed to be influenced by 
the stop of the OM. This reproduction reveals the 
reliability the tests have in reproducing the assessed 
physical phenomenon and the intrinsic chemistry that 
relates both floodwater and air behaviours to the 
hydrodynamics. It is also obvious that this air pressure 
is a non-negative quantity.  

 

 
Figure 16. Air pressure measured in DBA (Pa) for tests F001&F002. 

The interaction between water and air behaviours is 
illustrated in Figure 17. Right after the damage creation, 
the air pressure inside the DBA starts to increase. Water 
first makes contact with Probe1 after less than 1 s. At 
the moment corresponding to PEAK1, water at Probe1 
reaches its maximal value for the first time after a fast 
flooding. 

 

 
Figure 17. Air pressure measured in DBA (Pa) and water height 
indicated by Probe1 for tests F001&F002. 

 
The air pressures measured in DBA and DBF for 

the two tests are depicted in Figure 18. On the contrary 
of the air pressure measured in DBA, the one measured 
in DBF presents negative values, i.e. a pressure less 
than the atmospheric pressure, during the transient 
flooding. This could be explained by the air 
compression in WT_PS, much more intense than in 
DBA, as the allowable space for the water to flood 
decreases because of the void spaces that occupy 
roughly 60% of the DBF. The maximal peak of the air 
pressure measured in DBF is 3 to 4 times greater than 
that measured in DBA. Moreover, the air pressure in 
DBF strongly fluctuates and reaches higher peaks than 
those observed in DBA. This is related to the DBF 
geometry. However, both air pressures take 
approximately the same time delay to begin to build up, 
and, at the end of the IFS, tend to a similar value, 
roughly to that of the hydrostatic pressure. 

 

 
Figure 18. Air pressure measured in DBA and DBF for tests 
F001&F002. 



 

Theref
front of the fi
the PS, thus
PEAK2 is hi
PEAK3 prese
hydrodynami
the heeling m
pressure ov
corresponden
one hand, and
My, and the a
depicted in F
the three PEA
visualises the
well as those 
front of the
20(a,b,c). Lef
by the subm
respectively. 
particularly f
completely fl
ceases, and g
completely fl
PEAK2 and t
(P22). Further
DBA reaches
escape throug
particles cont
 

Figure 19. The
pressure in DBA
 

Figure 20 (a). Sn

fore, PEAK1 
irst travelling 
s the air bec
ighly influenc
ents at the sa
c efforts, part

moment, as w
er the who

nce between th
d the vertical 
air pressure in
igure 19. Bes
AKS, taken b
e model from 

taken by the 
e damage ho
ft-side and ri

marine camera
Based on the

for test F001,
looded 434 m
generally, tha
looded betwee
the stop of the
rmore, after th
s the PS, we 
gh the damag
tinue to flood 

 correspondence
A for tests F001&F

napshots relevant

is attained w
wave inside th
comes strong
ced by the ce
ame time a m
ticularly the ve

well as a maxi
ole IFS. Th
he detected th
force Fz, the 
n DBA, on th
sides, the snap
by the submar
aft (the DBA 
high speed c

ole, are depi
ight-side snap
a and the h

ese camera vid
, that the DB

ms before the d
at the DBA u
en the time c
e creation of th
he first wave 
observe air bu

ge opening wh
inside the mo

e between PEAK
F002. 

 
t to PEAK1 of tes

when the wa
he DBA reach

gly compresse
ease of the O
maximum of t
ertical force a
imum of the 
he exception

hree PEAKS, 
heeling mome

he other hand,
pshots related
rine camera th
and the ER), 
amera placed
icted in Figu
pshots are tak
high speed on
deos, we noti

BA will becom
damage creati
usually becom
correspondent 
he large dama
front within t
ubbles trying 
hile other wa
del.  

KS, efforts, and 

st F001. 

5th In

ave 
hes 
ed. 
M. 
the 
and 
air 
nal 
on 
ent 
, is 

d to 
hat 
as 

d in 
ure 
ken 
ne, 
ce, 
me 
ion 

mes 
to 

age 
the 
to 

ater 

 
air 

Fi
 

Fi
 

th
op
is 
w
th
co
th
3,
5.
fa
co
pr
19
lo
Fi
it 
flo
sp
w

Fi
bo

nternational Con

gure 20 (b). Snap

gure 20 (c). Snap

After the s
hat the near th
pening, the fa

independent 
ith respect to 

he water will f
ontact with do
he following o
 probe 8, prob
 Then, it is in

ast water accu
ompartments: 
robe 12, probe
9, probe 18. T
ocated at the P
igure 21. Wate
first makes it

ooding throug
paces, water w
ill fill the WT

 

gure 21. Water
ottoms for tests F0

nference on Co

 

pshots relevant to

pshots relevant to

start of the da
he probe in the
ast water first 

of the angle 
X-axis, but d

face on its wa
ouble bottom 
order: probe 2
be 2, probe 4,
n the followin
umulation at a 

probe 14, pro
e 13, probe 10

The water heig
PS of the doub
er first makes
t with Probe1
gh CD is very
will take more
T_PS slowly. 

r heights measur
001&F002. 

llision and Gro

 
o PEAK2 of test F

 
o PEAK3 of test F

amage opening
e double botto
makes contac
that determin

depends on th
ay. Thus, wat
probes as tim

20, probe 7, p
, probe 1,  and
ng order that t

probe happen
obe 15, probe
0, probe 9, pr

ghts measured
ble bottoms a

s contact with 
, confirming 
y fast. Becau
e time to reac

red by PS prob

ounding of Ship

75

F001. 

F001. 

g, it is noticed
om is from the
ct with it. Thi
nes its position
he obstruction
ter first make
me goes up in
probe 6, probe
d finally probe
the start of the
ns in the othe
 11, probe 16
robe 17, probe

d by the probe
are depicted in
Probe4 before
that the cross
se of the void

ch Probe5, and

 
es in the doubl

s 

5 

d, 
e 
s 
n 
s 
s 
n 
e 
e 
e 

er 
6, 
e 
s 
n 
e 

s-
d 
d 

le 



5th International Conference on Collision and Grounding of Ships 

76 
 

The water heights measured by means of probes 
9, 10, and 11 mounted inside the ER are depicted in 
Figure 22. These water heights show a similar twofold-
behaviour that comprises a "relatively-low-frequency" 
and a "relatively-high-frequency" behaviours. 

The former is pseudo-periodic, and damps 
relatively fast, as the EBs contribute to slowing down 
the floodwater. These low-frequency oscillations, 
occurring at a pseudo-period of 3.8s, represent the 
harmonic motion of a mechanical oscillator, initially 
excited by the inflow of water through the damage hole. 
Its characteristic length is related to the ER dimensions. 
As the ER is partially submerged, the shape of this 
behaviour is also determined by the air compressibility, 
 

 
Figure 22. Water heights measured by ER Probes for test F001.,  
 
and the air tries to escape from the ER outside the 
model through the damage hole, as the video recordings 
show. Moreover, this behaviour is influenced by the 
quantity of floodwater entering the ER (factor P2), as 
well as the ER’s permeability (factor P5).It was 
observed that the pseudo-period of these oscillations 
diminishes in the case of an ER without blocks (P52), as 
without EBs it will take much more time for the 
oscillations to stop. As the ER passes from a state in 
which it is dry to another in which water will flood 
inside, we shall assume that non-stationary waves could 
be generated inside this room. This let us relate such 
waves’ velocity to their theoretical period (of 0.25s) by: 

 
                                               

ܥ߱ 
݃

ൌ
1
4

߱ ݄ݐ݅ݓ  ൌ
ߨ2
ܶ

                                ሺ3ሻ 

The application of Equation (3) provides a 
velocity of 1.48 m/s for the waves propagating inside 
the E.R. Considering Probe11, water will first make 
contact with it after approximately 0.32s, and the 
hypothesis of non-stationary waves seems acceptable to 
better understand these low-frequency oscillations. 

On the other hand, the "high-frequency" behaviour 
is characterised by oscillations of relatively small 
amplitudes that occur at high frequencies. The pseudo 
period of the oscillations of Probe9 (located SB) is 
roughly 377 ms. That of Probes 10 and 11 (both located 
PS) is the same and equals about 309 ms. These 
oscillations are highly influenced by the obstructions 
inside the ER, and their characteristics, i.e. amplitude 

and pseudo-period, are determined by the interaction 
between the floodwater and the EBs, as well as that 
between floodwater and the ER sides. The characteristic 
length of the high-frequency oscillations is that of the 
passages between the ER obstructions and sides. 
However, the periods of these oscillations will increase 
when no obstructions exist inside the ER. What actually 
help explain the "high-frequency" behaviour in the ER 
is the shape of the water behaviour observed in the SR, 
itself also partially submerged; see Figure 23. It is clear 
that the "high-frequency" behaviour in the SR is  
strongly damped, as no obstructions exist in the way of 
water. However, the "low-frequency" behaviour is 
observed in the SR. 
 

 
Figure 23. Water heights measured by SR Probes for test F001. 
 

Nonetheless, the twofold-behaviour observed in 
the ER is completely absent in the GR, as it is 
completely submerged; see Figure 24. Water first 
makes contact with GR’s probes located SB (as they are 
the nearest to the damage hole), then spreads inside the 
GR with a relatively-high speed. Thus, the GR’s probes 
located PS fill relatively very fast, and reach 
approximately their maximum values. Then, as there 
will be no place for the air in the PS, it will escape 
outside the model through the damage hole. Thus, the 
GR’s probes located SB begin to be filled and do this 
also rapidly.  

 

Figure 24. Water heights measured by GR Probes for test F001. 
 
Discharge coefficient 

Evaluating the flooding rate through the damage 
hole depends on: 

• the size and shape of the damage hole,  
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• the magnitude of flow velocity that depends 
on the relative positions of water surfaces, 

• the time of damage creation, 
• the degree of air ventilation inside the model,  
• the model scale, and 
• the discharge coefficient. 

Based on the vertical force Fz, the flow rate through the 
damage opening can be evaluated during a test 
following the relationship: 

                                       ܳሺݐሻ ൌ  
1

݃ߩ
௭ܨ ߲ 

ݐ ߲                                      ሺ4ሻ 

The application of Equation (4) evaluates Flow 
rate1 (L/s) for test F001; see Figure 25. The flow rate 
reaches a maximum of about 19 L/s before the damage 
creation ceases. After this peak, the flow rate oscillates 
around zero before it asymptotically tends to zero after 
the IFS end. We believe that the water egress through 
the damage opening results in negative values of the 
flow rate (noticeable in Figure 20(b)).  

 

 
Figure 25. Flow rate1, ܳሺݐሻ, for test F001. 
 

An estimation of the flow rate through the damage 
opening can be obtained based on the traditional 
formulation mainly established for stationary flows: 

 
෨ܳሺݐሻ ൌ .ௗܥ  .ሻݐ௢௣௘௡ሺܣ .ሻ൯ݐሺ݄߂൫݊݃݅ݏ ඥ2݃. |∆݄ሺݐሻ|                ሺ5ሻ 

where : 

ሻݔሺ݊݃݅ݏ                                        ൌ  ቐ
െ1 ݂݅ ݔ ൏ 0
ݔ ݂݅ 0 ൌ 0
ݔ ݂݅ 1 ൐ 0

ቑ                 ሺ6ሻ 

and ܥௗ  is the discharge coefficient that equals 0.55 for 
the current flooding case (Katayama and Ikeda (2005)); 
 ሻ is theݐሻ is the damage area; and ∆݄ሺݐ௢௣௘௡ሺܣ
difference between the external water level (the 
appropriate draught) and the internal one (estimated by 
the water height indicated by Probe20). The application 
of Equation (5) results in evaluating the Flow rate2 
(L/s) for test F001 depicted in Figure 26. An 
experimental uncertainty in the estimation of the flow 
rate2 arises from relying on the signal that Probe20 
delivers to evaluate ∆݄ሺݐሻ. This is obvious in the 
fluctuations Flow_rate2 shows which are less amplified 
for Flow_rate1. When applied to the flooding process, 
the traditional flow rate estimation, i.e. by means of  

 
Figure 26. Flow rate2, ෨ܳሺݐሻ, for test F001. 
equation (5), manages to provide an acceptable global 
shape. However, it underestimates the maximal flow 
rate, highly related to the estimated discharge 
coefficient ܥௗ .  

The discharge coefficient, as a function of time, 
can be experimentally evaluated, for the flooding 
situation we are dealing with, by means of the following 
formula: 
ሻݐௗሺܥ ൌ ܳሺݐሻ .ሻݐ௢௣௘௡ሺܣൣ ඥ2݃. ∆݄ሺݐሻ൧⁄                                  (7) 
 
The discharge coefficient for test F001 is depicted in 
Figure 27.  

 
Figure 27. Discharge Coefficient, ෨ܳሺݐሻ, for test F001. 
 

At the start of the damage opening, a fast 
flooding occurs that results in a high discharge 
coefficient. Then, the discharge coefficient reaches a 
constant value (between 0 and 1, but slightly higher 
than that determined in (Katayama and Ikeda (2005)) 
before the damage creation ceases. Thus, we believe the 
hypothesis of considering a constant discharge 
coefficient when evaluating the flow rate in case of 
flooding is simplified, and a reliable estimation of the 
flow rate should be based on a discharge coefficient 
function of time.  
 
Conclusion 

After the state-of-the-art-research conducted in 
the first part of this project revealed the necessity of 
quantifying the degree of interaction between the main 
contributing factors during the IFS, a comprehensive 
experimental investigation based on DOE methodology 
had been performed. In this work, the fundamental 
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physics of flooding are studied through systematic 
model tests. This contribution presents the preparation 
of the experiment as well as the first findings not 
relevant to any DOE plans. Ensuring both water and air 
tightness, and selecting the design factors, their levels, 
and their ranges, were the most two challenging steps in 
the technical and theoretical phases of this campaign, 
respectively. 
The results of the first two tests reported herein 
demonstrate the applicability of the presented 
methodology of experimental investigation into the 
complicated behaviour of the IFS. What physically 
renders this behaviour complex is the strong coupling 
between the ship motion and the flooding process. Both 
water Ingress/Egress through the damage hole and 
water accumulation procedure inside the damaged 
compartments contribute to complicating the flooding 
process.  
The experiments demonstrate that, during the IFS, a 
strong interaction is found between, on one hand, both 
implicated fluids, i.e. water and air, and, on other hand, 
the model behaviour. The former is assessed by 
measuring the water heights in several locations inside 
all damaged compartments, as well as the air pressure in 
the double bottoms.  

The latter is assessed by the measured 
hydrodynamic efforts. The detection of three PEAKS 
highlights this interaction during the transient inflow. 
These PEAKS are found particularly related to the 
damage area, the time of damage creation, and the air 
ventilation level. Moreover, a two-fold behaviour is 
observed in the ER partially submerged. These 
behaviours are drawn by the air compressibility, the 
water surface, as well as the non-basic sloshing 
occurring inside this room.  
The tests also confirmed that the discharge coefficient 
for realistic flooding situations is not constant during 
the IFS, and estimates it experimentally as function of 
time. Once the variation of the discharge coefficient is 
evaluated during the flooding, the traditional 
formulation provides reliable assessment of the flow 
rate without measuring the hydrodynamic efforts. 

The proposed experimental approach applied in 
the frame of the philosophy previously explained also 
constitutes a very good basis for the verification of 
time-domain simulation programs, especially the 
numerical code based on SPH method we are currently 
developing, as well as many computational works 
carried out in the past. 

On the basis of the foregoing analysis of the 
tests’ results, it is believed that conveniently 
considering the air behaviour is indispensable in the 
computational approaches. Furthermore, the DOE 
methodology seems useful to assessing such 
complicated problems. Hence, further research will 
concentrate on proving the efficiency of DOE 
methodology in data analysis and its capability to reveal 
interactions between involved and also evolved factors 
to eventually build a model characterising the IFS of 
Ro-Ro ferries. 
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Use of Level Sensors in Breach Estimation for a Damaged Ship 
Paavo Penttilä and Pekka Ruponen 
Onboard-Napa Ltd, Napa Ltd 
Abstract: 
The flow of flood water from a breach in the hull into a ship is studied. The problem of estimating the size and location of the breach is 
discussed from the point of view of reliable flooding simulations and predictions in a real situation onboard a damaged ship. An inverse 
method is introduced for detecting a breach. The method is tested with a large passenger ship design by calculating a large set of 
randomly generated single breach damages with various combinations of sensor density, noise and filter length. The results and 
applicability of breach detection and flooding simulation as a part of decision support system are discussed. 
 
Introduction 

The concern for ship safety has risen as the 
number of passengers has increased onboard 
commercial vessels. The safety of passengers on a large 
cruise ship is a top priority. Ships have therefore 
become widely populated with various safety systems, 
namely for fire, stability, evacuation and of course 
flooding control. This study will focus on flooding and 
more specifically on breach detection. Progressive 
flooding in passenger vessels has been studied for 
several years and some very good methods have been 
developed during that time. However, these tools are 
yet to be fully utilized, especially in decision support on 
commercial vessels. So far Ölcer and Majuner (2006) 
have presented a method that is based on pre-calculated 
simulations and recently another flooding simulation 
tool, based on the actual initial conditions has been 
implemented in the Onboard-NAPA software (The 
Naval Architect, 2008).  

The IMO regulations, IMO MSC 77/4/1 (2003), 
require that all watertight spaces below the bulkhead 
deck should have a system to evaluate and/or quantify 
water ingress. Nowadays most new large passenger 
ships have been equipped with flooding sensors in cabin 
areas, machinery spaces and void spaces. A recent IMO 
report of a correspondence group, IMO SLF-51/11 
(2008), recognizes that all information used in the 
operational decisions should be as accurate as possible 
and be based upon the actual damage, flooding extent 
and the rate of flooding. Regarding day to day operation 
and decisionmaking in actual conditions, this means 
calculating the expected or simulated results of the 
flooding. In order to calculate a prediction, the initial 
condition, namely the location and size or area of the 
breach, has to be determined. 

In this study the word “breach” is used to 
describe an opening that connects a damaged room to 
sea. There may be several breaches with several 
damaged rooms in different compartments forming one 
large breach but in this text the word breach is used 
only to mean a single opening involving one damaged 
room. It is assumed that if the area and location of all 
breaches can be calculated automatically (without 
human intervention) from flooding sensor output, it is 
then possible to calculate how the flood water will 
progress, thus enabling a powerful decision support 
system that is able to produce accurate predictions. The 
target of this study is to find out whether a breach can 

be calculated purely from the flooding sensor 
measurements. 

The required sensor accuracy for measuring a 
breach was discussed in Penttilä (2008) and the 
accuracy of typical sensors was considered to be 
sufficient for the purpose of breach estimation. A 
general approach for solving the breach properties from 
level sensor signals was also introduced in Penttilä 
(2008). The approach involves an inverse method for 
breach calculation, which is an attempt to determine the 
breach by matching progressive flooding simulation 
parameters to the measured results. The principles of 
this method are presented briefly. This study continues 
to examine the applicability of the inverse method in 
breach detection using a statistical set of different 
damages. A typical flood sensor arrangement on a large 
passenger ship is used and a case study of 433 random 
damages is used to get an approximation of the 
applicability of the inverse method. 

 
Flooding Prediction Method 

This study uses a time-domain flooding 
simulation method, described in Ruponen (2007), which 
is based on the conservation of mass and Bernoulli’s 
equation with semi-empirical discharge coefficients for 
each opening. The implicit scheme ensures numerical 
stability even with long time steps. The simulation 
method has been extensively validated against 
experimental results. A principal assumption is that the 
water levels inside the vessel are flat and horizontal. 
This is considered to be very reasonable for passenger 
ships with dense non-watertight subdivision. The 
simulation method can also deal with air compression, 
but in this study it is assumed that all flooded rooms are 
fully ventilated. 

Based on Bernoulli’s theorem for an 
incompressible flow, the rate of flooding through an 
opening with an area A and discharge coefficient Cd is: 

 

( ) inwHoutwHginwHoutwHdCA
dt

dV
,,2,,sign −⋅−⋅⋅=        (1) 

where g is the acceleration due to gravity and Hw is the 
water level height. This equation forms the basis for 
both flooding simulation and breach detection.  

Due to the inviscid nature of equation (1), 
Ruponen’s applied method of solving progressive 
flooding is relatively fast and enables calculation of 
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Each damage case was calculated using the NAPA 
software, which implements Ruponen’s method (see 
Ruponen, 2007 and The Naval Architect, 2008), 
assuming a calm sea state. Total of 225 cases were 
calculated with all doors closed and 208 cases were 
calculated with all fireproof doors (total of 167) open. 
Most cases resulted in progressive flooding through 
various openings in the ship. On average 2.3 rooms 
were flooded during the simulation time (120 s) when 
all fireproof doors were closed and an average 2.7 
rooms were flooded when the fireproof doors were 
open. All watertight openings were always defined as 
closed. 

After each case was simulated the results were 
stripped in order to make the comparison for an 
authentic case. All data which would not be available in 
a real situation was removed. The available data after 
the stripping consists of the floating position and flood 
water levels in the rooms with sensors as functions of 
time. The entire process of testing the inverse method is 
illustrated in Figure 5. 

 
Added noise in reference results 

A true measurement always contains some 
measurement errors or noise. Possible sources for error 
in level measurement are discussed in Penttilä (2008). 
In this study two different amounts of random noise 
were added to the reference data. The Figures 4a and 4b 
illustrate the added noise to the measurement of 4 
flooded rooms. 
(a) 

 
 (b) 

 
Fig. 4 (a) Level with slight added noise 

The purpose of the generated random noise was 
to simulate disturbances in the flood water level 
measurements. The added noise makes it more difficult 
to calculate the initial flooding rate and the origin of the 
breach and makes the case more realistic. However, It 
should be noted that the added noise does not 

correspond to disturbances due to sloshing and is only 
an approximation of random measurement distubances. 
Typical flooding sensors described in Penttilä (2008) 
may also react to changes in air pressure due to 
flooding, but this effect is not studied in this text. All 
flooded spaces are assumed to be freely ventilated. The 
added noise is expected to decrease the likehood of 
determining the correct breach succesfully.  
 
Inverse calculation 

In this study the generated damage cases with 
various combinations of noise and time spans were fed 
in to an algorithm applying the inverse method to 
determine the location and area of the breach. The 
algorithm tries to determine the correct breach by 
iterating through different simulations and comparing 
the results to the available data. The available 
simulation data  was limited to selected time spans. 
These time spans are referred to as “filter lengths” from 
the measurement analogy. The breach is being filtered 
from the level data. The purpose of adding noise and 
changing the time span of the available data was to 
study the effect of noise and filter length on the inverse 
method (discussed in Penttilä 2008). Same opening 
statuses were used in both direct and inverse 
calculation. The process of applying the inverse method 
to generated reference results is illustrated in Figure 5. 

 
Fig. 5 Process diagram illustrating the method of testing the inverse 
method 

The specific algorithm used in this study is 
optimized for a wide range of solutions and is expected 
to solve most cases which have a single breach solution. 
If the algorithm fails to produce the correct answer the 
reason may either be in the algorithm design or in the 
theoretical limitations of the method. These cases are 
not distinguished in this study.  Research for improving 
the efficiency of the algorithm continues. 

Inverse breach calculation is always done for a 
selected time span or filter length. In this study we 
assume that in a real damage scenario, the breach 
should be calculated as early as possible within the first 
minutes (if possible). Theoretically the inverse method 
is expected to determine the correct breach always if the 
available data is infinitely long and noiseless. However 
in real cases there is always some noise and the time 
available for measurement and calculation is limited. 
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The problem is similar to signal processing where a 
long filter is slow less susceptible to noise, whereas a 
short filter is fast but more sensitive to noise. The 
problem of breach measurement is similar to filtering  
Table 2. Summary of generated damage cases 

also in the sense that the time span of the reference data 
has to be selected prior to the inverse calculation. 
Therefore the selected period is called in this text the 
filter length. In this study filter lengths of 25 s and 120 s 
are studied. These lengths fit the expected breach area 
(between 0.01 – 2.0 m2). A more detailed description of 
the filter length selection criteria is described in Penttilä 
(2008). Time step used in the simulations and inverse 
calculation was 5 s. 
 
Sensor arrangement 

The ship is equipped with 57 flooding sensors in 
total of 245 rooms/tanks. 170 rooms are subject to 
progressive flooding and remaining 75 are closed and 
not connected to any other rooms by openings. There 
are 45 flooding sensors in the 170 rooms, of which 33 
are located in rooms that are larger than 300 m3. The 
“density” of the sensor arrangement in potential areas of 
progressive flooding is calculated by 

 

                   
roomsconnected

sensors
sensors n

n

_

=ρ                        (3) 

In this case the density of the sensor arrangement is 
approximately 0.26.  

The calculations were performed for two sensor 
arrangements. All cases were calculated first with the 
assumption that all rooms are equipped with a sensor 
(sensor density 1.0) and then with the sensor density 
0.26. When each room is equipped with a sensor the 
success rate of calculating the correct breach is 
expected to be 100% and less for the case where only 
selected rooms are equipped with a flooding sensor. 

In the case of a sparse sensor density (0.26), 
noise levels of 2% and 10% were considered realistic 
and were used in the calculation. But in the case of the 
high sensor density (1.0) noise levels were 5% and 
35%. The higher noise levels were used because solving 
a breach with a very tight sensor arrangement is 
considered to be almost a trivial task. Therefore 
excessive noise was added in order to really test the 
method. 
 
 

Results 
A summary of the damage cases is presented in 

Table 2. Some of the generated damages resulted in too 
small a breach compared to the distance from the 
waterline. These damages did not result in noticeable 
flood water amounts and a total of 131 cases were left 
out from the inverse calculations because of this. It 
should be noted that with longer filter lengths also these 
damages could have been included. Also some damages 
did not result into flooding which could be detected by 
the flooding sensors. There were a total of 33 of these 
cases. It is not known whether flood water would have 
spread to rooms with flooding sensors if the time span 
had been longer. The final number of suitable cases for 
the inverse calculation was 299. Table 2 lists the cases 
in more detail. 

The success rate of the inverse method was 
measured by checking whether the method was able to 
determine the correct damaged room (breach location) 
from detected flood water and whether the calculated 
breach area corresponds to the reference case within a 
±30% margin.  The general arrangement and the sensor 
arrangement of the ship model were such that in 64.6% 
of the cases the flood water was detected by a flooding 
sensor in the primarily flooded room. 

Table 3 shows the results of the study for all 299 
inversely calculated cases with the assumption that all 
rooms are equipped with a flooding sensor and Table 4 
shows the results with a typical sensor arrangement of 
sensor density 0.26. 

 
Table 3 Success rate of calculating the correct breach with sensor 
density 1 

  All doors closed Fireproof doors open 

  Location Area Location Area 

Filter 120s         

  Noise 5% 99.6 % 60.7% 99.0 % 61.1%
  Noise 35% 97.3 % 21.9% 98.1 % 25.0%

Filter 25s         

  Noise 5% 100.0 % 68.0% 98.6 % 64.4%
  Noise 35% 97.8 % 37.7% 98.1 % 41.1%
 
Table 4 Success rate of calculating the correct breach with a sensor 
density 0.26 

  All doors closed Fireproof doors open 

  Location Area Location Area 

Filter 120s         

  Noise 2% 69.5% 64.5% 76.6% 65.8%
  Noise 10% 67.5% 56.7% 74.5% 41.7%

Filter 25s         

  Noise 2% 67.5% 31.7% 74.5% 41.7%
  Noise 10% 68.2% 20.1% 70.3% 28.4%

Table 3 shows that the method used in this study is very 
likely to find the correct location for the breach even 
with high amounts of noise in the measurement data as 
long as each room is equipped with a sensor. The 
average success rate in finding the primarily flooded 
room was 98.6%. This is slightly less than the expected 
success rate of 100%. The success rate of calculating 

 
 

All doors 
closed 

Fireproof doors 
open 

Total number of generated damage 
cases 235 228
Flooding not detected by flooding 
sensors 11 22
Breach too small (no noticeable 
flooding) 70 61
Total number of remaining suitable 
damage cases 154 145

Average breach size 0.21 m2 0.21 m2

Average distance from waterline 0.98 m 1.17 m
Average number of flooded rooms 
(within 120 s) 2.29 2.66
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to find a correct solution if there is very little noise or 
the filter length is long. The change from little noise to 
excessive noise seems to decrease the success rate of 
finding the correct location on average by 2 percentage 
units. The effect of the filter length is less clear. The 
results would seem to indicate that 25 s filter length is 
in some cases not enough, but that 120 s filter length 
does not significantly increase the likelihood of finding 
the correct breach. Optimal filter length depends on the 
flooding rate and measurement accuracy. 

The average success rate of determining the area 
of the breach within a reasonable margin was fairly low. 
On average the calculated breach size was within ±30% 
margin in 47% of the cases with sensor density of 1.0, 
and within margin in 44% of the cases with the sensor 
density of 0.26. Such low success rate on calculating the 
correct breach area indicates that the algorithm used in 
this study could be further developed.  

Even though a more advanced algorithm is 
expected to increase the success rate of the inverse 
method, the maximum theoretical success rate is not 
known. It is believed by the authors that with 10% noise 
and 120 s filter length the theoretical maximum might 
be as high as 90% even with such a sparse sensor 
density. The example of the failed case shows that not 
all cases can be solved correctly even with a very dense 
sensor arrangement. This is because all sensors always 
have a specific zero-limit, which has to be exceeded 
before flood water is detected. If flood water does not 
rise up to the sensor and flows directly to another room, 
any method will surely fail. However if the difference 
in vertical location is not very great compared to the 
breach immersion, the actual location of a breach is not 
a real problem. This is because the prediction results 
would still remain the same. From this point of view, 
the results could be analyzed from the point of view of 
similar results and not by correct breach. The problem 
of similarities is however not studied in this text but it 
should be noted that this subject should be included in 
the study of optimal sensor arrangements. 

The case of multiple breaches was not included 
in this study. Real damage situations are likely to 
involve multiple breaches flooding at the same time or 
at different times. Therefore the limitation to a single 
breach is a rough approximation. The problem of 
multiple breaches was excluded from this initial study 
due to the complexity. When a more advanced 
algorithm, able to solve multiple breaches, is developed, 
the same study can be repeated without the single 
breach limitation. It is believed by the authors that the 
resulting success rates would be similar or slightly less. 

In this study the sensor accuracy was simulated 
by adding random noise to the measurement. However, 
real flood water sensor have another limitation, which is 
the minimum liquid level, that can be measured. 
Typical level sensors measure air pressure at 3 cm from 
the floor and because the air pressure in the room may 
change slightly there must be some zero-limit for the 
sensor to avoid false flooding detection. In this study 
the zero-limit for the sensors was 0 cm, which means 

that it is assumed that the sensors can measure flood 
water level with infinite accuracy down to 0 m. In real 
case the zero-limit is of order 10 cm and raising the 
zero-limit from 0 to 10 cm may have a decreasing effect 
on the success rates. However this effect was not 
studied in this text.   

In addition to designing a suitable algorithm to 
solve cases with multiple breaches, another difficulty is 
trying to calculate the breach properties from flooding 
sensor output when all breaches are not yet immersed. 
Flooding sensors can never detect a breach, which has 
not yet started flooding and if there are multiple 
breaches, some may start to flood later on after 
sufficient changes in floating position. No method 
based on flooding sensors can solve such cases 
successfully with a short filter length.  

 
Conclusions 

The target of this study was to find out whether 
it is possible to determine the location and size of a 
breach purely from flooding sensor output without 
human intervention. A total number of 2392 cases (299 
cases with two different sensor arrangements and 
combinations of 2 different filter lengths and 2 different 
amounts of random noise) were calculated inversely and 
the results strongly indicate that the inverse method is 
applicable in determining the breach from the water 
level data only if the sensor arrangement is dense 
enough. When calculated with a typical sensor 
arrangement, the method was able to successfully 
determine the correct floodwater origin in 71.1% of the 
cases. However the method was only able to derive the 
correct breach size within a reasonable margin in 44% 
of the cases. 

It is believed by the authors that the inverse 
method can be developed further so that it can (if the 
sensor arrangement is dense enough) successfully solve 
a very high percentage of damage cases inversely and 
determine the breach size more accurately. However 
any method with sufficient noise will fail if the sensor 
arrangement is too sparse, therefore it should be noted 
that if a valid method can be produced, it has a 
theoretical maximum depending on how the flooding 
sensors are placed. A good method could therefore be 
used to study the optimal sensor placement. Well-
placed sensors in a ship enable much higher precision 
decision support systems than what is possible today 
with current sensor arrangements. 

An inverse method for determining the breach 
location and size from flooding sensor output was 
extensively tested. Unfortunately the results of this 
study are still somewhat inconclusive due to the 
limitation of a single flood water origin (single breach). 
However, so far the inverse approach in breach 
detection has proven to have great potential and it is 
believed that the general case would have similar 
results. Further development and testing of the 
presented method for the breach detection will be 
carried out within the FP7 Research Project 
FLOODSTAND. 
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Finally, it should be noted that even with a 
sophisticated breach detection analysis and carefully 
validated flooding simulation tools, the final outcome of 
any real flooding may always be different from the 
prediction.  This is mainly because currently, the 
various applied parameters for openings, like collapsing 
pressure of a fireproof door, are not known very 
accurately. Furthermore, it is possible that the water 
will find unpredicted progression routes, such as pipes 
and ducts that may not be included in the simulation 
model. The result of any computer based decision 
support tool is always a prediction based on best 
approximations, intended to help in the decision 
making. The actual decision (e.g. to evacuate or to 
proceed to the nearest port) should always be made 
based on the real situation, including available support 
tools, visual observations and expertise of the crew and 
emergency response service. 
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Abstract: 
The objective of this paper is to study the oil spill from damaged tank in collision. The work comprises development of analytic 
models for fast estimation of oil spill, and CFD simulation with the FLUENT software for verification of the simple models. In the 
previous papers the oil leakage from damaged tank with an opening in the bottom is investigated.  
The purpose of the present study is to extend the scope to cover oil spills in collision cases where openings occur in the sides. In such 
cases, the gravity force is important as in the grounding scenario. In collision scenarios, however, there is a local imbalance due to 
different densities of the fluids while the internal pressure is equal to external pressure. A combination of water inflow/oil outflow 
through the opening may occur. Analytical calculations and time domain simulations are applied to calculate the volume of oil outflow 
and outflow rate versus time. Good agreements are obtained between the simplified analytic model and CFD of the oil spill.  
 
Introduction 

Most tankers are loaded such that the internal 
pressure at the tank is larger than the external sea 
pressure. Thus, if the tank is damaged, cargo flows 
out. If the tanker carries somewhat less cargo, so that 
hydrostatic balance is established at - or several meters 
above the tank bottom, water tends to enter the ship 
through the hole in the hull as long as the highest point 
of damage is below the hydrostatic balance level. This 
presupposes equal atmospheric pressures at the 
surfaces of both seawater and oil cargo. If there is 
overpressure, oil outflow will increase in a ruptured 
tank. Conversely, reduced ullage space pressure will 
reduce oil outflow. This suggests that reduced internal 
pressure is a potential means of controlling oil outflow 
in grounding (Tanker Spills, 1991). 

If the density of the cargo in the damaged tank is 
lower than that outside sea water, but the hydrostatic  
pressure is higher over the opening, then outflow will 
occur, which produces a gravity current. The 
hydrostatic pressure is the key factor in analyzing the 
leak rate. Hydrostatic pressure is an isotropic 
phenomenon, i.e. at any given point in a fluid the 
pressure will be the same, regardless of the direction in 
which it is measured. Oil will run out of a damaged 
tank if the interior hydrostatic pressure of the oil at the 
opening is greater than the exterior hydrostatic 
pressure of the sea at the same point. The flow 
continues at an ever decreasing rate until the inside 
and outside pressures are equalized. In order to 
calculate the theoretical outflow rate and spill volume, 
the Bernoulli's principle is utilized for this condition 
(Tavakoli et al. 2008, Tavakoli et al. 2009).  
If the opening is in the side of the tank, and the 
pressures on the average are equal over the opening 
between oil and water, there is still local imbalance 
and the flow will cease only when the lower lip of the 
hole are water. So, the side leak is divided into two 
stages. The analytical models have been developed 
based on the integrated Bernoulli’s equation for the 
fluid flow in the first phase.  

 

Phase 1: Gravity current 
In the grounding case and in the first phase of 

side damage, there are two governing principles; 
namely the Bernoulli's principle and ideal gas law.  

Bernoulli's principle 
Based on the Bernoulli's principle, the sum of 
pressure, potential energy and kinetic energy per unit 
volume is constant at any point. In its original form, 
for incompressible flow in a uniform gravitational 
field, it reads: 
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Where pu, ρo, Ho and hh are respectively, ullage 
pressure, density of oil, height of oil in the cargo tank 
and puncture height from the bottom.  

The ideal gas law 
Fthenakis (1999) described a scenario where the 

vessel is closed at the top and vapor and air fill the gas 
space. The initial pressure is atmospheric, but as the 
liquid level sinks, the pressure in the gas-space is 
reduced. The ideal gas law is given by:  

( )a o
u a o

u u u

n R T n R T R TP n n
V V V

= + = +
           (4)

  

where na and no are the number of moles of air and oil 
respectively, R is the gas constant, T is the absolute 
temperature, and Vu is the ullage volume.  
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2( )u u o
a o

u u

dP dV dnRT RTn n
dt V dt dt V

= − + +                       (5) 

The last term Eq. 5 represents vaporization of the oil 
inside the tank. The change of the ullage volume 
inside   the vessel depends on the rate of outflow.  

Bernoulli's principle and the ideal gas law: 
While the oil outflow velocity is v and puncture 

area s, the change of volume is obtained by eq. 6.   
( ) ( )u t

t
dV d A h d hv s A
dt dt dt

= = − = −                                 (6) 

where s and At are hole area and tank area 
respectively. By combination Eqs.’s 3, 5 and 6 there is 
obtained: 

2[ ( ) ]t b
a o

t u o u

RTA dndv s RTg n n
dt A V dt V vρ ρ

= + + +                      (7) 

This equation can be solved numerically for given 
values of Vu. For analytical solution it is necessary to 
introduce a simplification. The equation can be solved 
by simplifying and taking a mean value of the ullage 
volume during the discharge. 
  

1( ) (0)
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u u
u

V t VV −
=

 
                               (8) 

where Vu is ullage volume, t1 is the time for 
completion of phase 1, Vu(0) is initial ullage volume 
Vu(t1) is the final ullage volume. The solution of Eq.7 
by taking the mean value of the ullage volume is as 
follows: 
 

2

(0) (0)[ ] (0)u u b

t u o u

P V s dns RTv g t v
A V dt V vρ ρ

= + + +                (9) 

w
h h

o

2v(0) 2g(h h ) g(T h )ρ
ρ

= − − −
            (10) 

 
In case of venting from the ullage space, the 

pressure in the ullage space will be equal to the 
atmospheric pressure. It can also be pressurized to a 
constant value, for example by pumping. In this 
condition, the efflux rate is a function of the oil height, 
puncture point location and ullage pressure. It 
decreases when the height is reduced and is obtained 
by the following equation: 
 

21( ) ( )
2u o o h o atm w hP g H h v P g D hρ ρ ρ+ − − = + −

                          
u atm w

h h
o o

2(P P ) 2v(h) 2g(h h ) g(T h )ρ
ρ ρ
−

= + − − −            (11) 

where h is the height of oil in the cargo tank. The rate 
of outflow through the hole is: 

dQ C vds=
i

                              
                          (12) 

If the opening is in the side, the velocity varies as 
a function of the height (b) in the opening.  

 

 
 

Figure 1.Outflow from rectangular opening 

The approximate volume flow rate through a strip 
of height dy and width l is: 
 

dQ c vl dydt=   

1

2

H
u atm w

d d h hH
o o

2(P P ) 2dQ c vldy c l 2g(y h ) g(T h )dy
dt

ρ
ρ ρ
−

= = + − − −∫ (13) 

 
If the opening is - rectangular, H1=H-b/2 and 
H2=H+b/2, integration over the height yields; 

H b/23
u atm w 2

d d h h
o o H b/2

2(P P ) 2dQ 1c vbdy c b ( 2g(y h) g(T h))
dt 3g

ρ
ρ ρ

−

+

⎡ ⎤−
= = + − − −⎢ ⎥

⎣ ⎦
 (14) 

Then the result can be written: 
 

2u atm w
d h h

o o h

2(P P ) 2 1 bQ c s 2g(y h ) g(T h ) 1 ( ) ...
96 h h

ρ
ρ ρ

⎡ ⎤−
= + − − − − +⎢ ⎥−⎣ ⎦

i

  (15)
  

 
For a small opening (b<<h), the flow rate is: 
 

u atm w
d h h

o o

2( P P ) 2
Q c s 2g( y h ) g(T h )

ρ
ρ ρ
−

= + − − −
i

      (16) 

while, 
 

= ∆TotalQ h B L                                                         (17) 
 

in which ∆h is the ideal change in height and is given 
by: 

( ) ( )w
o h h

o

h H h d h
ρ
ρ

∆ = − − −                            (18) 

Cd is the discharge coefficient, s is the opening hole 
area, and d is draft of ship. 
The ideal outflow rate is given by equation (7): 

( ) ( )i h
d

AT h v v
c s g

= −                                  (19) 

The outflow velocity can be expressed as a function of 
time: 

( ) d
initial

c s g tv t v
A

= −                                  (20) 

The average outflow velocity can be represented by 
equation (3)  

dy 

l 

b 
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31 ( )
3 g

a
i

ave b

vv v h dh
a b h

= =
− ∆∫                          (21) 

where a and b are the initial and final height of oil in 
the cargo tank, and vi is the initial oil outflow velocity. 
The theoretical oil spill volume is given by equation.4; 
Similarly, the oil height inside the wing tank is given 
by: 
 

22 2
2

2( ) ( )
2 2

initiald initial d w w

o

vc s g v c s Hh t t t
A A g

ρ
ρ

= − + +     
(22) 

The total outflow duration is obtained when 
hydrostatic equilibrium between oil and water is 
attained. It is given by: 
 

2( ) 2 ( )2 .( )u atm w h initial
total o h

d o o d

P P g D h vA AT g H h
c sg c g s

ρ
ρ ρ
− −

= + − − =
    (23)

  

Phase 2. Two way flow 
When the pressures on the average are equal 

over the water and oil interface in the opening, there is 
a local imbalance due to different densities of the 
fluids. A combination of water inflow/oil outflow 
through the opening may occur. The inflow-outflow 
through the opening must be equal from continuity, 
but the effective opening will gradually be reduced. To 
compute the process in all its details will be too 
complicated, but it is possible to estimate the initial 
flow rate. Fannelop (1994) introduces some basic 
assumptions: the volume flow rates are equal, the flow 
velocity is given by the hydrostatic pressure difference 
and the flow area is constant.  

These assumptions can be expressed as 
follows for a rectangular cross section, 

1 2s s s+ =                           (24) 

1 2
1 1 2 2 0

s s
v ds v ds+ =∫ ∫                   (25) 

1 2
( )2 w o

w

v v g yρ ρ
ρ
−

= =                   (26) 

where s1 and s2 are the inflow and outflow areas. Refer 
fig.2.  y is the height of the stream surface for each 
flow. For example in a rectangular or circular opening 
and with these assumptions, the interface is located at 
the midheight of the opening and y is half of the 
opening height. For a triangular opening, in order to 
satisfy the assumption, the interface is located at 32% 
of the height of the edge.  
 

 
 

 
 

Figure 2. Flow through rectangular and triangle openings  

The flow will cease when there is water on both sides 
of the breach. The oil outflow in this phase can be 
given by: 

2o hQ BLh=                      (27) 

where B and L are breadth and length of the tank and 
hh is the height of the opening from the bottom. The 
outflow time in the second phase is given by: 

02

1d

QT
C sv

=                             (28) 

Single hull design  
The geometric parameters which are pertinent 

to the oil flow from a single hull design are depicted 
schematically in Figure 3. s is the opening area, L and 
B are the length and breadth of the ruptured cargo 
tank, respectively. Q is the theoretical oil spill volume, 
which equals the reduction of the cargo content.  It is 
assumed that neither the inner nor the outer hull has 
undergone any structural deflections. The blockage 
effect is considered only in relation to the opening area 
and discharge coefficient. This paper does not examine 
the flow through and around structural members in the 
tank. The effects of viscosity and turbulence are 
neglected. By neglecting the effects of viscosity, it is 
implicitly assumed that the gravitational forces are 
much greater than the viscous forces (Schneekluth et 
al. 1998).  

Case Study 
Illustrative examples are presented in order to 

show the performance of the proposed method and to 
compare the predictions with numerical simulations. 
The vessel selected for the case study, is a FPSO with 
displacement of 170,000 tonnes.  The principal 
dimensions of the FPSO and ruptured tank are shown 
in Figure 3.The opening area is 0.1 m2, 1 meter length 
and 10 centimetres height. It is assumed that rupture 
occurs 4 meter higher than the bottom of the tank and 
has the shape of a rectangular prism. 
In the numerical simulation, the model is 2D and it is 
assumed that the rupture geometry and resultant flow 
are longitudinally invariant. The height of the hole is 
10 centimetres and has 10 grid points across. The 
model has 15000 and 10000 grid points in the vertical 
direction of the damaged tank and intact tank, 
respectively, and 5000 in the transverse direction in 
both tanks. The free water surfaces were set at 
atmospheric pressure. The Volume of Fluid CFD 
technique and laminar flow assumption are used in the 
simulations. 
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First stage: Filling of ballast tank  
The oil and water convect through the ballast 

tank. The oil flows out from the cargo tank and water 
flows in from the sea into the ballast tank. The jet of 
oil is kept from leaving the hull by the jet of incoming 
water. This step ceases as soon as hydrostatic 
equilibrium occurs between oily-water and either sea 
water or cargo oil. 

In relation to the interaction between oil and 
water in the ballast tank it assumed that oil and water 
are completely immiscible.  

Oil inflow 
The oil flows to the ballast tank with different 

trends. The outflow rate depends on the oil height in 
the cargo tank, draft of the ship, and height of mixture 
of oil-water in the ballast tank. 
 

1 1

1 1

1 1
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& 2 [( ) ( )]

& 2 [( ) ( ) ]
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uow h uw h uo o h uow h
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If h h h h v g h h h h h ρ
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≤ → = −

> ≤ → = − − −

> > → = − − − −

1 1= ∆O ouQ h B L  

      
(29) 

where huow is the height of the mixture of water and oil 
in the ballast tank, hh is the height of the puncture, ho is 
the height of the oil in the cargo tank, huw is the height 
of the water in the ballast tank, huo is the height of the 
oil and, ou1h∆ is the change in height of the oil in the 
cargo tank. The rate of outflow as a function of time 
can then be expressed as: 
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The height of the oil in the ballast tank (huo1) is found 
as: 
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1 1 121 1 1

1 1 1
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u t u u

c s gHQ c s gh t t
A A A A     (31)

  

Water inflow 
The rate of water inflow to the ballast tank 

depends on the draft of the ship and the height of the 
oil-water inside the ballast tank while the ship’s 
movements are neglected. By increasing the height of 
the mixture of oil-water, the rate of the water inflow 
will decrease. The rate of the incoming water can be 
obtained from the following equation: 
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(32) 

where d is the draft of the damaged ship. The height of 
the oil in the ballast tank is a function both of time and 
the height of the oil inside the cargo tank. In order to 
solve this equation, time domain simulations are 
performed. At each time step, the height of the oil is 
calculated, and then the height of the water is 
subsequently computed. The height of the water versus 
time is given by: 

2 22 22 2
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and; 
2
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c s gQ t c s g d h t
A
ρ

ρ
= − + −        

(34) 

This stage is terminated once hydrostatic equilibrium 
between either the oil-water mixture and oil or water is 
attained. 

Second stage: outflow and inflow to the ballast tank 
The second stage depends on the height of the 

oil in the cargo tank, the ship’s draft and the mixture 
of the oil-water in the ballast tank. Two different states 
may develop: 
State 1 

In the first state, the hydrostatic oil pressure at 
the inner opening (s1) is greater than the hydrostatic 
pressure of the mixture of oil and water. If it is 
assumed that oil and water are immiscible, oil will run 
out of the cargo tank into the ballast tank and increase 
the hydrostatic pressure inside this tank and 
consequently push water or oil out to the sea.  
State 2 

In the second state, seawater flows into the 
ballast tank and oil or water flows into the cargo tank 
because the hydrostatic seawater pressure is greater 
than the pressure of the mixture of oil and water at the 
outer bottom opening. It is obvious that for the second 
state, there is no oil spill.This stage ceases as soon as 
second hydrostatic equilibrium occurs.  

Third stage: Two way flows 
The reason for oil outflow and water inflow in 

the third stage is different density of the fluids. This 
stage depends on the height of water inside the ballast 
tank and cargo tank. If the density of liquids is 
different at both sides of the holes, there is a 
combination of water inflow/oil outflow through the 
openings. The inflow-outflow through the openings 
must be equal from continuity reasons, but the 
effective opening will gradually be reduced. 

Outer hole 
Whereas the external side of the outer hole is 

always water, the height of the water in the ballast tank 
has a major impact on the flows. If the height of the 
water in the ballast tank is less than the height of the 
puncture, two way flows may happen. The water/oil 
flow to the ballast tank ceases when there is water on 
both sides of the two holes. The velocity of oil 
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Evaluation of Critical Grounding Incidents  
Bernadette Zipfel and Eike Lehmann 

Hamburg University of Technology 
 
 
Abstract: 
A method is introduced to quickly measure the total bending moment and shear force for any ship due to soft groundings. Therefore 
the ship design program e4 and the FE program Ansys are used and coupled. The grounding points respectively areas are combined 
with different load cases. These combinations are being considered for different water levels due to tide. The critical combinations that 
lead to an exceedance of the maximal allowable bending moment and shear force according to classification societies can be 
determined. The ship is modelled as rigid body and the sliding phase is not considered. The presented method is verified through 
existing formulas. Also the acting forces and moments as well as the sections at risk can be identified. The method is exemplary 
applied for a container vessel. 
 
 
Introduction 
The focus is being at soft grounding which happened 
more frequently in the last years. Especially because 
ship dimensions are continuously growing and the 
demurrage is reduced, the manoeuvring room is smaller 
in harbours. Grounding accidents can lead to the loss of 
human lives, severe environmental consequences and 
economical loss. Therefore assessing the influence of 
the additional forces and moments on the ship structure 
resulting from grounding is of main interest. For a 
pontoon, Östergaard et al. [6] developed formulas to 
calculate the additional vertical force and the bending 
moment caused by strandings. Pedersen [5] as well gave 
formulas for the additional shear force and the ending 
moment. He assumed that the breadth is constant over 
the length and that the waterplane area does not change 
while emerging. Lehmann et al. [4] published a formula 
to estimate the additional bending moment only at the 
main frame of any ship. 
A method is developed to calculate the total bending 
moment, shear force and heeling angle due to grounding 
for any ship depending on the load case, the grounding 
point/area and the surface drawdown. The purpose is to 
find the critical combinations of grounding point/area, 
surface drawdown and load case which lead to an 
exceedance of the global bending moment and shear 
force requested by classification societies or/and lead to 
instability in the final position. 
Furthermore the value of the additional forces and 
moments caused by grounding shall be determined. The 
method is performed for a container vessel. 
 
Method 

It is assumed that the ship does not suffer 
important damage between the initial contact with the 
ground and the final laying position.The hull behaves 
predominantly as a rigid body. Therefore the immersion 
of bow and stern when the ultimate resistance of the 
girder is reached is neglected. 
A panmax container vessel with different load cases is 
chosen. Grounding of the vessel at certain points/areas 
including surface drawdowns due to tide is simulated  
 
 

 
with the ship design program e4. Then the resulting 
load forces and water pressure are applied onto a beam 
modelled in the finite element program Ansys 11.0. 
As a result of the modelling of a predefined load case 
the total bending moment and the shear force caused by 
a grounding incident and changes in water level can be 
determined. 
 
Dimensions and Load Cases of a Vessel  

The relevant dimensions of the chosen vessel 
Panmax-J are given in table 1. Panmax-J is a ship 
design and fully implemented in e4. 
 
Table 1: Dimension of Panmax-J 

Length Loa 294.1 m 

Length Lpp 285.6 m 

Breadth B 32.2 m 

Height D 21.8 m 

Design Draft Td 12.04 m 

Block Coefficient cB 0.656 

Mainframe Coefficient cM 0.98 

Speed v 24 kn 

 
Three load cases are considered: the arrival (A), 

the ballast (B) and the departure case (C). All load cases 
are typical for estuary voyage. In the arrival case the 
ship has its design draft. Figure 1 shows the weight 
distribution, shear force and bending moment calculated 
for this load case at the centreline.The weight 
distribution is required for the FE calculations. e4 gives 
all relevant weights as a line load distribution at the 
centreline. 

During the ballast voyage the ships' draft is 
6.26m. This load case has the largest bending moment 
and defines therefore the moments for the main frame 
design. 
The vessel floats on the design draft while departing 
from a port. The still water bending moment is the 
smallest compared to the other two load cases. 
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Figure 1: Load Case A: Weight Distribution, Shear Force and 
Bending Moment 

 

Grounding Calculation in e4, Grounding   Position 
and Tide 

A subroutine was implemented in e4. So the user 
defines the position of grounding, surface drawdown 
and if the trim and the heel are fixed or free. The 
method generates a sheet of hydrostatic curves. Here the 
trim and the heel are always set free. They are 
automatically determined, so that the moments relative 
to the grounding location are equalized, see [3]. 
For each new floating condition, a sectional area curve 
is generated. The buoyancy at the centreline is 
converted in a line load distribution by integration of 
the sectional area curve. 

The following table 2 gives an overview of the 
calculated cases. 
In each grounding case the water level is changed. The 
initial position is calculated (no grounding, no tide) and 
then the surface is drawn down in one meter steps to a 
total change of five meters. 

Table 2: Grounding Cases 

Case Description 

A1 load case A, different grounding points, always y=0m 

A2 load case A, different grounding areas, always y=0m 

A1y load case A, different grounding points, always y=8m 

B1 load case B, different grounding points, always y=0m 

C1 load case C, different grounding points, always y=0m 

 
Finite Element Model 

The total bending moments and vertical forces 
due to the grounding cases are calculated in Ansys. 
The ship is modelled as a beam. The forces resulting 
from weight and buoyancy are applied as line loads 
onto the beam. The line load distribution from the 
floating condition generated in e4 is in a ship-fixed 
coordinate system. For a correct FE calculation, the 
distribution should be in a ground-fixed reference 
system. A test with a pontoon (L=100m, B=1m, 
T=20m, trim angle=5°) reveals that the difference of the 
buoyancy distribution in a ship-fixed and a ground-
fixed system are marginal. A difference in the 

distributions only occurs at the first meter of one end. 
After the first meter the difference is less than 0.4%. 
For a real ship, the difference is insignificant since ships 
have proportionally the fewest buoyancy at the bow and 
the stern. 

The correct moment of inertia of the beam is not 
required for the method, because only the moments and 
forces are examined. For the cases A1, B1 and A1y five 
degrees of freedom are fixed at the grounding point. 
Only the rotation around y is free. Whereas the 
grounding area is modelled with springs to simulate an 
elastic foundation. The stiffness of the springs does not 
influence the result and is chosen to one. 
In all cases a spring with a stiffness of one is placed at 
each end of the beam to prevent rigid body motions. 
The reaction forces in the springs are low and they do 
not have an influence on the results. A drawing of the 
beam and its boundaries is presented in figure 2 for 
each grounding case. The coordinate system is plotted 
and the vessel is sketchily shown in order to reach more 
clearness. 
 

 
Figure 2: Beam (Idealized Ship) 
 

Results of Method 
Load case A is chosen for most calculations 

because its still water bending moment lies between the 
one of load case B and C. 
Ground position is measured from aft perpendicular 
(A.P.). The cases A2, A1y, B1 and C1 are compared to 
case A1. For each case, the bending moments and shear 
forces for the five water levels are presented. The 
maximal allowable bending moments and shear forces 
which are determined according to the rules of 
Germanischer Lloyd (GL) [2] are always plotted with a 
dashed line as reference curves. The reference curves 
include the reserve between the still water and the 
seagoing conditions of the structure. The grounded 
vessel is probably not subjected to wave loads, [1],[5]. 
So if the curves are exceeded, the structure will take 
severe damage. 
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Figure 3: Bending Moments and Shear Forces due to Grounding at 
65m A.P. (Case A1) 

 

 

 
Figure 4: Bending Moments and Shear Forces due to Grounding at 
145m A.P. (Case A1) 

 

 
Figure 5: Bending Moments and Shear Forces due to Grounding at 
265m A.P. (Case A1) 
 
Grounding Case A1 

Figures 3 to 5 exemplarily show the total 
bending moments and shear forces due to grounding at 
65m, 145m and 265m A.P. for each surface drawdown. 
Except for four positions, most of the total bending 
moments exceed the allowable moment after GL. Only 
for running aground at 85m, 105m, 165m and 185m 
A.P., the moments of all water levels stay inside the 
envelope although they are reduced at the stranding 
position. 
When the vessel strands in the area of the aft body 
(between -5m and 25m) or the fore body (between 
225m and 285m A.P.), all tide levels lead to an  
exceedance of the maximal moment according to GL 
amidships. Accidents for two to five meters of surface 
drawdown which occur at 45m, 65m and 205m A.P. 
lead to an exceedance of the allowable bending 
moment. Running aground around midship section 
(125m and 145m) produces maximal bending moments 
for water drawdowns of 4m and 5m that lie outside the 
envelope (see fig. 3). 
The highest positive bending moment out of all 
calculated positions occurs for grounding at the bow 
(285m: 7.3E6 kNm and 265m: 7.1E6 kNm, see fig.5). 
The moment is measured amidships. However the effect 
is less for stranding at the stern (-5m: 6.3E 6kNm and 
5m: 6.2E6 kNm) than for stranding at the bow. Due to 
stranding at 145m A.P., the maximal negative moment 
occurs with -6.4E6 kNm (see fig. 4). The shear force at 

-7.E+6

-5.E+6

-3.E+6

-1.E+6

1.E+6

3.E+6

5.E+6

7.E+6

-5 45 95 145 195 245 295

Ship Length [m]

M
o

m
en

t 
[k

N
m

]

0m Surface Drawdown
1m Surface Drawdown
2m Surface Drawdown
3m Surface Drawdown
4m Surface Drawdown
5m Surface Drawdown
Max. Moment GL

.

.

-2.0E+5

-1.5E+5

-1.0E+5

-5.0E+4

0.0E+0

5.0E+4

1.0E+5

1.5E+5

2.0E+5

-5 45 95 145 195 245 295

Ship Length [m]

F
o

rc
e 

[k
N

]

0m Surface Drawdown
1m Surface Drawdown
2m Surface Drawdown
3m Surface Drawdown
4m Surface Drawdown
5m Surface Drawdown
Max. Moment GL

.

.

-7.E+6

-5.E+6

-3.E+6

-1.E+6

1.E+6

3.E+6

5.E+6

7.E+6

-5 45 95 145 195 245 295

Ship Length [m]

M
o

m
en

t 
[k

N
m

]

0m Surface Drawdown
1m Surface Drawdown
2m Surface Drawdown
3m Surface Drawdown
4m Surface Drawdown
5m Surface Drawdown
Max. Moment GL

.

.

-2.0E+5

-1.5E+5

-1.0E+5

-5.0E+4

0.0E+0

5.0E+4

1.0E+5

1.5E+5

2.0E+5

-5 45 95 145 195 245 295

Ship Length [m]

F
o

rc
e 

[k
N

]

0m Surface Drawdown
1m Surface Drawdown
2m Surface Drawdown
3m Surface Drawdown
4m Surface Drawdown
5m Surface Drawdown
Max. Moment GL

.

.

-7.E+6

-5.E+6

-3.E+6

-1.E+6

1.E+6

3.E+6

5.E+6

7.E+6

-5 45 95 145 195 245 295

Ship Length [m]

M
o

m
en

t 
[k

N
m

]

0m Surface Drawdown
1m Surface Drawdown
2m Surface Drawdown
3m Surface Drawdown
4m Surface Drawdown
5m Surface Drawdown
Max. Moment GL

.

.

-2.0E+5

-1.5E+5

-1.0E+5

-5.0E+4

0.0E+0

5.0E+4

1.0E+5

1.5E+5

2.0E+5

-5 45 95 145 195 245 295

Ship Length [m]

F
o

rc
e 

[k
N

]
0m Surface Drawdown
1m Surface Drawdown
2m Surface Drawdown
3m Surface Drawdown
4m Surface Drawdown
5m Surface Drawdown
Max. Moment GL

.

.



5th International Conference on Collision and Grounding of Ships 

100 
 

the grounding position is remarkable high compared to 
the force in the initial floating condition. The effect of 
running aground can clearly be seen for every position 
by the large jump of the force value (see fig. 3 to 5). 
 

 
 

 
Figrue 6: Bending Moments and Shear Forces due to Grounding at 
145m A.P. (Case A2 

 
The whole course of the shear force also changes 

due to grounding. The maximal allowable vertical shear 
force according to GL is exceeded for each grounding 
incident and almost every water level. Just for one 
meter of surface drawdown and grounding at 65m, 
105m, 125m and 145m A.P, the shear force stays inside 
the envelope (see fig. 3 and 4). The shear forces not 
only exceed the allowable value directly at the 
grounding position but also beyond it. Especially when 
the vessel grounds in the fore or aft body, the shear 
force is high at the area of the other end. However the 
maximal shear force often occurs at the same location 
as the maximal bending moment which takes place at 
the grounding position. 
Stranding at 145m generates the highest shear force of 
3.35E5 kN for 5m of surface drawdown out of all 
calculations. This is 100 times more than the shear force 
in the initial floating condition (see fig. 3). 
 
 
 

Grounding Case A2 
In grounding case A2 the reaction force is 

constantly distributed over 30m (ca. 10% of Loa). 
Figure 6 compares the total bending moments and shear 
forces for stranding at the area of 130-160m A.P. to 
grounding at the point 145m A.P. for three different tide 
levels.The bending moments and shear forces are 
explicitly smaller than for grounding at one point 
around midship. The average deviation between the 
moments of case A1 and case A2 measured at 145m 
A.P. is 31.93%.However the shear forces differ 30.07%. 
The reduction of forces and moments amidships decline 
for grounding in the area of the fore or aft body. The 
difference at 143m A.P. between point and area is only 
2-2.5%. The deviation at the grounding position is still 
very high. 
 
Grounding Case A1y 

Stranding outside of the centreline primarily 
produces a heeling moment. The force due to stranding 
is small. Hence the resulting moments and forces do not 
differ much from the initial floating condition before 
grounding. 
 
Table 3: Force, Heel and Trim Angle for Grounding at x=145m, 
y=8m 

∆t TAP [m] trim 
[m] 

heel 
[m] 

FG [kN] 

1 11.858 -0.007 5.86 7198.578 
2 11.519 0.105 11.063 12397.878 
3 11.083 0.249 15.767 17212.626 
4 10.581 0.395 20.081 22353.066 
5 10.026 0.536 24.084 28139.004 

 
Table 3 gives the grounding force FG, the trim and the 
heel angle for running aground at the point x=145m 
A.P. and y=8m. 
In this case stability is the problem. The structure is 
only loaded with low forces and moments compared to 
case A1. Figure 7 reveals that the grounding force FG of 
case A1 is ten-times higher than in case A1y. 
 

 
Figure 7: Grounding Force FG: Case A1 vs. A1y 
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Figure 8: Bending Moments and Shear Forces due to Grounding at 
65m A.P. (Case B1) 
 

 

 
Figure 9: Bending Moments and Shear Forces due to Grounding at 
145m A.P. (Case C1) 

Grounding Case B1 
When running aground at the aft part of the 

vessel the bending moments are higher than in case A1, 
see figure 8. An average deviation of 10.15% is 

measured at 
2
ppL =143m. The shear forces are higher 

(10.52%) at the ground point but the jump is much 
smaller than in case A1. 
If the ship strands amidships or in the fore body area, 
the moments and forces are clearly smaller. Especially 
for grounding at 145m A.P., all moments of case B1 are 
less than half the value of the moments in case A1. For 
stranding at 265m, the moments from case A1 are 15% 
higher amidships. 
 
Grounding Case C1 

In case C1 the moments and forces are higher 
than in case A1 when the vessel grounds amidships, see 
figure 9. For running aground in the area of the fore or 
aft body, the bending moments and the shear forces 
become smaller compared to case A1. 
 
Verifying the Method 

The grounding case A1 is also calculated with 
existing formulas of Lehmann et al. [4] and Östergaard 
et al. [6] to verify the method. The additional bending 
moment due to grounding is calculated at three points: 
5m, 145m and 265m A.P. At all points, five moments 
are achieved, one for every meter of surface drawdown. 
Therefore a total of 15 moments with each formula are 
assessed and compared to the results of the described 
method.  
In order to achieve more clarity the additional bending 
moments due to grounding which are calculated with 
three different methods/formulas are classified as 
shown below: 
 

• MZ(x): additional bending moment at all length 
meters after Zipfel 

• ML: additional bending moment at 143m A.P. 
after Lehmann  

• MÖ(x): additional bending moment at all length 
meters after Östergaard, multiplied by the 
coefficient of water plane cWp, see [1]. 

 
To attain MZ(x), the still water bending moment from 
load case A (see fig. 1) is subtracted from the calculated 
total bending moment due to the relevant grounding 
position. 
First MZ(x=143m) is compared with ML and afterwards 
compared to MÖ(x=143m). In the following,  
the deviation from ML respectively MÖ(x=143m) to 
MZ(x=143m) will be discussed. The percental 
differences of the moments resulting from each water 
level are averaged for the considered stranding point. 
Lehmann estimates the additional bending moment at 
the main frame due to different grounding positions for 
ships. 
The required coefficients cWp and cM  are given by 
Lehmann estimates the additional bending moment at 
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the main frame due to different grounding positions for 
ships. 
The required coefficients cWp and cM  are given by 
Lehmann [4] (pp. 924) for different block coefficients 
cB. For cB =0.7 the coefficients are given to cWp =0.8 
and cM =0.83. 
The average deviation between MZ(x=143m) and ML 
for all 15 moments is 3.64%. The value of MZ(x=143m) 
is frequently higher. 
The maximum difference for grounding at 145m A.P. 
amounts to 6.85%. Here ML is a conservative estimation 
compared to MZ(x=143m). When the ship strands at 5m 
A.P., the value of ML is 3.37% less than MZ(x=143m). 
The moments MZ(x=143m) and ML are almost the same 
(difference: 0.7%) for ground point 265m A.P. 
In total, the moments after Lehmann do not differ much 
to the moments achieved by the here presented method. 
Östergaard developed formulas to calculate the 
additional vertical force ),L(V * τ  and the additional 

bending moment )x,,L(M * τ  caused by grounding of a 
pontoon. 
It is difficult to compare a pontoon with a slender 
vessel. Nevertheless, the formula of Östergaard shall be 
used since no other simple formulations exist for the 
given problem. So the formula of Östergaard is 
multiplied by the water plane coefficient cWp, see [1]. 
This makes it possible to partly include the effect of the 
real water plane. The correct coefficient depends on the 
draft and the trim. For each grounding point and water 
level, the value cWp is taken out of the hydrostatic tables 
from e4. The achieved moment is called MÖ(x). The 
moment MÖ(x) is an approximation of reality. 
For all 15 moments, the average deviation between 
MZ(x=143m) and MÖ(x=143m) is 25.63%.  
Stranding at 145m A.P. gives a huge and conservative 
difference of 39.02% compared to MZ(x=143m). For a 
grounding accident at 5m A.P., the moments are 
33.44% higher than MZ(x=143m). Again the least 
deviation can be seen when the vessel runs aground at 
265m A.P. but the values of MÖ(x=143m) are smaller 
than MZ(x=143m). 

 
Figure 10: Additional Bending Moments due to Grounding at 5m 
A.P. 
 

 
Figure 11: Additional Bending Moments due to Grounding at 145m 
A.P. 
 

 
Figure 12: Additional Bending Moments due to Grounding at 265m 
A.P. 

In figures 10 to 12 the additional bending 
moments MZ(x), MÖ(x) and ML are plotted subject to 
three water levels (1m, 3m and 5m). 
The formula of Östergaard does not produce good 
estimations for slender ships. Multiplying Östergaard's 
formula by the correct water plane coefficient reduces 
the moment. But the real buoyancy distribution of a 
slender ship is not included. 
In all three cases the absolute value of the moments 
MÖ(x) at the stranding point are explicitly higher than 
MZ(x). For grounding at 145m and 265m A.P., the 
course of MÖ(x) equals the course of MZ(x) (see fig. 11 
and 12). In the case shown in figure 11 the values are 
overestimated. 
Östergaard's moments take good courses of the moment 
for running aground in the forward part (see fig. 12). 
Since the stern immerses which equals far more a 
pontoon than the bow. The value of the moment 
MÖ(x=143m) amidships is less because at the grounding 
position the moment is overvalued. The vessels bow 
produces less overplus of buoyancy than a cuboid. 
For grounding at 5m, the course achieved by Östergaard 
differs from MZ(x) (see fig. 11). Now the bow 
immerses. 
The bending moments MZ(x), ML and MÖ(x) are also 
calculated for a full-bodied ship, because it equals more 
a pontoon. The bulk carrier Bulker-B as well is a ship 
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design (Studienarbeit Zipfel [7]) in e4. The bulker 

grounds at 10m, 
2
ppL =110m and 210m A.P. 

For the bulker, the formulas of Östergaard give better 
results than for the container vessel. The conservative 
estimation differs only 11.36% from MZ(x=110m). The 
courses of MÖ(x) for all position equal those of the 
method. 
The moments ML after Lehmann are then again almost 
the same as MZ(x=110m). 
 
Conclusion and Recommendations for Further 
Work 
Conclusion 

A method was introduced to measure the total 
bending moment, the shear force and the heel angle for 
any ship due to grounding. The critical combinations of 
grounding point/area, surface drawdown and load case 
that lead to an exceedance of the maximal allowable 
bending moment and shear force can be determined. 
The comparison with existing formulas showed that the 
presented method gives reasonable results which 
include all relevant effects as ship form and trim. 
So the acting forces and moments as well as the 
sections at risk can be identified. 
The method is quick and applicable for every existing 
vessel and every ship design. 

The smaller the bending moment amidships 
resulting from the load case, the more the moment due 
to grounding in the middle of the ship leads to an 
exceedance of the allowable moment. However, when 
the vessel strands at the area of bow or stern and the 
initial bending moment is high, then a higher moment 
occurs amidships. 

The shear force due to grounding for all 
positions is the most critical factor. Especially in 
combination with the maximal bending moment at the 
same position, the structure can take severe damage. 
Not only the bending moment at the grounding position 
can be detrimental but also the moment amidships can 
exceed the allowable bending moment (for stranding in 
fore/aft body). This effect is not significantly reduced 
when the vessel runs aground on a sandbank. 
 
Recommendations for Further Work 

Knowing the acting forces and moments as well 
as the sections at risk, the next step is to reduce the 
simplification. The method can further be used to 
control the forces, moments and reactions. 
At first, the ship should be considered as flexible. 
Therefore the structure of the whole ship or at least the 
interesting sections need to be modelled in the finite-
element method. An adequate model with which 
includes the local and global failure by coinstantaneous 
guaranteeing a quick computing time, needs to be 
found. 
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Numerical simulation of transversely impacted, clamped 
circular aluminium plates  
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Abstract: 
In this paper experimental and numerical results of a series of drop weight impact tests examining the dynamic response of fully 
clamped aluminium 5083/H111 circular plates struck transversely at the centre by a mass with a spherical indenter are presented. The 
impact velocity varied from 1.0 to 6.0 m/s. The plates showed no visible damage at the very lowest incident energies, but suffered both 
indentation damage and plastic deformation as incident energy was increased. The numerical modelling was performed using the LS-
DYNA non-linear, dynamic finite element software. Both shell and solid element models of progressively refined mesh sizes were 
used and the results compared with the experimental data. The numerical calculations used can accurately predict the response of 
deflections, forces and absorbed energies, even for the models with coarse meshes. However, finer meshes and solid elements were 
required to obtain a satisfactorily accurate prediction of the deformed shape. 

 
Introduction 

Increased attention is being paid to the 
assessment of the collision strength of ship structures, 
and to developing more crashworthy designs. One 
approach to the problem is to use complex finite 
element models to calculate the energy absorbed during 
collision (Akita et al. 1972, Kajaste-Rudnitski et al. 
2005). Another approach is to use simple models of 
energy absorption for each structural member and to 
calculate the absorbed energy as the collision progresses 
and the structural elements are subjected to large 
deformations (McDermott et al. 1974, Amdhal et al. 
1995, Wang et al. 1997). The simplified models used to 
calculate energy absorption are based on rigid plastic 
theory, which has been shown to be appropriate for 
these predictions as described in Guedes Soares (1981), 
Jones (1989), Stronge and Yu (1993), and Yu and Chen 
(2000), among others. Concerning the behaviour of 
plates, a theoretical analysis that examines the dynamic 
plastic response of thin circular plates transversely and 
centrally struck by a mass with a conical head and a 
spherical nose has been summarized by Shen (1995). 
The analysis employs an interaction yield surface which 
combines the bending moment and membrane forces 
required for plastic flow. Approximate formulas for the 
load-deflection relationship of a rigid-plastic circular 
plate deflected by a rigid sphere were derived by Wang 
et al. (1998), which studied the behaviour at large 
deflection, neglecting the contribution from bending 
moments. Mechanics of the lateral indentation of a rigid 
sphere into a thin, ductile metal plate were studied by 
Simonsen and Lauridsen (2000) including experiments, 
analytical theories and finite elements calculations. The 
focus was the prediction of plate failure and the energy 
absorption until this point. Analytical theories were 
derived for the load-displacement behaviour of a plastic 
membrane up to failure. Experimental tests which 
examine the dynamic response and petalling failure of 
thin circular plates struck transversely by masses having 
conical heads were conducted by Shen et al. (2002) and 
the theoretical analysis which examines the petalling 
failure was proposed by Shen (2002). 

 
 
The purpose of the present work is to compare 

the results of a series of experimental tests previously 
reported by Sutherland and Guedes Soares (2009) with 
a finite element analysis using different elements type 
and meshes size. The force-displacement curves of the 
different simulations are compared with the 
experimental results and the best approximations are 
selected for further calculations. The shape of the 
deformation is analyzed considering local indentation 
and global deflections. 

Theoretical background 
A theoretical analysis of the dynamic plastic 

response of thin circular plates struck transversely by 
non-blunt masses was proposed by Shen (1995) and is 
summarized as follows; The fully clamped circular plate 
in Figure 1 has a radius R, thickness H, mass density ρ 
and is struck by a mass G traveling with an initial 
velocity V0 at the centre of the plate. After impact, the 
striker G is assumed to remain in contact with the plate. 
Therefore, the striker and the struck point of the plate 
have an initial velocity V0 at the instant of contact and a 
common velocity throughout the entire response. The 
maximum total deformation Wt is divided into two 
parts: maximum local indentation Wi and maximum 
global deflection W. A quasi-static method is used to 
analyze the local deformation, while the global 
deflection is studied with a dynamic analysis. The local 
indentation and the central global deflection correspond 
to a common force magnitude between the striker and 
the impact point of the plate throughout the whole 
response. First the global deflection is calculated along 
with its corresponding force, and from this force the 
indentation is calculated. Thus, for example, the 
maximum force corresponds to the maximum 
centralglobal deflection and the maximum local 
indentation. 
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Figure 1: Clamped circular plate struck transversely at the centre by a 
mass. 

The yield condition combines the bending 
moment and membrane force which cause the cross-
section of a perfectly plastic structure to became fully 
plastic (Jones 1989). Material strain rate sensitive 
effects are considered with the aid of the Cowper-
Simonds equation and Perrone and Bhadras 
approximation, which was further simplified by Jones 
(1989). 

The indentation of the plate under the striker is 
observed to have the same shape as the head of the 
striker. It is assumed that any point in the un-deformed 
plate moves vertically without horizontal displacement 
in the deformed plate, as can be seen in the detail of 
Figure 1. For the global deflection the following two 
simplifications are introduced: 
(a) The radial and circumferential membrane forces are 

equal and are independent of the radial coordinate. 
(b) Plastic yielding is controlled independently by radial 

and circumferential bending moments and 
membrane forces. 

In view of assumption (a) the normality 
requirement of plasticity associated with circumferential 
bending moment and membrane force is disregarded. 
Figure 1 shows the permanent total deformation of the 
plate, the shape of the un-deformed plate and the global 
deformation of the plate without local indentation. The 
local indentation plays an important role in the total 
response of the plate (Wi and W are generally of similar 
magnitude) and hence cannot be neglected. 

Experimental details and summary of results 
Impact testing was performed using a fully 

instrumented Rosand IFW5 falling weight machine. A 
small, light hemispherical ended cylindrical projectile 
was dropped from a known, variable height between 
guide rails onto clamped horizontally supported circular 
aluminium 5083/H111 plate targets. A much larger, 
variable mass was attached to the projectile and a load 
cell between the two gave the variation of impact force 
with time. An optical gate gave the incident velocity of 
the impact head, and hence the velocity, displacement 
and the energy it imparted could be calculated from the 
measured force-time data by successive numerical 
integrations, knowing the impact mass. The 
experimental set up can be seen in Figure 2. Specimen 
plates were 200 mm square and were fully clamped by 
four bolts between two thick 200 mm square steel plates 
with internal diameter D = 100 mm. The indenter was a 

hemi-spherically ended projectile of radius r = 5 mm. In 
order to investigate the effects of both global 
deformation and local indentation, tests were carried out 
for two plate thickness’, 2.0 mm and 5.92 mm, 
(henceforth referred to as ‘thin’ and ‘thick’ 
respectively) using an impact mass of 3.103 kg  and 
4.853  kg respectively. Tests were carried out on virgin 
specimens for a range of impact velocities, from very 
low energies up to perforation where possible. Full 
experimental details and discussions of the experimental 
results may be found in Sutherland and Guedes Soares 
(2009). 

 
Figure 2: Circular plate specimen in clamped condition (dimensions 
in millimetres). 

A representative sample of the full experimental 
results at low, medium and high incident energy for 
both thin and thick plates were selected for comparisons 
with the current numerical analyses, and are 
summarised in Table 1. The ‘End’ of the test is defined 
as when the contact force drops to zero, and occurs 
when the indenter first leaves the surface of the plate. 
Specimens suffering perforation were not considered 
here. 
 
Table 1: Summary of experimental impact results. 
 Impact Values at Peak Force Values at End 

Specimen Velocity Force Defln Energy Defln Energy 

 (m/s) (kN) (mm) (J) (mm) (J) 

AL1-K 0.95 1.2 2.50 1.6 1.27 1.1 

AL1-N 2.53 3.7 5.36 10.6 4.07 9.1 

AL1-R 4.39 6.7 9.99 31.2 8.98 29.8 

AL1-U 5.90 8.9 12.78 55.7 12.00 55.1 

AL2-H 0.91 4.8 0.79 2.3 0.23 1.1 

AL2-I 2.62 11.4 2.41 16.8 1.23 12.2 

AL2-B 4.77 15.8 5.30 56.8 4.19 52.2 

AL2-D 5.85 18.4 6.74 84.0 5.79 80.2 

Numerical model 
The computations were carried out using the LS-

DYNA (version 971, Hallquist 2005) finite element 
package which is appropriate for non-linear explicit 
dynamic simulations with large deformations. The finite 
element model was designed with the following 
components (Figures 3 and 4): specimen plate, two 
support plates (one below and the other above the 
specimen plate) and the striking mass. The specimen 
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plates were modelled with either shell or solid elements, 
the support plates with shell elements, and the striking 
mass with solid elements. The shell elements were 4-
node with 5-integration points thought the thickness 
(Belytshko-Tsay formulation) and the solid elements 
were 8-node with 1-integration point (constant stress 
solid element formulation), both element formulations 
are the default in LS-DYNA. 

 
Figure 3: Details of finite element model. 

 
Figure 4: Typical mesh. 

Mesh design 
The type of element (shell or solid) and the mesh 

size used to model the plates were varied in order to 
optimise the agreement of the FE model with the 
experimental results. The meshing used in all cases was 
regular and square (Figure 4), meaning that the mesh 
was not finer neither at the point of impact nor at the 
supported perimeter. Initial calculations explored the 
use of different mesh configurations, some of them 
automatically generated and others with coincident 
nodes in the supports and radial orientation of the 
elements. Similar results were obtained in all cases and 
hence the simplest and cheapest mesh design was 
selected for all future calculations.The approach taken 
was to start with a mesh size equal to the plate thickness 
and then progressively decrease the mesh size until 
good correlation with the experimental maximum force 
and displacement results was achieved. It was also 
important to obtain a good approximation of the shape 
of the plate deformation, in terms of both local 
indentation and global deflection. The mesh size of the 
shell element models considered were 6x6, 4x4 and 2x2 

mm for the thick plates (denoted by Shell6, Shell4 and 
Shell2 respectively), and 2x2, 1x1 and 0.5x0.5 mm for 
the thin plates (denoted by Shell2, Shell1 and Shell0.5 
respectively). Care was taken to avoid an excessively 
high element side length to thickness ratio. The solid 
element model mesh sizes were 1x1x1mm for the thin 
plates (Solid1), and 2x2x2 and 1x1x1 mm for the thick 
plates (Solid2 and Solid1 respectively). 

The finite element representation of the support 
plates was used to simulate the experimentally clamped 
boundary condition of the specimen plates using a 
relatively coarse mesh of shell elements with a side 
length of approximately 5 mm. The striking mass was 
modelled using solid elements since this simplified the 
definition of both the impact mass and the geometry, 
and in order to model the spherical geometry 
sufficiently accurately a mesh size of approximately 1.0 
mm was chosen. The sphere was meshed to ensure that 
the face of a sphere element (as apposed to a single 
node ‘corner’) contacted with the plate, ensuring a more 
realistic simulation of the contact area. 

The radius of the impacting mass is 5.0 mm, and 
hence the ratios of element size to indenter radius were 
6/5, 4/5, 2/5, 1/5 and 1/10 for meshes with element side 
length 6, 5, 4, 2, 1 and 0.5 mm respectively. These 
ratios play an important role when the shape of the 
deformation is analyzed. 

Boundary conditions 
In the present finite element model the support 

plates simulate the boundary conditions of the specimen 
plate, compressing the specimen as occurred in the 
experiments (Figure 3). Only half of the support plate 
length compressing the specimen was modelled since 
this reduced the computational cost whilst previous 
numerical analyses showed that this did not affect the 
results. However, differences in the maximum 
displacement and absorbed energy were seen when the 
support plate thickness was reduced, and hence the full 
support plate thickness was modelled. No gap between 
the support plates and the specimen plate was modelled. 

The lower support plate was constrained in all 
degrees of freedom (Figure 3). The upper support plate 
was constrained in all degrees of freedom except for 
vertical translation, because a prescribed vertical motion 
was imposed to compress the specimen plate to simulate 
the clamped condition. The value of the prescribed 
displacement was equal to εyH/3 (Ehlers 2010), where εy 
is the yield strain of the material and H is the thickness 
of the specimen. For the striking mass only the vertical 
translation was free, in which direction the initial 
impact velocity V0 was assigned. 

Contact definition 
The contact between the striking mass and the 

specimen plate and between the support plates and the 
specimen plate were defined as “Automatic Surface to 
Surface” (Hallquist 2005). A static coefficient of 
friction of 0.3 in both cases was used and a dynamic 
coefficient of friction of 0.1 was included in the contact 
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between the striking mass and specimen plate (Ehlers et 
al. 2007, Ehlers 2010). 

Material 
Both support plates were modelled as a rigid 

material to ensure no deformation. The ‘Mat.020-Rigid’ 
was selected from the material library of LS-DYNA, 
assigning mild steel mechanical properties (Young’s 
modulus 210 GPa and Poisson’s ratio 0.3) and a mass 
density of 7850 kg. 

The striking mass was modelled using the same 
rigid un-deformable material and mechanical properties 
as the support plates. However, since the falling weight 
assembly was modelled as a simple sphere, an 
artificially large density was used to give the same mass 
as used in the experiments. The mass densities were 
6.5E+6 and 10.0E+6 kg/m3 for the striking mass of 
3.103 and 4.853 kg respectively (a factor of 1.035 was 
included to allow for the small volume error since the 
sphere was modelled with a finite number of discrete 
flat elements). 

The definition of the specimen plate material is 
most important, and thus the mechanical properties of 
the material used in the finite element models were 
obtained from in-house tensile tests carried out on 
material cut from the same panels from which the 
impact specimens were taken, and are summarized in 
Table 2. The material selected from the library of LS-
DYNA was ‘Mat.024-Piecewice linear plasticity’, 
which allows the definition of a true stress-strain curve 
as an offset table. 
 
Table 2: Mechanical properties of aluminium 5083/H111. 

Property Units Aluminium 
2.0 mm 

Aluminium 
6.0 mm 

Mass density kg/m3 2710 2710 

Young’s modulus GPa 65 65 

Poisson’s ratio - 0.33 0.33 

Yield stress MPa 125 145 

Rupture stress MPa 285 290 

 
Since the engineering stress-strain curve does not 

give a true indication of the deformation characteristics 
of a metal, it is necessary to use the true stress-strain 
curve that represents the basic plastic-flow 
characteristics of the material. The true stress must be 
based on the actual cross-sectional area of the specimen, 
but the true strain measurement is measured directly 
when, as is the case here, strain gauges are used (Dieter 
1986). 

In the true stress-strain curve until the onset of 
necking (for most materials, necking begins at 
maximum load at a value of strain where the true stress 
equals the slope of the flow curve) the true stress σt and 
the true strain εt are expressed in terms of engineering 
stress σe and engineering strain εe by: 

)1( += eet εσσ                                                                          (1) 

)1ln( += et εε                                                                            (2) 

The tensile tests of these particular aluminum 
plates showed that the true stress at maximum load is 
almost coincident with the true fracture stress, and also 
noting that very little necking was observed in the 
tensile tests, the exact true stress-strain curve can be 
used as input in the numerical models. The true and 
engineering stress-strain curves for each thickness are 
shown in Figures 5 and 6. Since for the experimental 
impact tests considered here only plastic deformation 
was observed, failure strain was not required to define 
the material of the specimen plates. 

 
Figure 5: Engineering and true stress-stain curves (experimental). 
Thickness 5.92 mm. 

 
Figure 6: Engineering and true stress-stain curves (experimental). 
Thickness 2.00 mm. 
 

The strain-rate sensitivity behaviour of materials 
in the finite element model may be included using the 
coefficients of the Cowper-Simonds constitutive 
equation (Jones 1989). However, published 
experimental results for aluminium alloy beams (Liu 
and Jones 1987) showed that they are essentially strain-
rate insensitive, and for the circular plates considered 
here, including nominal strain-rate coefficients in the 
numerical simulations resulted in smaller displacements 
than seen in the experimental results. Hence, strain-rate 
sensitivity was not included in further numerical 
simulations here. It is important to note that for other 
materials, such as mild steel, the strain-rate sensitivity 
should be included (Liu and Jones 1987). 

Tensile test simulation 
As was mentioned in Section 4.4, since for the 

experimental impact tests considered here only plastic 
deformation was observed, failure was not required to 
define the material of the specimen plates. However, the 
experimental tensile tests used to obtain the material 
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values than the experimental results. Again it is 
indicated that for the coarser mesh Shell2 model, a 
minimum value for the material failure strain should be 
obtained to give a more approximated response 
compared with the experimental results. It is worth 
noting that the numerical simulations all predicted a 
fracture perpendicular to the specimen axis whereas in 
the thin tests this fracture was inclined (Figure 7). This 
is due to the fact that the fracture process occurs at a 
molecular scale well below that of the mesh size, and 
may be due to adjacent layers of atoms sliding over 
each other, resulting in a shear failure. 

Numerical results and comparison with 
experimental tests 

Firstly various numerical models using the 
different mesh sizes and element type referred to in 
Section 4 were evaluated in terms of ability to predict 
the experimental results. In order to do this a ‘high’ and 
a ‘low’ velocity impact (Table 1, shaded rows) was 
modelled for each plate thickness.  Figures 10 to 13 
compare the experimental force-displacement curves 
with those from the finite element calculation. Then this 
information will be used to select the ‘best’ models to 
proceed to calculate the maximum force and 
displacement values for the whole range of 
experimental impact velocities considered here. 

For the thick plates Figures 10 and 11 show that, 
for both velocities, the Shell2 model approximates well 
the experimental plastic response, and that the coarser 
meshed Shell4 and Shell6 are less accurate. For the 
solid element models very similar results were obtained 
using both mesh sizes, but in terms of force-
displacement prediction they do not give better 
predictions than the computationally less demanding 
Shell2 model. 

 
Figure 10: Force-displacement curves. Thick (5.92 mm) circular 
plates, impact velocity 5.85 m/s. 

 
Figure 11: Force-displacement curves. Thick (5.92 mm) circular 
plates, impact velocity 2.62 m/s. 

Again, for both impact velocities, the deflection 
at which this maximum force is reached is generally 
underestimated by the numerical models, consequently 
the maximum force is overestimated. Of the shell 
models, the Shell2 mesh gives the best prediction of this 
point, with both solid element models giving slightly 
better and very similar behaviour in this respect. 

However, prediction of the impact response is 
not the only criterion; it is also beneficial to predict well 
the shape of deformation due to both local indentation 
and global deflection. Here it is relevant to remember 
that local ‘indentation’ can be thought of consisting of 
(i) local out of plane plate deformations (where the plate 
‘wraps around’ the indenter) and also (ii) the actual 
indentation of the indenter into the thickness of the plate 
material.  

Figure 14(a) shows that in this respect the Solid1 
mesh gives a better definition of the shape of the 
deformation than does the Shell2 model. This is both 
because the finer mesh of the former is able to model 
more accurately the deformation around the indenter 
(c.f. (i) above), and because a solid element is able to 
model the change in thickness of the material due to the 
indentation (c.f. (ii) above). 

Now considering the thin plates, Figures 12 and 13 
show that all of the shell mesh sizes considered give a 
good representation of the plastic force-displacement 
behaviour, especially at the higher impact velocity, and 
that there is little to choose between them. The use of 
more computationally expensive solid elements gives a 
very good fit to the experimental data even at the low 
impact velocity, where the shell models over-estimate 
the force slightly. 

 
Figure 12: Force-displacement curves. Thin (2.00 mm) circular 
plates, impact velocity 5.90 m/s. 

 
Figure 13: Force-displacement curves. Thin (2.00 mm) circular 
plates, impact velocity 0.95 m/s. 

For the thin plates indentation is more significant 
in terms of out of plane plate deformation, but less 
significant in terms of indentation into the material 
thickness (Figure 14(b)). Hence, here the only 
requirement is a fine mesh to adequately model the 
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indentation into the material thickness is modelled only 
in the case of solid elements, hence resisting sliding, but 
this is not clear and requires further investigation. 

 
Figure 21: Internal and sliding energy dissipation. Thick (5.92 mm) 
circular plates, impact velocity 2.61 m/s. 

Overall, good agreement between numerical and 
experimental results was obtained, especially for the 
thin plates. However, for the thick plates some 
discrepancies between theory and test results 
differences were noted, the possible reasons for which 
are discussed below: 

It is possible that the actual experimental 
clamped condition was not as perfect as represented in 
the numerical model; it is quite possible that some 
slippage between the support plates was experienced by 
the specimen plate, and in fact all of the tested plates 
experienced greater displacements than predicted by the 
finite element models. The numerical clamped 
condition is affected by the static coefficient of friction 
in the contact definition between support and specimen 
plates, for example decreasing this coefficient gives 
greater displacements and lower forces, giving a better 
approximation between experimental and numerical 
results. Further work would be beneficial to further 
refine the model in terms of this coefficient. 

The true stress-strain curve material definition 
input to the numerical model is also a possible source 
for discrepancies; here these values were obtained using 
tensile tests specimens cut from the same plates from 
which the impact specimens were taken, & the data 
differed from that supplied by the plate manufactures. 
Another possible material property source of errors is 
the strain-rate effect, which was not considered in the 
current numerical model. A search of the literature 
showed that Cowper-Symonds data for aluminium 
5083/H111 is not available, and since these coefficients 
have been seen to vary greatly between specific 
aluminium alloys, values for other alloys could not be 
used. Preliminary studies into the effect of strain rate 
have showed that further work to obtain this data could 
improve the accuracy of the maximum displacement 
results calculated here.  

A further possible source of differences between 
the finite element and experimental results is the 
oscillations seen during the impact response 
(experimental force-time curves), which were not 
separated from the mechanical loads. This effect could 
be due to vibrations in the striking mass assembly or 
material vibrations around the indentation stiffness, and 

the development of a more complex geometrical model 
would help to clarify the source of these effects. 

Generally, in this study some of the parameters 
that affect the impact response were varied to optimise 
the finite element model (e.g. mesh size and element 
type), but others were set at constant values obtained 
from the literature or not included (e.g. static coefficient 
of friction and strain-rate parameters) in order to keep 
the size of the investigation practicable. However, 
further work could now investigate the effects of all of 
the parameters, especially if labour-saving techniques 
such as those of statistical experimental design 
(Sutherland and Guedes Soares 2003) were used to 
ensure a practical number of modelling runs and, 
importantly, to ensure that any interactions between 
these parameters are correctly identified. 

Conclusions 
Detailed information of the impact response of 

clamped aluminium 5083 circular plates has been 
obtained through non-linear explicit dynamic simulation 
using the LS-DYNA software package. The results 
obtained were in good agreement with those of previous 
experimental tests, indicating that even computationally 
inexpensive coarse meshes using shell elements are 
sufficient to predict the maximum deflections and 
forces. However, finer meshed shell and solid element 
models give better and best prediction of the force-
displacement behaviour, respectively. Where small 
discrepancies between numerical and experimental 
results occurred, this was due to overestimation of the 
impact force; the variation of displacement with time is 
generally very well predicted. 

The numerical simulations give a good 
understanding of the shape of the deformation in plates 
subjected to impact loading, and a fine meshed solid 
model is needed to give a good approximation of the 
deformation shape, especially where local indentation is 
significant. In the present work the study of the effect of 
mesh size showed that the ratio of element size to 
indenter radius should preferably be approximately 1/5 
in order to satisfactorily define the shape of the 
deformation. 

The material true stress-strain curve inputs to the 
numerical model were obtained from tensile tests on the 
actual material used to fabricate the impacted plates. 
This was simplified since the test maximum load was 
almost coincident with the rupture load, but for other 
materials is may be more difficult to define the true 
stress-strain curve and some approximations as the 
power law curve must be included. 

The numerical models were successfully used to 
predict the impact response of Aluminium 5083 plates, 
and the next planned stage of this work is to see if the 
technique is also successful for steel plate impact tests. 
For example, strain-rate does not seem to play an 
important role in numerical simulation of these 
aluminium plates, however this may not be the case for 
other materials. 
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A material relation for numerical ship collision analysis  
Sören Ehlers 
Aalto University - School of Science and Technology, Department of Applied Mechanics / Marine Technology 
 
Abstract: 
Ship collisions can be assessed with the non-linear finite element method. Thereby the structural energy is calculated until a certain 
penetration or fracture limit is reached. Therefore, an appropriate non-linear strain and stress measure is needed to describe the 
material behaviour including fracture. Furthermore, this true strain and stress relation needs to be suitable for the finite element 
method. The latter is achieved through a determination of the material relation using optical measurements. As a result, a tanker 
collision is simulated out with the presented material relation, and for comparison with a standard power law based material relation. 
This comparison will present the difference in energy predictions using different material relations. 
 
Introduction 

Ship collision simulations are increasingly being 
performed to reveal the consequences from a structural 
point of view. These simulations are often carried out in a 
quasi-static fashion, commonly consisting of a struck 
model that is subjected to a rigid indenter. By this means, 
the deformations of the struck structure are alone in 
contributing to the crashworthiness. This approach results 
in the maximum energy being absorbed by a specific 
structure. Therefore, the absorbed energy can be used to 
compare different conceptual structures. In terms of a 
conceptual ship structure, the energy absorbed until inner 
hull rupture is of primary interest. 

Finite element-based analysis of ship collision 
simulations has been performed in many commercial 
codes, such as LS-DYNA, ABAQUS, and 
MSC/DYTRAN, for example see Kitamura (1996). These 
simulations contain highly non-linear structural 
deformations, including rupture. Therefore, these finite 
element analyses require the input of the true strain and 
stress relation until failure. In other words, the material 
relation and a failure criterion determining the failure 
strain are needed. The true strain and stress relation of the 
material is commonly selected in the form of a power law; 
see, for example Ehlers et al. 2008. Power law parameters 
can be obtained from standard tensile experiments, see for 
example Joun et al. (2008). However, whether or not the 
chosen finite element length corresponds to the true strain 
and stress relation obtained remains questionable. For one 
selected finite element length, agreement between the 
numerical simulation and the tensile experiment may be 
achieved by an iterative procedure. Here the true strain and 
stress relation, i.e. the power material law, used as input 
for the simulation is changed until compliance with the 
corresponding tensile experiment is achieved, see for 
example Zhang et at. 1999. However, this iterative 
procedure can lead to wrong structural behaviour if the 
element size is changed, in which case the procedure needs 
to be repeated for each mesh size selected until 
compliance is reached. Therefore, the proper material 
relation until failure is of considerable importance, as it 
directly influences the accuracy of non-linear finite 
element simulations until fracture. Furthermore, the 
determination of the material relation alone does not 
necessarily suffice, as the failure strain, i.e. the end point 
of the stress versus strain curve, depends in turn on the 
material relation. However, a significant amount of 

research has been conducted to describe criteria to 
determine the failure strain and to present their 
applicability; see for example Ehlers et al. 2008. However, 
these criteria commonly use a standard or modified power 
law to describe the material behaviour, and a clear relation 
between the true strain and stress relation and the element 
length is not obtained. Relations to obtain an element 
length-dependent failure strain value are presented by 
various authors, see for example Alsos et al. 2009 and 
Ehlers et al. 2008. However, they define only the end point 
of the standard or modified power law. This inconsistent 
adjustment of the element length with respect to the 
chosen true strain and stress relation can lead to wrong 
structural behaviour, as no element length dependency of 
the true strain and stress relation including failure is 
obtained. A consistent material relation including failure is 
especially important in the case of collision simulation, 
because they are commonly carried out to compare 
different structural arangements and element 
dimensions.Therefore, this paper presents a material 
relation until failure for mild steel based on optical 
measurements. The finite element length-dependency of 
this strain and stress relation is achieved as the strain 
reference length is clearly identified. This strain reference 
length corresponds to the discrete pixel dimensions from 
the optical measurements. Hence, the finite element length 
has to correspond to this strain reference, and thereby an 
element length-dependent strain and stress relation until 
failure is achieved. It will be shown that this strain and 
stress relation can be used to simulate the deformation 
until rupture of a circular- and a stiffened plate and that it 
results in a better convergence of results with varying 
element size than a conventional power material law. A 
constant strain failure criterion is chosen to delete failing 
elements and to simulate rupture. As a result, a collision 
simulation is carried out for a tanker side structure using 
the presented and a power law based material relation until 
failure. The comparison of these simulation results will 
present the differences in energy prediction using different 
material relations. 
 
Determination of the material relation 

The determination of the material relation until 
failure, i.e. the true strain and stress relation, is shown on 
the basis of optical measurements, which measure the 
local displacements on the surface of the specimen. This 
dog-bone specimen has a length-to-breadth ratio (L/B) of 8 
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and consists of 4-mm-thick NVA steel. The displacement-
controlled experiments are carried out with a tensile test 
machine at Växjö University, consisting of a MTS 322 
Test Frame with Load Unit. The MTS Test Frame records 
the force and the resulting elongation of the specimens, in 
other words the force-elongation curve, which will be used 
to validate the proposed procedure. For details on the 
testing procedure and results see Ehlers and Enquist 
(2007). 

The local strain is calculated from the local 
displacements obtained by the optical measurements on 
the basis of a discrete amount of pixel recordings, a so-
called facet. The discrete pixel dimensions will clearly 
define the strain reference length. To determine the stress, 
the cross-sectional area at any given instant is calculated 
on the basis of the out-of-plane displacement 
measurements of the specimen. Therefore the local stress 
is determined on the basis of the minimum cross-sectional 
area of the specimen measured as a function of the strain 
reference length. The gauge length, i.e. the strain reference 
length, is shown to be a function of a discrete amount of 
pixel recordings from the optical measurements. As a 
result the true strain and stress relation until failure is 
obtained in a manner that is dependent on the choice of 
strain reference length. Furthermore, this strain reference 
length, refε , is varied from 0.88 mm to 4.4 mm to show its 
sensitivity to the true strain and stress relation until failure. 
The obtained strain and stress relations are shown in 
Figure 2. 

 
Figure 2: Measured true strain and stress relation (MTS measures are 
plotted for comparison) 
 
Validation of the material relation 

The true strain and stress relation until failure 
obtained with optical measurements is used to simulate a 
tensile-, plate- punching and stiffened plate indentation 
experiment with the finite element method. In this way, 
the novel material relation is validated, because the 
numerical results are compared with experimental results, 
see Ehlers and Varsta (2009), Ehlers (2009a/b). The 
experiments are simulated using the explicit time 
integration solver LS-DYNA version 971. 

The structures are modelled using four nodded 
quadrilateral Belytschko-Lin-Tsay shell elements. The 
finite element length is equal to the strain reference length. 
The finite element length ranges from 0.88 mm to 4.4 mm 
and is equal to the strain reference length. For greater 
element lengths the true strain and stress relation is found 
to be independent of the element length, as the extent of 
the localisation becomes smaller than a single element. 
However, the element length-dependent failure strain is 
obtained according to experimental measurements. For 
small element lengths up to 4.4 mm, the failure strain is 
obtained with optical measurements, whereas the failure 
strain for greater element lengths up to 160 mm follows 
the natural logarithmic form of the well-known 
engineering strain at failure according to the gauge length 
of the specimen being 160 mm at a maximum, see Figure 
3. This failure strain and element length relation allows the 
removal of failing elements at the correct strain. The 
initiation and propagation of fracture in the specimens is 
modelled in LS-DYNA by deleting the failing elements 
from the model. The element fails once the failure strain is 
reached. The failure strain serves as a criterion to delete 
elements to simulate rupture or to terminate the simulation 
at the point of rupture. The material is assumed to follow 
the von Mises flow rule, and the element is deleted once 
the equivalent plastic strain reaches the measured local 
failure strain. Furthermore, Ehlers and Varsta (2009) and 
Ehlers (2009a) showed that the choice of a constant strain 
failure criterion used for the simulations is justified as 
close ranges of triaxiality are obtained at the point of 
failure for tensile and plate specimens. The experimentally 
determined strain and stress relations are implemented via 
Material 124 of LS-DYNA. Standard LS-DYNA hourglass 
and time step control is used. For details of the modelling 
and simulation processes see Ehlers et al. (2007) and 
Hallquist (2005). 

 
Figure 3: Experimental failure strain versus element length 

The tensile specimen is modelled between the 
clamping wedges only. The translational degrees of 
freedom are prohibited at one edge, whereas the other edge 
is subjected to a constant displacement of 100x the 
experimental speed as no dynamic effects occur. 
Additionally, the simulation time remains desirably short. 
The force versus elongation curves from the tensile 
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The research on the flooding time and stability parameters of 
the warship after compartments damage 
Waldemar Mironiuk 

Naval University, Gdynia, Poland 
 
Abstract: 
Research on damage stability and unsinkability is a valuable source of knowledge of behaving a ship while flooding its compartments. 
In the paper, a short description of accidents and damages of Polish warships taking place in 1985-2004 is presented. The time when 
compartments are flooded (tf) and stability parameters are one of the key elements which have influence on a rescue action. The 
knowledge of the time mentioned and a metacentric height (GM) are very important for a commanding officer making decisions while 
fighting for unsinkability and survival of the ship. To provide the information about the time tf of a ship type 888 a new method was 
designed. The method was tested experimentally and results of the tests are presented in the paper. In the experiments, the flooding 
process of compartments was simulated. The next part of research was carried out on the laboratory stand bed, where the flooding time 
of damaged compartment of warship model was measured. The results of the experiments can be a base to define general rules to make 
proper decisions during the process of damage control. 
 
Introduction 

Even highly organized fleets struggle with 
accidents and technical breakdowns which cannot be 
completely eliminated. The breakdowns can be classified 
based on their causes. The basic causes of the 
breakdowns are: warfare, defects of materials and defects 
within the production process, constructional defects, 
technological defects in the process of renovation, 
material’s wear and tear, not meeting the requirements in 
operating and servicing an equipment, not taking security 
measures while storing dangerous cargoes, e.g. explosive 
materials, petroleum products and other chemical 
components of serious fire hazard. 
A partial or total loss in functionality of mechanisms and 
installations can occur both during warfare and during 
daily operating a ship.  
Failures caused by navigational mistakes or wrong 
maneuverability represent a group of ship accidents and 
breakdowns which can lead to dangerous lost of floating 
of a ship due to flooding its compartments.  
The statistical data prepared by the Polish Navy 
Commission of Warship Accidents and Breakdowns 
reveal 156 warship accidents and breakdowns between 
1985 and 2004 year. The data mentioned are presented in 
Figure 1. (Korczewski & Wróbel, 2005). In a situation of 
a breakdown crew activities deciding about ability of a 
warship to fight should be directed to take a proper 
actions during the process of damage control and to 
protect stability, sinkability and maneuverability of the 
ship. Exercises within the confines of the process of 
damage control, apart from construction solutions, 
increase the safety of both a ship and crew. Training is 
carried out in well prepared training centers which are 
situated in the United Kingdom, Germany, Netherlands 
and Pakistan. The centers are equipped with ship models 
designed for simulating failure states which most 
frequently occur while operating a ship. The same 
models were also used in the experiments reported in the 
paper. One of the goals of the experiments mentioned 
was to determine the following parameters: tf and GM 

 
Figure 1. The overall structure of accidents and breakdowns between 
1985- 2004 
for the ship type 888. Presently, there is used only 
simplified method to calculate parameters above. The 
method presented in the paper has a distinctive 
difference compared to the existing, similar methods talk 
in some publications. The worked out method presents 
the permeability value depended on the water level 
inside the damaged compartment. Due to this, we can 
estimate more accurate quantity of the water in the 
compartment and finally more accurate the flooding time 
damaged compartment. The aim of presented method is 
to provide experimental validation. 
The information about tf and stability parameters is very 
important for a commanding officer. It enables him to 
make a proper decision during the process of damage 
control. The officer, based on the information should 
determine the point in time, when further fighting for 
unsinkability is senseless and when all effort should be 
directed to save the crew and documents (Miller, 1994).  
 
Calculating the time of flooding ship’s compartment 

When calculating tf, first, the velocity of water 
running through the damaged hull has to be determined.  

The water flowing through a hole can be 
compared to liquid flowing from a tank of a surface A. 
The water velocity can be obtained from the following 
formula (Troskolanski 1961): 
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where A0 =cross section of a hole; A = horizontal cross 
section of a tank; g =  acceleration due to  gravity, and hz 
= height of a liquid inside the tank.  

Because the surface of a hole is much smaller 
than a sea surface, the water velocity can be obtained 
according to Torricelli’s formula (Troskolanski 1961):

hgwv ⋅⋅= 2                                                                          (2) 

where h= depth of a hole. 
For the real liquid the formula (2) can be presented as 
follows (Troskolanski 1961): 

                                         hgwv ⋅⋅⋅= 2ϕ                                  (3) 

where 98,097,0 ÷=ϕ - the velocity coefficient dependant 
on the kind of liquid. 
The equation (3) is applied when the water surface inside 
a hull is below a lower edge of a hole, i.e. for a constant 
pressure of the water. When the water pressure is 
changeable (the water surface inside a hull is above an 
edge of a hole and still grows up) the velocity of the 
water flowing to the compartment can be obtained 
according to the formula (Troskolanski 1961):  

( )02 hhgwv −⋅⋅⋅= ϕ
                                                             

(4) 

where h0= height of  liquid inside a tank above an edge 
of a hole.  
The hole in the body can have a different shape and 
dimension dependant on the reason of damage. The 
shape of the hole influences a quantity Q of the water 
flowing to the compartment. The quantity Q depends on 
ν, which in turn is a product of coefficient ϕ  and 
narrowing coefficient 64,061,0 ÷=χ  (Troskolanski 
1961). Therefore, the quantity of water Q flooded to the 
interior compartment can be obtained from the formula 
(Troskolanski 1961):   

hgAQ ⋅⋅⋅⋅= 20 ν
                                                                    

(5) 

When the pressure of the water is changeable the 
quantity of water Q inside the compartment is 
calculatedfrom the formula (Troskolanski 1961):  

( )020 hhgAQ −⋅⋅⋅⋅= ν
                                                        

(6)
 

The time tf is as follows (Troskolanski 1961):   
tf 

Q
V

=                                                                                                (7) 

where V= the volume of the water inside a compartment. 
 
 
 

a)  

 
b) 

 
Figure 2. Compartment being flooded:  
a) with constant water pressure,  
b) with variable water pressure.  
 
Calculating the volume of damaged compartments 

The calculation of tf was conducted for a damaged 
engine room of the ship type 888. The computer program 
was built to enable the calculations above. The program 
makes it possible to fix basic and necessary parameters 
to make a correct evaluation of the state of a ship. In 
turn, the information about the parameters mentioned 
above makes it possible to take proper decisions during 
the process of the damage control. 
 
Computing the volume of damaged compartments  

The volume of a damaged compartment is 
necessary to calculate the time tf. The lines plan of the 
ship’s hull is used to compute the theoretical volume tv . 
Moreover, the plan was also used to have sections 
extracted at the place of ribs number 35, 40, 45, 50 
where we can find the damaged compartment. The 
sections are shown in Figure 3 (Kowalke 2006).  

 
Figure 3. Sections of engine room  

The area of the sections was calculated to 
estimate the accurate volume of the damaged 
compartment. Integral curves of sectional areas, obtained 
in this way, are presented in graphic form as a 
multinomial degree 7 in Figure 4.  
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A Method for Estimation of Grounding Frequency by Using 
Trajectories of Ships and Geometry of Seabed  
Fujio Kaneko 
Maritime Risk Assessment Department, National Maritime Research Institute(NMRI), Tokyo,Japan 
 
Abstract 
Until now by a lot of grounding accidents , severe environmental damages of sea areas were often caused. Therefore prevention of 
groundings has been a so important issue that several counter measures were developed and equipped to ships. To develop effective 
measures against grounding accurate estimation of grounding frequency is important. In this paper new methods for estimation of 
grounding frequency using ship trajectories and geometry of seabed in a considered sea area is presented. 
Different from collision, grounding can be prevented by keeping a planned route which enables a ship to sail without grounding. 
However when a ship deviates from the planned route, grounding will occur sometimes. 
Considering them grounding frequency of a ship is formulated in two ways. The one is assuming that grounding occurs by deviation 
from a planned route. The other is assuming that grounding occurs by deviation from trajectories without groundings, the cause of 
which is omission error at keeping modified route to cope with a deviation from the initially planned route. Moreover for verification 
of the method a number of grounding candidates or a number of groundings are estimated using ship trajectories in Akashi Channel 
and geometry of seabed of the channel.  Furthermore comparing with a statistics of groundings caused in the channel, probability of 
failing to avoid grounding was estimated varying time without corrective action. Finally the effectiveness of shortening time interval of 
position fixings in Akashi Channel is indicated. 
 

Introduction 
The casualty and ship characteristics data(LRFP 

1998-2007) indicate that grounding frequency has been 
as high as frequencies of collision and hull/machinery 
damage. (Figure 1, "WS" means "Grounding") In 
addition during 2009, 300 and above ships ground at 
sea area around Japan, and the number of groundings is 
the next highest to collision in Japan. Therefore 
grounding is not able to be neglected and effective 
safety measures should be considered urgently. For this 
purpose estimation of grounding frequency based on a 
rational and effective modelling and scientific approach 
for prevention of groundings are important. 
 

Figure 1 Accident frequencies of major cargo ship types of 500 GT 
and above (LRFP 1998-2007) 
 
 The method for estimating grounding frequency by  
modelling grounding from the relation between traffic 
flow and shoals and shore, was developed by Fujii et 
al.(Fujii 1974) A decades ago Pedersen developed 
methods for estimating grounding frequency from 
position distribution of a ship in the lateral direction to 
the ship's planned route. (Pedersen 1995) In many cases 
a ship can prevent grounding by keeping a route which 
are planned so as not to ground to shoals and shore 

before actual sailing. Therefore grounding is rather a 
problem caused by an individual ship’s sailing than a 
problem caused by traffic flow. In case of treatment as 
an individual ship it should be noted that the position 
distribution along the lateral direction to a ship’s 
planned route is thought to change as the distance 
between a ship and the target obstacle such as shoal and 
shore changes.  

In this paper newly developed two methods for 
estimating grounding frequency are introduced. The one 
is assuming that grounding occurs by deviation from an 
initially planned route and probabilistic distribution of 
the deviation angle is a normal distribution, moreover 
probabilistic distribution of " time without corrective 
action" is a lognormal distribution. The other is 
assuming that grounding occurs by deviation from 
trajectories without groundings, the cause of which is 
omission error at keeping modified route to cope with a 
deviation from the initially planned route.  

Besides for verification of those methods 
number of grounding candidates or a number of 
groundings are estimated using ship trajectories in 
Akashi Channel and geometry of seabed of the channel.  
Furthermore comparing with a statistics of grounding of 
the channel from 1989 to 1996 (Japan Coast Guard 
1989-1996), probability of failing to avoid grounding 
was estimated varying time without corrective action. 
Finally the effectiveness of shortening time interval of 
position fixing is discussed.  
Before introducing newly developed methods 
frequently used existing grounding model are 
summarized in chapter 2. 
 
Existing grounding models 

Two models as frequently used existing 
grounding models are explained briefly in this chapter. 
The literature (Mazaheri A. 2009) and (Jutta Y. 2008) 
and summarizes those models precisely. 
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A model based on traffic flow 
Fujii's model (Fujii 1974) which is represented 

by Equation(1) is the representative model based on 
traffic flow. Figure 2 shows the concept of this model. 
 

( ) VBDPN ρ+=  (1) 
 
Where: 
N is the number of ships which will ground 
ρ is the average density of the traffic flow 
V is the average speed of the traffic flow 
D is the linear cross-section of the obstacle which is 

shallower than the draught of the ships 
B is the average width of the ships 
D+B is the effective width of the obstacle or shoal 
P is the probability of mismaneuvering (probability of 
failing to avoid grounding) 
( ) VBD ρ+  represents a number of grounding 
candidates for ships in the traffic flow to ground to the 
target obstacle.  
Then if number of groundings can be obtained by 
casualty statistics etc.,P is easily obtained by 

( ) VBDN ρ+/ . In case that there are large differences of 
speed among ships, the number of groundings can be 
obtained in this manner that after ships are grouped by 
speed, Equation(1) is applied to every such group, then 
all estimated grounding numbers of the groups are 
summed up.  
 

Figure 2 Grounding model by Fujii,Y. (Source (Mazaheri 2009)) 
 

An actual ship has a route to her destination, 
which was planned before sailing.  Therefore though 
sometime direction of a ship turns toward a shoal at far 
area from the shoal, the direction is supposed to be 
changed not to ground to that. Therefore changing 
direction near a shore is not so much grounding 
avoidance maneuver as keeping planned route. 
Grounding is considered to occur because of deviation 
from planned route without corrective action after that.   

 
A model based on position distribution of a ship in 
her route 

Pedersen's model (Pedersen 1995) is the 
representative model based on lateral position 
distribution of a ship. Pedersen et.al. developed a 
method for estimating grounding frequency from 
position distribution of a ship in the lateral direction to 
the ship's planned route. In the model, a probability  
density function(p.d.f.) of position in the lateral 
direction to the ship's planned route are defined from 
the traffic on it. The p.d.f. is assumed to be the same all 

over her planned route. The grounding probability is 
obtained by multiplying some coefficients and the 
integral over the domain where ship's position has a 
grounding relation to the shoal. Figure 3 shows the 
concept of the second category of Pedersen's model. 

This model categorizes grounding into 4 
categories, which are explained below, and annual 
categorical frequency of grounding is estimated at each 
category, then annual grounding frequency is obtained 
by summing up annual frequencies of all categories. 
 

• Ships following the ordinary, direct route at 
normal speed. Accidents in this category are 
mainly due to human error.  

• Ships which fail to change course at a given 
turning point near the obstacle.  

• Ships which take evasive action in the vicinity 
of the obstacle and as a result, collide with 
structure or ground on the shoal. 

• All other track patterns than (1),(2) and (3)  
such as off-course ships and drifting ships. 

 
As an example of the above categories, formulation in 
category (2) is shown in Equation (2) 

dsBfPQPF
n

iShipClass
L ii

a
ad

icicat
i

i

∑ ∫
=

−

=
1,

02.               (2) 

Where: 
 
Fcat.2 is expected number of grounding per year of 

category 2 
 i  is the number of ship class determined by vessel type 

and DWT or length 
 Pci is the causation dependents on ship class(i) by the 

effect of the pilot since the probability of having a 
pilot during the passage increase with the vessel 
size 

 Qi is the number of movements per year of ship class(i) 
in the considered lane 

 L is total width of considered area perpendicular to the 
ships' traffic 

 fi is ship track distribution 
 Bi is grounding indication function, and is one when 

grounding occur, and zero when grounding does 
not occur. 

 P0 is the probability of omission to check the position 
of the ship 

 d is the distance from obstacle to the bend in the 
navigation route, varying with the lateral position 
of the ship ai is the average length between position 
checks by the navigator 

 
Figure 3 Grounding model by Pedersen,P.T.(Source (Pedersen 1995)) 
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fi is considered to be different if the distance from ship 
to a obstacle is different. Therefore to improve accuracy 
the change of fi along the traffic route should be 
examined. 
 
Grounding model using ships' trajectories and 
geometry of seabed  

In the following newly developed grounding 
model is explained. In the following description it is 
assumed that a planned route is correctly set not to lead 
a ship to ground as long as she follows the route. 
 
Outline 

Collision candidate can be defined as a situation 
that ships collide each other if no evasive action will not 
be taken except keeping initially planned route. 
However grounding candidate can not be defined as the 
above definition of collision candidate. It is because 
planned route is set not to ground to obstacles such as 
shoal and shore. Whenever grounding occurs, a ship 
deviates from planned route if planned route is set using 
correct charts.  

However even if a ship deviates from planned 
route, grounding scarcely occurs because of evasive 
action based on periodic position fixing for grounding 
avoidance. Then in this paper grounding candidate is 
defined as a situation that when a ship deviates from 
planned routes and she sails without corrective action 
such as changing course or speed a ship grounds. 
Therefore important things are number of deviations 
and time after beginning of deviation without corrective 
action.  

Here the newly developed methods of estimating 
annual grounding candidate frequency or annual 
grounding frequency using trajectories of all ships in a 
considered sea area and geometry of seabed of the sea 
area is introduced. The methods are based on two 
different views on ships' trajectories.  
 
A view that observed trajectories are almost the 
same as planned routes (View A) 

This view is based on an assumption that number 
of deviations are not so many and large that differences 
between initial planned routes and trajectories are too 
small to decide that they are apparently different. 
Causes of deviations are the same as those by Pederson. 
They are thought to be listed holistically. On the 
contrary to the Pederson's method a ship is assumed to 
deviate from initially planned route to different 
direction at any point of the route in this method. 
Therefore the p.d.f. of deviation angle should be 
defined. 
 
A view that observed trajectories are results after 
coping with deviations (View B) 

In this view grounding is assumed to occur by 
more deviation from observed trajectories without 
groundings. In this case "deviation" means that a ship 
goes straight by failing to follow a modified route 
planned by a series of process for coping with a 

deviation from the initially planned route, in other word 
the deviation is assumed to occur by omission error in 
the process of following a modified route. Moreover the 
deviation by omission error assumed to occur at any 
point of modified route, that is observed trajectories, 
and it is also assumed that time interval of position 
fixing will be shorter than that of regular position 
fixing. In this assumption continuation of deviation 
after failure of position fixing is considered. 

 
Observed trajectories and directional deviation at 
every point of trajectories 

Trajectories obtained by analysis of radar images 
are serieses of points of fixed time interval. These 
points are called "trajectory points" here. Then at a 
considered sea area and to every ship type, a p.d.f. of a 
directional deviation which is the angle between 
successive elemental routes, edge points of which are 
successive trajectory points are made.(Figure 7)  The 
observed trajectories are considered to include 
trajectory points which are the results of coping with 
deviations. Elemental route both edges of which are 
successive edges of a trajectory, called "unit trajectory" 
in the following description. Decision of grounding was 
made by comparing a draught of a ship with a depth of 
the position of the ship.   

These views are similar to Pedersen's method of 
estimating grounding frequency based on a distribution 
of ship's position along the lateral direction to the ship's 
heading. Different from the Pedersen’s method these 
views are based on directional deviation. Moreover 
these grounding frequency estimation methods make it 
possible to calculate grounding of ships which have 
various draughts all together. 
 
Methods for estimation of grounding frequency 
Grounding model based on the view A(Model A) 

For some reasons a ship is assumed to deviates 
with angle θ from her planned route at any points of it, 
and after that she is assumed to sail straight at the speed 
v(x) at the deviation point (x) for time (t) which is time 
without corrective action, then if there exist obstacles 
inside the circle, centre of which is the deviation point 
and radius of which is ( ) txv ⋅ , the ships grounds to 
those.(Figure 4) Here probability of combination of 
trajectory point (x) where deviation occurs and time 
without corrective action (t) is denoted as ( )txH i , . 

( )txH i ,  is called p.d.f. of time without corrective 
action at trajectory point (x) in the following. For 

( )txH i ,  Equation(3) can be assumed . 

( )( )( )
1,max

0 0
=∫ ∫

iT iL

i dxdttxH  (3) 

Where L(i) is the length of planned route of ship(i). 
Tmax(i) is the maximum time without corrective action 
from the beginning of deviation. Here for 
simplification, t and x are assumed to be mutually 
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independent, then ( )txH i ,  can be represented as 
Equation(4). 

( ) ( ) ( )xgthtxH iii =,  (4) 
Where hi(t) is a p.d.f of time without corrective action 
of ship(i).  
gi(x) is a p.d.f that deviation point of ship(i) is x. 
hi(t) cannot be estimated from data such as trajectories, 
it would relate to time interval of position fixing. 
 
Then the following variables are defined. 
fi(θ |x) is a p.d.f. of deviation angle when ship (i) 
deviates from planned route at x. it is called p.d.f. of 
directional deviation. 
θ i-grd(x,t) is a deviation angle when ship(i) deviates at 
point(x) on her planned route and after the deviation she 
sails at the speed and not changing direction for the 
time(t) she will ground.  
Kout(i,j) is a number of deviations in case that ship(i) 
will deviates when the cause of deviation is j.  
j means one of the category numbers by Pedersen's 
categorization of grounding causes. 
M is total number of ships sailing in a considered sea 
area. 

Using the above definition, a number of 
grounding candidates( ( )iN cdgrd− ) that ship(i) 
encounters in a navigation along the planned route is 
expressed as Equation(5). 

( ) ( ) ( ) ( ) ( )
( )

( )( )
dxdtdxgxfthjiKiN

iT iL

tx
iiioutcdgrd

grdi

∫ ∫ ∫
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

=
−=

−
max

0 0
,

|,
θθ

θθ      (5) 

Then total number of grounding candidates(

totalhzgrdN −− ) which occurs in a considered sea area for 
a considered period is expressed as Equation(6). 

Here if a number of grounding accidents during 
considered period and in the considered sea area, which 
is denoted as 

stgrdN −
, is known, probability of failing to 

avoid grounding (Pfail) can be obtained as Equation (7). 
After beginning of a deviation, position fixing is 

assumed to be carried out at every pre-determined time 
interval. Here time to the first position fixing after 
beginning of every deviation are assumed to distribute 
along log-normal distribution, the mean of which are 
normal time interval of position fixing. And it is 
assumed that if the first position fixing is done, any 
deviation will be corrected and grounding is 
successfully prevented. Therefore it is not considered 
that deviation continues after the first position fixing. 
 

( )∑
=

−−− =
M

i
cdgrdtotalcdgrd iNN

1

               (6) 

totalcdgrd

stgrd
fail N

N
P

−−

−=                (7) 

 

 
Figure 4 Grounding model based on deviation from a planned route 
(Model A) 
 
Grounding model based on the view B(Model B) 

In this case it is supposed that a ship will ground 
by omission error at position fixing or omission error at 
returning back to her trajectory just after position fixing 
at some time after deviation from her trajectory. (Figure 
5) As mentioned above, in this case position fixing 
interval is thought to be shorter than that of regular 
sailing because this position fixing is assumed as the 
action on the way of keeping the trajectory by carrying 
out coping with the deviation from a planned route.  

In this case number of grounding of ship(i) 
(Ngrd(i)) can be expressed as Equation(8). 

( )
( )

( )( )
∫

⎥⎥
⎤

⎢⎢
⎡
∆=

iL

i
t
xT

grd dxxgiN
0
ε  (8) 

Where 
 
ε  is omission error probability 

t∆  is position fixing interval 
gi(x) is the same as gi(x) in Equation(4) and in 

Equation(5) 
T(x) is the minimum time to the grounding of ship(i) 

when ship(i) sails to the direction of the unit 
trajectory just before a trajectory point (x) from 
point (x). 

⎡ ⎤y  is the smallest integer above y (ceiling function of 
y). 

v(x)� t
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the annual grounding candidate frequencies are 
obtained varying position fixing interval from 5 to 15 
minutes which are means of the p.d.f. As a cause of 
deviation from planned routes only collision avoidance 
manoeuvre is considered. That is, only category 3 of 
Pedersen's model is considered. 
 Table 4 shows annual grounding numbers in Akashi 
Channel from 1989 to 1996, which are extracted from 
the casualty statistics (JCG 1989-1996). The casualty 
statistics describes number of groundings at which 
rescue was required and not required separately. 
Required number here is both numbers. Unfortunately 
this statistics does not describe number of groundings at 
which rescue was not required in Akashi Channel. Only 
the number in Seto Inland Sea which includes Akashi 

Channel is described. In this circumstances the number 
of groundings at which rescue was required and not 
required in Akashi Cannel is estimated as the way 
shown in Table 4. From table 4 average annual 
grounding frequency estimated as 1.91, using this value  
probability of failing to avoid grounding was estimated 
varying position fixing interval. The probabilities are 
shown in Table 5. In real sea area as causes of deviation 
from planned route, drifting by tidal current, failure of 
turning at way points etc. are considered. For Model A, 
Kout which are based on such causes except collision 
avoidance should be estimated for accurate estimation 
of grounding candidate frequency. 
 

 
Table 3 Occurrence frequencies of grounding candidates varying time without corrective action Akashi Channel, where the mean of h(t) is 10 
minutes.(Model A) 

Group  No. Draught 
(m) 

Time without corrective action (Ti (min)) 

1 2 3 4 5 10 20 30 40 50 60 

1 0.96  1.99E+00 8.67E+00 2.09E+01 3.66E+01 5.28E+01 1.05E+02 1.48E+02 1.55E+02 1.57E+02 1.57E+02 1.57E+02 

2 1.80  1.07E+00 3.07E+00 6.93E+00 1.09E+01 1.46E+01 2.33E+01 3.31E+01 3.72E+01 3.84E+01 3.88E+01 3.91E+01 

3 2.49  5.82E+00 1.57E+01 2.81E+01 4.41E+01 5.81E+01 8.16E+01 1.14E+02 1.27E+02 1.31E+02 1.32E+02 1.33E+02 

4 2.98  5.55E-03 1.18E-01 4.27E-01 1.34E+00 3.42E+00 1.12E+01 3.31E+01 4.35E+01 4.72E+01 4.94E+01 5.03E+01 

5 3.36  3.51E-02 3.83E-02 1.01E-01 2.50E-01 6.67E-01 1.95E+00 7.19E+00 9.51E+00 9.78E+00 9.84E+00 9.87E+00 

6 3.67  1.02E-04 7.12E-02 3.37E-01 2.50E+00 7.68E+00 2.65E+01 7.85E+01 9.01E+01 9.08E+01 9.09E+01 9.09E+01 

7 4.39  1.54E+00 3.98E+00 6.48E+00 9.01E+00 1.19E+01 2.03E+01 3.31E+01 3.47E+01 3.48E+01 3.48E+01 3.48E+01 

8 5.58  9.72E+00 2.14E+01 3.31E+01 4.43E+01 5.10E+01 6.39E+01 7.20E+01 7.31E+01 7.31E+01 7.31E+01 7.31E+01 

9 5.67  0.00E+00 0.00E+00 7.50E-02 3.39E-01 9.78E-01 4.84E+00 8.70E+00 9.31E+00 9.32E+00 9.32E+00 9.32E+00 

10 5.75  0.00E+00 3.65E-02 5.33E-01 1.46E+00 2.76E+00 9.98E+00 1.36E+01 1.41E+01 1.41E+01 1.41E+01 1.41E+01 

11 5.84  0.00E+00 1.07E-02 2.24E-01 8.49E-01 1.58E+00 6.49E+00 1.02E+01 1.05E+01 1.05E+01 1.05E+01 1.05E+01 

12 5.96  7.57E-09 6.35E-02 3.24E-01 1.33E+00 2.38E+00 9.53E+00 1.32E+01 1.35E+01 1.35E+01 1.35E+01 1.35E+01 

13 6.13  0.00E+00 0.00E+00 0.00E+00 2.07E-05 4.00E-02 2.55E-01 7.89E-01 8.44E-01 8.60E-01 8.60E-01 8.60E-01 

14 6.30  0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.70E-03 1.20E-01 5.15E-01 6.49E-01 6.52E-01 6.52E-01 6.52E-01 

15 6.46  0.00E+00 2.84E-08 1.23E-04 1.89E-01 3.07E-01 1.61E+00 2.57E+00 2.67E+00 2.67E+00 2.67E+00 2.67E+00 

16 6.63  0.00E+00 0.00E+00 3.74E-02 1.36E-01 2.37E-01 1.14E+00 1.44E+00 1.44E+00 1.44E+00 1.44E+00 1.44E+00 

17 6.79  0.00E+00 0.00E+00 0.00E+00 8.70E-02 3.20E-01 1.11E+00 1.46E+00 1.48E+00 1.48E+00 1.48E+00 1.48E+00 

18 6.95  0.00E+00 0.00E+00 3.25E-05 9.84E-02 3.30E-01 1.27E+00 1.68E+00 1.73E+00 1.74E+00 1.74E+00 1.74E+00 

19 8.60  0.00E+00 0.00E+00 1.07E-02 2.17E-01 6.06E-01 2.94E+00 6.88E+00 7.92E+00 8.25E+00 8.37E+00 8.44E+00 

20 10.76  0.00E+00 0.00E+00 2.58E-07 5.79E-02 1.51E-01 7.26E-01 2.03E+00 2.39E+00 2.60E+00 2.62E+00 2.62E+00 

21 12.07  0.00E+00 0.00E+00 1.26E-09 1.70E-02 8.85E-02 4.77E-01 1.33E+00 1.66E+00 1.71E+00 1.75E+00 1.75E+00 

22 13.85  0.00E+00 0.00E+00 5.18E-08 5.36E-02 9.93E-02 4.70E-01 1.17E+00 1.28E+00 1.32E+00 1.32E+00 1.33E+00 

23 15.41  0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.33E-09 2.87E-02 2.03E-01 3.94E-01 4.45E-01 4.45E-01 4.45E-01 

24 16.32  0.00E+00 0.00E+00 0.00E+00 6.74E-07 6.81E-03 1.21E-01 3.77E-01 4.45E-01 4.45E-01 4.45E-01 4.45E-01 

25 17.13  0.00E+00 0.00E+00 9.94E-09 1.91E-02 7.45E-02 2.17E-01 3.91E-01 4.40E-01 4.45E-01 4.45E-01 4.45E-01 

26 19.78  0.00E+00 0.00E+00 0.00E+00 2.10E-08 4.99E-05 7.11E-02 3.55E-01 3.96E-01 4.30E-01 4.44E-01 4.45E-01 

Total(49hour) 2.02E+01 5.32E+01 9.75E+01 1.54E+02 2.10E+02 3.76E+02 5.85E+02 6.41E+02 6.54E+02 6.58E+02 6.60E+02 

1 Year 3.61E+03 9.51E+03 1.74E+04 2.75E+04 3.75E+04 6.71E+04 1.05E+05 1.15E+05 1.17E+05 1.18E+05 1.18E+05 

h(Ti) 1.41E-16 7.46E-10 8.08E-07 4.54E-05 5.90E-04 1.38E-01 7.14E-01 1.36E-01 1.01E-02 6.72E-04 4.94E-05 

Number of grounding 
 candidates 5.10E-13 7.10E-06 1.41E-02 1.25E+00 2.21E+01 9.26E+03 7.48E+04 1.56E+04 1.18E+03 7.91E+01 5.84E+00 

In table 3 ( ) dtTh i )5mindeviation standard15min,mean;on(t distributi Lognormal of p.d.f.i

1-i

T

T∫ ===   
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Table 4 Number of grounding accidents in Akashi Channel (JCG 1989-1996) 

A.D. 

Akashi Channel  Seto Inland Sea 
Number of ships 
that required 
rescue 
(A1) 

Number of ships that 
required or did not 
require rescue (B1) 
(Estimation : 
B1=A1*B2/A2) 

 Number of ships 
that required  
rescue 
(A2) 

Number of ships 
that required or did not  
require rescue 
(B2) 

B2/A2 

1989 2 2.29   97 111 1.14  

1990 1 1.11   105 117 1.11  

1991 0 0.00   153 170 1.11  

1992 2 2.16   111 120 1.08  

1993 0 0.00   107 118 1.10  

1994 0 0.00   76 82 1.08  

1995 5 5.56   124 138 1.11  

1996 4 4.18   89 93 1.04  

Total 14 15.31   862 949 1.10  
Average 1.75  1.91   107.75  118.63  

 
Table 5 Grounding candidates' number and probability of failing to avoid grounding (Model A) 

Average of position fixing interval (min) 5 10 15 

Number of Grounding candidate 3.95E+04 7.91E+04 1.01E+05 

Probability of failing to avoid grounding 4.83E-05 2.42E-05 1.89E-05 

 

Table 6 Grounding frequencies varying time without action in Akashi Channel, where omission error probability is 0.001(ε ) and position fixing 
interval is 2 minutes.  (Model B) 

Group 
No. 

Draught 
(m) 

Time without corrective action (min) 

2 4 6 8 10 12 

1 0.96  2.16E+01 7.21E+01 8.23E+01 6.18E+01 5.39E+01 3.68E+01 

2 1.80  7.39E+00 2.23E+01 2.09E+01 1.42E+01 1.44E+01 8.53E+00 

3 2.49  3.75E+01 7.56E+01 7.38E+01 3.30E+01 3.39E+01 2.10E+01 

4 2.98  4.31E-01 4.20E+00 1.93E+01 1.23E+01 2.03E+01 1.17E+01 

5 3.36  6.85E-02 8.33E-01 4.13E+00 2.95E+00 4.35E+00 2.90E+00 

6 3.67  1.67E-01 9.70E+00 4.69E+01 3.76E+01 5.59E+01 3.91E+01 

7 4.39  8.91E+00 1.17E+01 1.63E+01 1.33E+01 2.09E+01 1.22E+01 

8 5.58  4.76E+01 5.25E+01 2.69E+01 1.25E+01 1.40E+01 8.05E+00 

9 5.67  0.00E+00 1.32E+00 3.78E+00 4.26E+00 7.92E+00 3.59E+00 

10 5.75  1.54E-01 5.21E+00 8.81E+00 7.77E+00 8.57E+00 3.41E+00 

11 5.84  4.57E-02 3.30E+00 4.76E+00 6.20E+00 7.08E+00 4.10E+00 

12 5.96  1.43E-01 4.56E+00 6.81E+00 8.54E+00 9.42E+00 3.11E+00 

13 6.13  0.00E+00 0.00E+00 6.55E-01 4.53E-01 3.91E-01 1.61E-01 

14 6.30  0.00E+00 0.00E+00 1.92E-01 3.27E-01 2.81E-01 6.24E-01 

15 6.46  0.00E+00 8.08E-01 1.23E+00 1.82E+00 3.01E+00 1.16E+00 

16 6.63  0.00E+00 5.20E-01 5.08E-01 7.60E-01 1.34E+00 5.02E-01 

17 6.79  0.00E+00 3.04E-01 1.34E+00 1.19E+00 8.85E-01 1.70E-01 

18 6.95  0.00E+00 3.61E-01 1.34E+00 1.33E+00 9.13E-01 5.22E-01 

19 8.60  0.00E+00 7.57E-01 2.40E+00 3.75E+00 3.00E+00 1.79E+00 

20 10.76  0.00E+00 2.47E-01 5.36E-01 7.47E-01 6.72E-01 8.56E-01 

21 12.07  0.00E+00 7.20E-02 4.48E-01 4.70E-01 4.14E-01 5.71E-01 

22 13.85  0.00E+00 2.28E-01 3.43E-01 2.49E-01 4.16E-01 2.54E-01 

23 15.41  0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.67E-02 1.33E-01 

24 16.32  0.00E+00 0.00E+00 2.80E-01 1.43E-01 0.00E+00 1.43E-01 

25 17.13  0.00E+00 8.00E-02 2.40E-01 2.34E-01 1.27E-01 1.27E-01 

26 19.78  0.00E+00 0.00E+00 8.00E-02 1.07E-01 1.40E-01 3.37E-03 

Total(49hour) 1.24E+02 2.67E+02 3.24E+02 2.26E+02 2.62E+02 1.62E+02 

1 Year 2.22E+04 4.77E+04 5.80E+04 4.04E+04 4.69E+04 2.89E+04 

ε,ε2,ε3, --- 1.00E-04 1.00E-08 1.00E-12 1.00E-16 1.00E-20 1.00E-24 
Grounding 
numbers 2.22E+00 4.77E-04 5.80E-08 4.04E-12 4.69E-16 2.89E-20 

 
Table 5 suggests that shortening of position 

fixing interval would enable to make the grounding 
candidates frequency small.  
 

Estimation of grounding frequency (Model B) 
Omission error probability is obtained as from 

1.0×10-3 to 3.0 ×10-3 per item when use of written 
procedure is specified from a literature (Swain 1983).  

 These values are used in nuclear power plants. 
Omission error in the middle of action for route 
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correction when officers recognize deviation from 
planned route and follow a modified route is assumed as 
smaller than that in normal operation of nuclear power 
plant here. The reason is that level of consciousness at 
such emergency operation for correction of route when 
officers recognize deviation is thought to be higher than 
that in usual operation of nuclear power plant. However 
this assumption has not been verified yet.  
Table 6 shows grounding frequencies at every value of 
time without corrective action and its calculation 
process where omission error probability is 0.001. Table 
7 shows annual grounding frequencies estimated 
varying omission error probability and position fixing 
interval. The combinations of time without corrective 
action and omission error probability which make 
estimated annual grounding frequency near the 
statistical data in Table 4 can be found in Table 7. Table 
7 indicate that for good agreement between the 
statistical data of grounding frequency in Akashi 
Channel and the estimated grounding frequency, rather 
smaller omission error probability than that used in 
nuclear plant and rather shorter position fixing interval 
than the usual value are necessary. 
Table 7 Annual grounding frequency varying omission error 
probability and position fixing interval 

  

Position fixing interval (min) 

1  2  3  4  5  

O
m

is
si

on
 o

cc
ur

re
nc

e 
pr

ob
ab

ili
ty

 

3.0E-03 2.49E+01 6.69E+01 1.28E+02 2.11E+02 2.99E+02 

1.0E-03 8.25E+00 2.22E+01 4.25E+01 7.00E+01 9.93E+01 

5.0E-04 4.12E+00 1.11E+01 2.12E+01 3.50E+01 4.96E+01 

1.0E-04 8.23E-01 2.22E+00 4.24E+00 6.99E+00 9.91E+00 

 
Discussion 

Most of estimation methods of grounding 
frequency developed until now are based on the 
modelling which uses a position distribution of a ship 
along lateral direction of the route of the ship. Different 
from those methods, this method is based on the 
directional deviation from planned routes or realized 
trajectories after dealing with deviations from planned 
routes, therefore the developed methods can be said to 
be new approaches of estimating grounding frequencies.  
Moreover these method can deal with ships of optional 
draughts and optional seabed all together.  

Some problems and possible improvements to 
the model were discussed in the followings. 
 
On Model A 
Trajectories are different from initially planned routes, 
therefore assuming trajectories as planned routes is not 
reasonable basically. However if similarity between 
planned routes and trajectories will be verified the 
assumption can be considered to be rational. But to 
obtain planned routes of thousands of ships are very 

difficult. A possible way of this is thought to be 
inquiring mariners. As trajectories of deviation were not 
classified by their causes, to use obtained deviation 
distribution of Figure 7 and Table 6 as deviation 
distribution by collision avoidance is not appropriate. 
Classification of deviation distribution by their cause is 
too difficult to be done. If it will be done and planned 
routes of all ships in a considered sea area will be 
obtained Model A will become reasonable. 
 
On Model B 
Trajectories obtained from radar images includes the 
trajectories when coping with deviations, and the view 
that deviation from trajectories leads a ship to 
grounding presents a practical way for estimating 
grounding frequency because Model B does not need 
planned routes. The point is the merit of Model B 
comparing Model A. 
For good agreement between the statistical data of 
grounding frequency in Akashi Channel and the 
estimated grounding frequency, rather smaller  
omission error probability than that used in nuclear 
plant and rather shorter position fixing interval are 
necessary. To overcome this problem a few 
assumptions are introduced. However they should be 
verified in the future. 
 
Common problem 

In these methods a ship is expressed as a point. 
However in order to improve accuracy of frequency of 
grounding candidate frequency and that of grounding 
frequency to obstacles in sea areas where heavy traffic 
exists such as established traffic lane,  it is necessary to 
consider shape of a ship. Moreover for improving 
accuracy it is necessary to estimate tide level. 
 
Conclusion 
The followings are dealt with in this paper. New 
grounding models were developed. The models use 
trajectories and geometry of seabed. One of 
them(Model A) is based on the assumption that 
differences between trajectories and corresponding 
planned routes are small enough for considering 
trajectory as planned routes. However this assumption 
is not true basically. The other model(Model B) is based 
on the assumption that deviation from trajectory by 
omission error leads a ship to grounding.  
These grounding models were applied to Akashi 
Channel in Japan. The reasonableness of the two 
models are not fully justified by the result. However if 
some improvements will be done these models would 
be verified as suitable for grounding model. Though 
they need great computing power to handle large data, 
recent personal computer is powerful enough to handle 
ship trajectories and seabed polyhedron in the sea area 
like Akashi Channel. Therefore these models are 
considered to be effective method to estimate grounding 
frequency in real sea area. 
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studied in order to define the limits where the decoupled 
approach can still be applied. For the decoupled 
approach the deformation energy is obtained from 
Pedersen and Zhang (1998) and the extent of damage 
with the contact model of Tabri et al (2010). For the 
coupled approach the same contact model is applied 
together with the time domain collision simulation 
model of Tabri et al (2010). As both approaches share 
the same model to evaluate the contact force, the 
differences analysed in this paper arise due to the 
neglected coupling and velocity dependent external 
fluid forces in the decoupled model. In all the 
simulations the striking ship is assumed rigid and the 
deformations are limited to the struck ship. 

Influence of coupling in collision experiments 
First, we exploit the model-scale collision 

experiments to illustrate the predictions we can obtain 
with different approaches. The model-scale experiments 
were performed to extend the physical understanding of 
ship collisions. The large-scale experiments were scaled 
to model scale using a scaling factor of 35 (Tabri et al, 
2008). In this, Froude’s scaling law was used to assure 
physical similarity. This scaling resulted in ship models 
with the following main dimensions: length LA =LB = 
2.29 m, depth DA = DB = 0.12 m, and breadth BA = 
0.234 m for the striking ship and BB = 0.271 m for the 
struck ship. Hereafter, the superscript characters A and 
B denote the striking and the struck ship, respectively. 
The striking ship model was equipped with a rigid bulb 
in the bow and it collided with the side structure of the 
struck ship model; see Figure 2. At the contact location 
a block of homogeneous polyurethane foam was 
installed. The force-penetration curve from the large-
scale experiment was used to scale down the structural 
response of the struck ship and, thus, maintain dynamic 
similarity. The scaling was based on the crushing 
strength of the foam and on the geometry of the bulb 
(Tabri et al, 2008; Ranta and Tabri, 2007).  

Figure 2. Model-scale test setup with the definitions of the collision 
angle β and eccentricity LC 

 
During the collision all six motion components of 

both ships were recorded with respect to an inertial 
coordinate system using a Rodym DMM non-contact 
measuring system. Depending on the collision scenario, 
the contact force was recorded either in a longitudinal 
or in the longitudinal and transverse directions with 

respect to the striking ship model (Tabri et al, 2008). 
Given the ship motions, the penetration time history 
was calculated based on the relative position between 
the ships, see Eq. (3) in Tabri et al (2010). Combining 
the measured contact force and the penetration history 
results in a force–penetration curve, and the area under 
that curve gives the deformation energy ED of the 
collision process. 

The deformation energies and penetration paths are 
calculated for four non-symmetric model-scale collision 
tests, which main parameters are given in Table 1. 
Deformation energy for the decoupled analysis is 
evaluated with the external dynamics model of Pedersen 
and Zhang (1998). This model evaluates the 
deformation energy based on the conservation of 
momentum in collision and uses as input the ship mass 
properties and the collision parameters such as ships’ 
velocities, collision angle β and eccentricity LC, see 
Figure 2 for the definitions. It should be noted that no 
information on structural resistance is required to 
evaluate the deformation energy with this model. In 
Table 1 this energy is compared to the energies obtained 
from the model-scale experiments and by the coupled 
approach of Tabri (2010). For the decoupled approach 
only the total deformation energy is presented while for 
the other two methods also the pure plastic energy is 
presented. In the decoupled model the decomposition of 
the total energy to plastic and elastic components 
requires the knowledge of the ships’ velocities 
immediately after the contact, which can not be defined 
based on the decoupled approach alone.  

According to Table 1, the computational models 
tend to overestimate the total deformation energy 
approximately by 10% and both methods give a similar 
outcome, except in test 309 where there is significant 
sliding between the ships. In the decoupled model the 
total deformation energy is the only outcome and the 
penetration is assumed to follow the direction of the 
initial velocity of the striking ship (Zhang, 1999). To 
solve the final value of the penetration corresponding to 
the obtained deformation energy, the contact force 
model from of Tabri et al (2010) is exploited. The 
penetration paths evaluated by two computation models 
are presented in Figure 3 for different model-scale tests. 
There, the penetration paths of the bulb into the side of 
the struck ship are presented. It should be noted that 
when talking about the penetration path, we only 
consider the path of the point that first contacts with the 
other ship and the extent of damage due to the shape of 
the impact bulb is not presented, even though it is 
obviously considered in the calculations. The 
longitudinal extent of damage is denoted with xB and 
correspondingly the transverse extent with yB. For the 
test 202 presented in Figure 3a, results of both methods 
agree well with the measured one, even though the 
longitudinal penetration is slightly underestimated. In 
other tests with oblique angle the differences between 
the results of different methods are larger. The coupled 
method estimates the penetration paths at good 
accuracy, while the decoupled approach yields to 
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Table1. Test data 

Test β LC mA mB 0
Av  max(ED)/ED,P [J] 

 [deg] [m] [kg] [kg] [m/s] Experimental Decoupled* Coupled model 
202 0 0.83 28.5 30.5 0.71 2.36/2.28 2.50/- 2.51/2.14 
301 30 0.37 28.5 20.5 0.87 4.20/4.14 4.31/- 4.62/4.21 
309 (sliding) 55 0.46 28.5 20.5 0.87 3.19/3.19 4.3(2.9*)/- 3.60/3.60 
313 -30 0.29 28.5 20.5 0.76 3.14/3.09 3.7/- 3.45/3.14 

mA, mass of the striking ship; mB, mass of the struck 
ship; 0

Av , initial velocity of the striking ship;   
ED , deformation energy;  ED,P,  plastic deformation 

energy; * based on Pedersen and Zhang (1998). 
 

a) 202 (β=0 deg, LC=0.83 m) b) 301 (β=30 deg, LC=0.37 m) 

 
c) 309 (β=55deg, LC=0.46 m) d) 313 (β =-30 deg, LC=0.29 m) 

Figure 3. Penetration paths of the bulb in the struck ship (see Appendix B in Tabri et al (2010) for test matrix). 
 
deeper penetration with shorter longitudinal extent. This 
becomes especially clear from the results of the test 309 
in Figure 3c, where the striking ship slides along the 

side of the struck ship and thus the penetration path 
deviates significantly from the direction of the initial 
velocity. A circular marker in the Figure 3c denotes the

deformation energy when the sliding contact is assumed 
to occur in the model of Pedersen and Zhang (1998), as 
this model makes a clear difference whether the ships 

stick together during the contact or whether they slide 
along each other.  

 

Influence of coupling in different collision scenarios 
Above examples only covered four points in the wide 
spectrum of possible collision scenarios. Having 
obtained confidence in the numerical model through 
experimental validation, we use it to study the influence 
of coupling in a wider range of collision scenarios. The 
simulations are carried out using the mass and structural 
properties of the ship models used in the experiments. 
As we simply compare the outcomes of two methods,  

 

the scale where the comparison is conducted does not 
affect the outcome. The relative difference between the 
two approaches is defined as  

. ,−
= C DC

C

x xdiff
x

 
              (1) 

where Cx  and DCx  are the values in question from the 
coupled and decoupled analysis, respectively. 
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Collision scenarios and parameters 
In total, 126 different collision scenarios are 

studied. Mass and inertia properties of the ship models 
used are kept unchanged and are given in Table 2. Also 
the structural resistance and the shape of the impacting 
bow are assumed to be the same in all the scenarios. 
Seven different collision angles β=0°, ±30°, ±45°, ±60° 
and nine collision locations LC/LB=0, ±0.1, ±0.2, ±0.3, 
±0.4 are studied. The striking ship has a velocity of 0

Av
=0.75 m/s and the struck ship is either initially 
motionless of also has a forward velocity of 0

Bv =0.75 
m/s. In all the simulations with the decoupled approach 
it is assumed that the penetration follows the direction 
of the relative velocity between the ships. All the  

 
collisions are assumed to occur at parallel middle body. 
In the decoupled analysis it is assumed that α=β and 
µ0=0.6 in Pedersen and Zhang’s (1998) model. The 
value µ0=0.6 was chosen as this resulted in most precise 
prediction of energy as revealed in Figure 4, which 
presents the averaged difference .diff  in the 
deformation energy for the collision scenarios where the 
struck ship is initially motionless.  The difference .diff
is evaluated by averaging the differences over nine 
collision locations as 

9
, ,

1 ,

1.
9 =

−
= ∑ C n DC n

n C n

x x
diff

x
 

       (2) 

 
Table 2. Physical parameters of the models 

Model Draft Mass KG kXX kYY kZZ µsway µheave µroll   µpitch µyaw 

  [cm] [kg] [cm] [cm] [cm] [cm] [%] [%] [%]   [%] [%] 

Striking  4 20,5 7,4 19 70 70 17 300 12 220 14 

Struck 4 20,5 7,4 19 77 77 16 376 20 231 10 

KG, vertical height of the mass centre of gravity from the base line; kXX, kYY, kZZ  the radii of inertia in relation to the x, y 
and z axes; µ, non-dimensional added mass (Tabri et al, 2010)

This averaged difference is evaluated for all 7 different 
collision angles and presented in Figure 4 for a number 
of µ0 values. Relatively larger differences occur at 
β=±45° as there the decoupled analysis predicts sliding 
contact while in reality it is neither pure sliding nor 
sticking. This implies that the outcomes of decoupled 
analysis are strongly dependent on the µ0 value, 
especially when the sliding between the ships occurs. 
However, the precise determination of µ0 value just 
based on the parameters describing the collision 
scenario is not possible.  

 
Figure 4. Averaged difference in deformation energy as a function of 
collision angle β and with µ0  as a parameter. 

Influence of coupling 
We first study the scenarios where the struck 

ship is initially motionless. The difference between the 
total deformation energy is presented in Figure 5 as a 
function of β. The difference due to the collision 
eccentricity is described by the error bars. Collision 
scenario is visualized on the top of the graph for β=-60, 
0 and 60 deg. In this, and also in the coming graphs, 

dashed lines are drawn for the difference of ±15%, 
which can be considered as well acceptable difference. 
The energy plot reveals that in most of the scenarios the 
energy is predicted within the margin of ±15%. In the 
case of a right angle collisions (β=0°) there were only 
neglectful differences between the two approaches. 
Again, larger differences occur in the case of β=±45° as 
the decoupled analysis cannot precisely predict the 
scenarios where the sticking and sliding occur 
simultaneously.  

 
Figure 5. Difference in deformation energy as a function of β

 
0 0.75=Av m s  0 0=Bv .  

Differences in the deformation energy change 
as the struck ship has a forward velocity, see Figure 6. 
With β<0°, the energy is well predicted with the 
decoupled approach, the difference is even smaller 
compared to scenarios where the struck ship was 
initially motionless. In the scenarios with β<0° the 
velocity of the struck ship reduces the sliding between 
the ships and thus, the decoupled analysis yields to 
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precise estimation of energy. Contrary, for β>0°, the 
sliding becomes more extensive and the difference 
between the two methods increases significantly.  

 
Figure 6. Difference in deformation energy as a function of �

0 0 0.75= =A Bv v m s  

 
Differences increase when looking at the 

penetrations in Figures 7 and 8. With the decoupled 
approach the longitudinal penetration is underestimated 
as much as 80%, see Figure 7a. It should be noted that 
in Figure 7a, and later also in Figure 8a, the longitudinal 
penetration is not presented for β=0 as the comparison 
would be ill-conditioned. This is because the decoupled 
analysis will predict zero longitudinal penetration for all 
the scenarios where β=0 and the struck ship is initially 
motionless, while in the coupled analysis the 
longitudinal penetration still obtains some value mainly 
due to yaw motion of the ships. Their comparison 
would always lead to very large differences even if 
neglectfully small values are compared. The largest 
differences again occur in the scenarios where there is 
significant sliding between the ships. In the case of 
sliding not only the deformation energy is poorly 
predicted, but also the direction of the penetration 
deviates from that of the relative velocity. This is 
further confirmed when looking at the longitudinal 
penetration in the scenarios where the struck ship has a 
forward velocity. For β<0° the sliding becomes less due 
to the velocity of the struck ship and the penetration is 
predicted more precisely compared to the initially 
motionless struck ship. With β>0° the sliding increases 
and the error in predicting the penetration path in the 
decoupled manner increases.  

Figure 7. Difference in longitudinal penetration for (a) 0.75=Av m s

, 0=Bv  and (b) 0.75= =A Bv v m s .  

The trends are similar in the case of the 
transverse penetration in Figure 8. Decoupled analysis 
overestimates the transverse penetration up to 45% for 

the scenarios with the initially motionless struck ship. 
The overestimation increases as the collision angle 
deviates from a right angle. When the struck ship has 
some forward velocity the transverse penetration is 
predicted relatively precisely, except for β =60°, where 
the overestimation is up to 45%.  

In general, the differences in transverse extent 
are smaller as the deformation energy increases rapidly 
with the increasing transverse penetration. In the 
longitudinal direction the increase in energy is moderate 
and already small differences in energy appear large in 
the longitudinal extent of damage. 
 
a)

 

b)

Figure 8. Difference in transverse penetration for (a) 0.75=Av m s 
0=Bv  and (b) 0.75= =A Bv v m s .  

Conclusions 
Ship collisions are numerically simulated using 

two different approaches: a coupled and a decoupled 
approach. In this paper, Tabri’s method (Tabri et al, 
2010) is used for the coupled approach, and Pedersen 
and Zhang’s method (1998) is used to evaluate the 
deformation energy in the decoupled approach. For both 
approaches the contact force as a function of 
penetration is evaluated with the contact model of Tabri 
et al, 2010.  The differences in the collision energy, in 
the longitudinal and transverse penetration depths have 
been compared for a wide range of collision angles and 
locations. The approaches were compared for the 
scenarios where only the striking ship had a forward 
velocity and where both ships had a forward velocity of 
the same magnitude.  

It was revealed the two methods yield to 
different outcomes, especially when looking at the 
penetration depths. When the struck ship is initially 
motionless the deformation energy can be predicted at 
good accuracy. Larger differences occur at large 
collision angles, where both the sticking and sliding 
occur simultaneously. The coupled analysis can well 
cope with such a scenario, while the decoupled analysis 
always assumes just one of these processes occurring. 
Despite well predicted energy, the exact penetration 
path is not known in the decoupled analysis and it is 
assumed to follow the direction of the relative velocity 
between the ships. This holds true for the collision 
angles close to a right angle, but for larger angular 
deviations the longitudinal penetration tends to become 
overestimated and contrary, transverse penetration 
becomes underestimated. The velocity of the struck ship 
improves the estimations in the scenarios where, as a 
result of this forward velocity, there is less sliding 

a) 

 

b) 
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between the ships. In majority of the collision scenarios 
the forward velocity of the struck ship did not lower the 
precision of the decoupled approach. The larger 
difference in the penetration depth compared to the 
deformation energy implies that the neglected coupling 
yields to larger error compared to the neglected velocity 
dependent external fluid forces in the decoupled model. 
The decoupled approach can be used with full 
confidence in right angle collisions, where both the 
deformation energy and the penetration bath are well 
determined despite the collision eccentricity and 
velocities. When the angles deviate from a right angle, 
the errors increase and for some scenarios the results 
become unacceptable, especially in the case of 
penetration depth. 

Differences presented here arise mainly as with 
different methods the penetration paths become 
different. In this paper the side structure of the struck 
ship was assumed homogeneous and did not influence 
the outcome. Homogeneous side structure misses 
structural hard points such as web-frames and 
bulkheads for example. A numerical study with ships of 
different sizes and structural configurations is to be 
conducted to assess whether the conclusions drawn here 
are valid in more realistic scenarios and ship structures. 
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Surfaces 
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Abstract: 
A simple method for rapid assessment of ship bottom structures subjected to grounding over seabed obstructions with large contact 
surface is proposed in this paper. It has been recognized that the shape and size of the seabed obstruction is of crucial importance in 
relation to the characteristics of bottom damage. Most studies of ship grounding are concerned with “rock” type sharp obstruction, 
where plate tearing is the dominating failure mode. However, very few studies are found related to grounding over blunt obstructions 
with large contact surface such as “shoal”. Denting rather than tearing is more likely for bottom plating as observed from actual 
grounding incident. The sharp obstruction may cause earlier penetration, and result in very unfavorable consequences such as 
compartment flooding. In contrast, the bottom plating may not fracture when moving over blunt type sea floor. But it may threaten the 
global hull girder resistance and give rise to even worse consequences such as hull collapse. The proposed simple method is 
established on the basis of a series of closed-form solutions for individual structural members developed from plastic mechanism 
analysis. The primary deformation modes for the major bottom structural members are: sliding deformation of longitudinal girders, 
denting and crushing of transverse members, indentation of bottom plating. The effect of friction is considered and estimated in a 
simple manner. The vertical resistance which governs the vertical ship motion is derived. It is found that the vertical resistance is free 
of friction. The proposed simple method for bottom strength is verified against large-scale nonlinear finite element analyses where 
good correlation is obtained. 

Introduction 
In the last two decades, significant effort has been 

put into understanding the response of ships subjected to 
collision and grounding, due to the continuously 
increasing public concern over several catastrophic 
accidents. As a result, a large body of tools and analysis 
procedures has been developed. Some novel ship 
structures have been proposed, as summarized by, e.g. 
NRC (1991), Paik (2003), which are capable of 
mitigating or preventing potential accidental 
consequences, such as oil spill. This has partly been 
based on analysis of structural crashworthiness using 
techniques widely applied by the automobile industry. 
Recently, there is seen a clear trend to adopt more 
rational design procedure for collision and grounding 
rather than the prescriptive regulations. The following 
four items are considered elementary in such a rational 
design procedure, see, for example Amdahl et al (1995): 
scenario definition, global and local structural 
performance calculation, post-accident evaluation, 
acceptance criteria. If such a design procedure is used, 
especially in the preliminary design stage, it is essential 
that the structural performance of various designs can be 
checked and compared quickly for a large number of 
potential accident scenarios. Also, in risk analysis, it is 
required to predict the consequences related to various 
scenarios. In this context, calculation tools with high 
efficiency are required. Apparently, experiments or non-
linear finite element method (NLFEM) is not an option 
in such situations. Full- or large-scale physical 
experiments with ship structures on collision or 
grounding are usually too expensive and risky to be 
executed, though they have been conducted (Carlebur 
1995, Rodd 1996). Small-scale tests may be difficult to 
be interpreted to real scale events due to the intricate 
scaling laws involved. The NLFEM is often considered 
to be “numerical experiments”, but it implies intensive 
effort on both modeling and calculation. On the other 

hand, the results of numerical simulations depend 
significantly on the skill and knowledge of the user, 
which makes it difficult for application by ship 
designers. Therefore, development of simple methods or 
tools with reasonable accuracy is motivated and 
precipitated because of their characteristic of fast 
estimation. Compared to empirical methods, as 
pioneered by Minorsky (1959) for assessment of high-
energy collisions, it is advantageous to apply plastic 
methods of analysis in developing simplified methods 
(ISSC 1997, ISSC 2003), since mechanism analysis can 
provide significant insight into the governing physical 
processes.  Many simplified analytical formulae have 
been developed based on the construction of realistic 
deformation mechanisms identified during either actual 
ship accidents or model tests (Amdahl 1983, Wang 1995, 
Simonsen 1997, Zhang 1999, Wierzbicki and co workers 
1992-2000). For a ship bottom structure, beside the 
structural arrangement, the characteristics of the 
structural behavior are determined by the definition of 
the accident scenario, among which loading condition 
and seabed topology are of crucial importance. The 
grounding action may be in the vertical direction, 
longitudinal direction, or a combination. The mechanics 
of vertical action is referred to as “stranding” (Amdahl 
and Kavlie 1992). If the ship grounded with forward 
speed, it is often referred to as “powered grounding” 
(Simonsen and Friis-Hansen 2000). The mechanics 
involved in the “powered grounding” varies due to the 
“powered grounding” varies due to the variety of seabed 
topologies.  

Three major types of seabed topologies have been 
defined in the grounding scenarios by Alsos and Amdahl 
(2007), namely “rock”, “shoal” and “reef” (Figure 16). 
The shape and size of the seabed is evaluated in relation 
to the characteristic resistance of the double bottom. 
Different deformation mechanisms may be triggered by 
seabed obstructions with different shape and size.   
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The rate of the plastic energy dissipation of a 
plate strip in contact with the front surface of the 
indenter is established as 

2

, 0 0
0

2 21tip plastic
NE M V M V N u

R N R

• •⎛ ⎞⎛ ⎞
⎜ ⎟= + − +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

. (17) 

R is the rolling radius, N denotes the axial force. The first 
term of Eq. (17) comes from the bending at the first 
roller, the second term is the bending at the second roller 
in which the bending moment capacity is reduced 
because of the presence of axial force due to the friction. 
The last term represents the contribution of membrane 
tension in the second roller. u

⋅ is the rate of material 
elongation in the second roller, and it will be decided 
from the plastic interaction function 

2

0 0

1M N
M N

⎛ ⎞
Γ = + −⎜ ⎟

⎝ ⎠
, (18) 

 
and the normality criterion 

M

u
N

θ
λ

•
•

•

∂Γ⎧ ⎫
⎧ ⎫ ⎪ ⎪⎪ ⎪ ⎪ ⎪∂=⎨ ⎬ ⎨ ⎬∂Γ⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎪ ⎪∂⎩ ⎭

. (19) 

Then, u
⋅

 can be related to θ
⋅

 as 

0

0 0

2M Nu
N N

θ
• •

= .                                                            (20) 

θ
⋅

 is the rate of rotation, and is expressed constantly as 
V
R

θ
•

=  .(21) 

 
Substituting Eq. (20) into Eq. (17), the second order term 
of the axial force is eliminated due to the interaction 
between bending and axial forces. The rate of the plastic 
energy dissipation is reduced to a single term as 

, 0
4

tip plasticE M V
R

•

= . (22) 

This is independent of the friction force. Once the plastic 
rolling radius is determined, the energy dissipation due 
to rolling and stretching of the front contact surface can 
be obtained. Normally, the rolling radius should adjust 
itself to give the minimum energy dissipation. 
Obviously, this could not be done at present. The 
influence of the rolling radius on the total energy 
absorption capacity will be investigated later. 
Subsequently, the horizontal resistance from the tip 
rolling and stretching is 

( ), 0
4 2H tipF M C
R

= .         (23) 

Energy absorption due to the rolling and stretching, 
when being crushed a distance, l, is 

( ), 0
4 2p tipE M l C
R

= .                  (24) 

The total energy absorbed by the bottom plating when 
being crushed a distance, l, is obtained as 

2 20 0
0 0 0

2
4

3plating
N M C

E l M u v
R

ϕ⎛ ⎞
= ∆ + + +⎜ ⎟

⎝ ⎠
. (25) 

Subsequently, combining Eqs. (2, 7, 9 and 25), the total 
horizontal reaction force due to plastic deformation is 
obtained as 

, , , , , , ,H plasticity mH girder mH trans central mH trans side mH platingF F F F F= + + +  (26) 
 
Friction and vertical resistance 

Generally, friction will play a significant role 
during grounding. For example, in the plate tearing 
model for bottom raking proposed by Ohtsubo and Wang 
(1995), the factor representing the effect of friction on 
the plate resistance is 

( ), 1
tan

g µµ θ
ϕ

= + . (27) 

µ is the Coulomb friction coefficient, ϕ is semi-wedge 
angle. Assuming θ=45o and µ=0.3, the resistance will 
increase 30% due to friction. More increasing can be 
obtained for wedges with smaller semi-wedge angle. In 
the study of steady-state plate cutting by Simonsen and 
Wierzbicki (1998), a more complicated expression for 
the factor accounting for friction is derived. It was shown 
that when µ=0.3 and wedge inclination angle 10o, the 
friction factor is 2.8, 1.7 and 1.5 for semi-wedge angle 
equal to 10o, 30o and 45o respectively. The contribution 
of friction to total grounding resistance is of considerable 
magnitude. 

Consequently, the effect of friction shall be 
considered and included in a consistent manner. As 
general, it is postulated that the external work equals the 
total internal work due to plasticity, friction, and fracture 
if applicable 

'
, ,H H plasticity H fracture

S

F V F V F V V pdSµ⋅ = ⋅ + ⋅ + ∫ . (28) 

FH is the total horizontal resistance of the structure, V is 
relative velocity between ship and obstruction, FH,plasticity 
and FH,fracture denotes the resistance due to plasticity and 
fracture respectively, V’ the relative velocity between the 
plating element dS and obstruction during contact, p the 
pressure distribution on the contact surface, S the contact 
surface. Last term of Eq. (28) represents the energy 
dissipation by friction forces on the contact surface. 

For calculating the friction force, it is assumed 
that all the contact pressure is acting on the front plane 
surface of the indenter for simplicity. The shoulders of 
the indenter also transmit some force. However, it is 
believed that the major part of the force is taken by the 
front surface. Thus, the influence from the shoulders 
maybe neglected. The irregularities of the sharp edges of 
the indenter are also omitted due to their minor effect. 
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Figure 20: Relative motion of bottom plate and indenter for friction 
factor calculation. 
Considering the present problem, Eq. (28) can be 
rewritten as 

'
,H H plasticityF V F V NVµ⋅ = ⋅ + . (29) 

N is the normal force on the contact surface, see Figure 
20. The relative velocity V’=V/cosα. The equilibrium in 
the horizontal direction referred to the indenter is 
established as 

sin cosHF N Nα µ α= + . (30) 

Combining Eq. (30) and Eq. (29), eliminating N, an 
expression for the total horizontal resistance FH in terms 
of FH,plasticity is given as 

( ) ,,H H plasticityF g Fµ α= ⋅ , (31) 

where g(µ,α) is the friction factor which is the ratio 
between FH and FH,plasticity. It is derived as a function of 
the friction coefficient µ and the inclination angle of the 
flat indenter relative to the bottom plate α, expressed as  

( ) ( )

1

,

, 1
sin cos cos

H

H plasticity

F
g

F
µµ α

α µ α α

−
⎛ ⎞

= = −⎜ ⎟⎜ ⎟+⎝ ⎠
(32) 

Subsequently, the vertical equilibrium gives the 
expression for vertical resistance  

( ) ( ) ( ) ,, , ,V H H plasticityF k F k g Fµ α µ α µ α= ⋅ = ⋅ ⋅ ,      (33) 

k(µ,α)  is employed to represent the ratio of vertical 
resistance FV to horizontal resistance FH 

( ) 1 tan,
tan

V

H

F
k

F
µ αµ α
α µ

−
= =

+
. (34) 

 
 
 

 
(a) friction factor as a function of α and µ 

 
(b) ratio of FV and FH as a function of α and µ 

Figure 21: Illustration of friction factor g and ratio of k=Fv/FH. 

It is interesting to find that the vertical resistance, FV, is 
free of the friction coefficient µ with reference to 
FH,plasticity. This is evident from the product of  g(µ,α) and 
k(µ,α), which determines the magnitude of FV 

( , ) ( , ) 1/ tank gµ α µ α α⋅ = .            (35) 

This is also in accordance with the observations from 
numerical simulations. Once the horizontal resistance 
due to plastic deformation is obtained, the total 
horizontal resistance which takes into account of the 
effect of friction between contact surfaces can be 
consistently derived. The same applies to vertical 
resistance which governs the vertical motion and the 
magnitude of penetration.  

As illustrated in Figure 21(a) for friction factor, if 
µ=0.3 is assumed, g will be 2.05, 1.84 and 1.94 for 
α=20o, 30o and 50o respectively. This indicates a 
prominent increasing for the total horizontal resistance 
due to the effect of friction. Figure 21(b) shows k as a 
function of α and µ. For large inclination angles, the 
vertical component of the frictional force dominates over 
the normal force. The total vertical force acting on the 

plating 
indenter 

V 

N

α

FH 

µN 
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ship may become negative for very large inclination 
angles. 
 
Application examples 

The major structural deformation modes for 
longitudinal web girders, transverse members and 
bottom plating have been identified. Subsequently, 
simplified solutions have been derived in the previous 
section. Simplified formulae for individual structural 
components are assembled and applied to a simple ship 
bottom structure as shown in Figure 4. Compared to the 
bottom structure in Figure 4, only two transverse floors 
are included in the calculation hereafter. The stiffeners 
on the longitudinal web girders and bottom plating are 
smeared into their parental members. The grounding 
scenario is set up as in Figure 4. The major scantlings of 

the bottom structure are listed in Table 1. The bottom 
structure is subjected to four grounding processes with a 
shallow indentation depth of 150mm, an intermediate 
depth of 450mm and a relatively small sliding angle of 
24.40 and an intermediate angle of 51.30. 

 
Table 1: Major parameters of the simple bottom structure. 

Material flow stress [MPa] 355 
Spacing of transverse floors [mm] 4200 
Spacing of longitudinal web girders [mm] 3750 
Bottom height [mm] 900 
Breadth of flat indenter [mm] 1500 
Plate thickness [mm] 16 

 Case 1:α=24.4o, D=150mm Case 2:α= 24.4o, D=450mm 

Case 3:α=51.3o, D=150mm 

 

Case 4:α=51.3o, D=450mm 
Figure 22: Simplified method vs. numerical simulation in terms of total bottom energy absorption. 
 

The grounding processes have been analyzed 
numerically using the explicit non-linear finite element 
software, LS-DYNA (Hallquist, 1998), which is suitable 
of analyzing contact and transient impact problems. The 
results of numerical simulations are compared to the 
prediction by using simplified method proposed in this 
study. Energy dissipation curves obtained from 
numerical simulations and predicted from the present 
simplified method when assuming R=1000mm are 
compared in Figure 22.  

The friction coefficient is assumed as 0.3 when 
the effect of friction is taken into account. The simplified 
method agrees satisfactorily with the results of numerical 
simulations in case 3 and case 4 when α=51.3o. For 
α=24.4o, the internal energy is overestimated 
considerably especially in case 1.  

The present method gives better results when 
friction effect is not taken into account which implies 
further improvement of the present model for 
considering friction effect.  
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Identification of ship damage conditions during stranding 
Tan-Hoi Nguyen, Jørgen Amdahl, Luca Garrè and Bernt J. Leira 
Department of Marine Technology, NTNU Trondheim, Norway 
 
Abstract: 
This study outlines a new procedure for the estimation of stranding forces and their contact positions. The method is based on few on-
site measurements, namely the draughts and the bending moments acting on the stranded ship. Additionally, also a procedure to 
estimate penetrations into the ship bottom based on knowledge of the resistance of the ship bottom to penetration is presented. The 
developed method can be a useful tool for quick decision making during critical situations. The ultimate goal of the analysis is to allow 
near real time prediction of the risk of penetration into cargo tanks with oil spill as well as hull girder failure. The method is illustrated 
by means of simulation of a realistic stranding scenario which demonstrates the effectiveness of the proposed model. 
 
Introduction 

Groundings and collisions are certainly 
recognized as the most relevant accidents to ships. 
According to the International Oil Pollution 
Compensation Fund (IOPCF 2005), grounding 
accidents are responsible for grossly 23% of the oil 
release into sea waters worldwide. Following the 
Maritime Accident Review (EMSA 2008), statistics 
show that during the last five years the likelihood of a 
ship being involved in a serious grounding, collision or 
contact accident has doubled and the same increase can 
be estimated also for the costs associated with these 
accidents. This figure clearly urges to a better 
understanding and modeling of the response of ships for 
various grounding scenarios, both towards the 
prevention of these events and the mitigation of the 
possible consequences. In this respect, much effort has 
been devoted in the last decades to the analysis of ship’s 
performance during grounding, and nowadays the 
literature available on the topic is rather comprehensive. 
The main aim of the work made in this respect is to 
provide the topology, position and extension of the 
bottom damage under a certain set of parameters 
defining the stranding scenario, i.e. type of ship, speed, 
structural arrangements, characteristics of the sea floor 
and so on. A complete and thoroughly review of this 
family of procedures can be found in (Wang et al. 
2002). 

It is also noted that, in order to perform a 
satisfactory assessment of the safety of a ship against 
grounding, this set of procedures must be considered in 
a wider framework considering the whole category of 
possible consequences which are due to a specific 
event. In this respect, Formal Safety Assessment (FSA) 
introduced by the International Maritime Organization 
(IMO 2002), requires a risk-based approach. Departing 
from a risk-based assessment of the design of a ship, the 
approach is aimed at evaluating, for a given accident 
scenario, the cost-to-benefit impact of each Risk 
Control Option (RCO) on the design. In line with this 
scope, a first set of probabilistic and risk analyses have 
been pursued and remarkable efforts in this respect can 
be found (see for instance Hauke et al. 1999; Friis-
Hansen et al. 2002; Sven et al. 2002; Ravn et al. 2008). 
Within the wide extent of risk-based evaluation of 
safety against grounding, also a proper assessment of 
the post-grounding or stranding scenario, i.e. when the 

grounded ship has come to a complete stop and rests at 
a given position along the bottom, becomes important. 
From analysis of past accidents, it is in fact observed 
that this situation might become critical as 
consequences can escalate if appropriate counteractions, 
to be considered by all means as potential effective 
RCOs, are not taken in due time. This would generally 
imply the definition of standardized intervention 
patterns tailored for each possible scenario, such as for 
instance those envisaged within the Decision Support 
System for Ships in Degraded Condition program 
(DSS_DC, see Amdahl and Øyvind 2004). It is however 
clear, as also outlined by (Amdahl et al. 1995), that in 
this respect a reliable identification of the scenario, i.e. 
definition of the main characteristics of the damage, is 
of primary importance to build up a proper decision 
model for intervention purposes. This becomes 
important in the light of a scenario-based risk 
assessment of groundings, possibly aimed at supporting 
an emergency decision framework for immediate 
accident recovery or, additionally, in the planning of 
intentional grounding as envisaged by (Amdahl and 
Øyvind 2004). Additionally, this identification must be 
established on the basis of a limited number of 
measurable quantities and be built upon fast and 
efficient computational procedures, if practical use and 
possible industrial implementation is foreseen. 

According to this background, the present work 
proposes a new and simple procedure for quick 
identification of the number and longitudinal position of 
the points of contact with the seabed, together with an 
estimate of the stranding reaction forces. This set of 
variables is in fact considered to be of outmost 
importance in the evolution of the accident scenario, as 
they play a primary role in both determining the local 
penetration in the bottom structure and the 
characteristics of longitudinal shear and bending 
distributions acting on the hull girder. Moreover, an 
estimate of the longitudinal position of contact can in 
principle provide insights regarding the behavior of the 
bottom features where the ship is resting. This 
information could be useful with respect to safety 
against penetration and prevailing margins before 
fracture of the cargo tanks. The proposed procedure is 
based on a limited set of on-site measurable quantities, 
namely the aft and fore readings of draught, and 
measurements of the bending moment acting on the 
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stranded ship girder as provided by an onboard stress 
monitoring system, if available. An illustrative example 
of the possible extension of the proposed procedure to 
estimate the local indentation at the stranded position, 
provided the resistance versus penetration behavior of 
the bottom is known, is also given. 

Clearly, the complete determination of the actual 
state of the ship during the considered stranding 
scenario is associated with significant variability, 
involving for instance the possible structural 
arrangements of the bottom and the detailed topology of 
the ground. Moreover, available measurements are 
affected by uncertainties, mainly related to reading 
errors or, for the present case, deflection of the hull 
beam and its influence on measured draughts. While 
these effects are not explicitly considered in the present 
study, it is believed that the proposed procedure can be 
further extended to account also for their influences. 
 
The considered stranding scenario 

As mentioned in the introduction, a new and 
simple approach to the characterization of a stranding 
scenario is proposed. The scenario considered is 
depicted in Figure 1. After grounding, the ship has 
come to a complete stop and strands at a given single 
position X1 on the bottom. The characteristics of the 
damage which occurred along the hull up to X1 are 
related to the first dynamic development of the 
grounding event and are not further considered here. 
From this moment on, the scenario can be divided into 
two distinct phases: in the first phase the ship floats 
with a given trim, corresponding to rotation equilibrium 
around X1, which can be thought of as a pivot point of 
the ship. In thissituation, the main displacement of the 
ship is rotation around this point. Assuming an ebb tide 
at the time of grounding, the ship changes trim until she 
eventually comes to rest when the clearance Z0 (refer to 
Figure 1) is closed and the seabed is touched at a second 
position X2. This situation corresponds to the second 
phase. It must be remarked that the present study is 
limited to contacts located on the keel line, with 
reaction forces lying in the longitudinal plane of 
symmetry of the ship. Accordingly, only longitudinal 
rotation of the stranded ship is accounted for while roll 
effects are not considered. 

The prevailing stress regime in the girder and, in 
turn, the intervention countermeasures to be undertaken, 
strongly relies on which stranding phase is taking place. 
In fact, the evolution of the global loads acting on the 
girder as a function of ebb tide depends on the number 
and position of the stranding point(s). As the 
performance of the hull girder changes considerably 
depending on the type of global loads, the stranding 
scenario should be carefully assessed in an emergency 
situation. 
According to this outline, a procedure is sought to 
assess the following items: 
 

1) Determination of position X1 and ground 
reaction F1 in the first phase of stranding; 

 
2) Additional determination of X2 and ground 

reaction F2 in the second phase of stranding; 
 

3) Possible discrimination between the first and 
the second phase, if unknown; 

Figure 1. Analytical procedure for stranding scenario 
 
Finally, the number of contacts with the seabed 

could be higher than two, if considerable deflection of 
the hull girder takes place. This case is however not 
considered at the present stage of the analysis.  
 
Outline of the proposed procedure  

The proposed procedure requires knowledge of 
the ship’s weight and buoyancy longitudinal 
distributions acting on the stranded hull girder, w(x) and 
bs(x) respectively, in which x denotes the longitudinal 
axis in the body-fixed reference coordinate system. The 
first distribution can be inferred from the voyage data 
and the information contained in the loading master or, 
in case of tankers, in the Ullage Reports. The second 
distribution is directly obtained from measurements of 
the aft and fore draughts of the ship in the stranded 
condition, respectively Z(Xa) and Z(Xf), in which Xa and 
Xf  identify the positions of the aft and fore 
perpendiculars.  

Let us consider the longitudinal load distribution 
ls(x) = w(x) - bs(x). It is here noted that ls(x) does not 
include the stranding reactions F1 and F2. For the 
common case of a ship floating still in the sea (F1 = F2 
= 0), ls(x) corresponds to the actual longitudinal load 
distribution acting on the hull girder at equilibrium. In 
the frame of a beam analysis of the hull girder, in this 
situation ls(x) satisfies both the translational (vertical) 
and rotational equilibrium of the ship. This means that 
both the shear and bending moment distributions, Qs(x) 
and Ms(x), computed respectively as single and double 
integration of ls(x) along the girder axis: 

( ) ( )
a

x

s sX
Q x l x dx= ∫                                                       

(1) 

( ) ( )
a

x

s sX
M x Q x dx= ∫                                            

(2) 

 
are null in correspondence of the foremost section  
of the girder, assumed in the present case corresponding 
to the fore perpendicular (x = Xf ): Qs(Xf) = 0, Ms(Xf) = 0 
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(a null value of these distributions at the aftmost 
section, x = Xa, is given as no constant is provided in 
Eqs. (1) and (2). However, since ls(x) does not include 
F1 and F2 acting in the present stranding case, these 
distributions for this case does not reflect the rigid body 
translational and rotational equilibrium of the stranded 
girder. As a consequence of this, Qs(Xf) and Ms(Xf) 
computed according to Eqs. (1) and (2) are not null. On 
the contrary, it is possible to show that these values are 
respectively equal to (these relationships can be derived 
reintroducing the translational and rotational 
equilibrium accounting also for the contributions of F1 
and F2):  

( ) 1 2s fQ X F F= +
                                                      

(3) 

( ) ( ) ( )1 1 2 2s f f fM X F X X F X X= − + −
             

(4)  

In words, the terms given by Eqs. (3) and (4) represent 
the translational and rotational contributions of F1 and 
F2 required to balance ls(x) and to realize the 
equilibrium of the ship. The basic concept of the present 
procedure takes advantage from this conclusion. More 
specifically, with knowledge of w(x) and of the 
distribution bs(x) derived from the measurements Z(Xa) 
and Z(Xf) on the stranding site, ls(x) and the values 
Qs(Xf) and Ms(Xf) are computed. From these values, 
Eqs. (3) and (4) can be solved for the variables 
characterizing the stranding scenario, i.e. X1, X2, F1 and 
F2. As illustrated in the following, the way in which the 
solution is achieved depends on the phase of stranding. 

Finally, it should also be noted that w(x) and 
bs(x) are, in a real case, perpendicular to the water line. 
In the integrals, however, these distributions are 
assumed to be perpendicular to the x-axis. This 
assumption is reasonable for small angles θ, which, 
however, are considered to be the most likely to occur 
in stranding of long ships. 

First phase 
Computation of the stranding forces and their 

positions simply requires solution of Eqs. (3) and (4) 
with F2 set equal to zero. The solution is trivial, as the 
two equations represent a linear system in two 
unknowns which is immediately solved once Qs(Xf) and 
Ms(Xf) are known. 

 
Second phase 

In the second phase the two unknowns F2 and X2 
are added in the system of equations. In this case a 
unique solution of the problem requires, in principle, 
two new equations. It is not immediately clear which 
additional parameters should be considered to supply 
the missing equations, especially as the set of 
measurable quantities in a real situation is rather 
limited. As a first simplification, the number of 
additional equations is reduced by assuming that X1 is 
known. This could be either the result of a previous 
determination of this variable during the first phase or, 

alternatively, the range of this variable is estimated by 
expert judgment and a simplified analysis of the 
previous dynamic grounding event. The third equation 
needed is obtained accounting for the possibility to 
measure the bending distribution with a hull stress 
monitoring system. This technology is in fact becoming 
more and more common for new vessels, especially for 
large tankers, and usually returns readings of the 
bending effects in correspondence of the ship’s quarter 
lengths xj = j·L/4, j = 1, 2, 3. Further description and 
examples of these applications can be found, for 
instance with reference to existing systems (HMON, 
HullMon+). For the present case, bending 
measurements are used to define the following error 
function: 

( ) ( )
23

2
1

ˆ ,R j H j
j

E M x M x X
=

⎡ ⎤= −⎣ ⎦∑                               (5) 

in which MR(xj) represents the “real” bending moment 
distribution acting on the stranded ship as measured by 
the monitoring system, and MH(x,X2) is a fictitious 
bending distribution which corresponds to choosing the 
position X2 arbitrarily. It is in fact noted that, once a 
value of X2 is assumed, Eqs. (3) and (4) are uniquely 
solved for F1 and F2 and MH(x,X2) can be determined, 
including also the effect of the two ground reactions. 
The correct position X2 is then found according to a 
minimization of Eq. (5). 
Minimization of this error requires an iterative scheme 
of solution. However, thanks to the limited complexity 
of the involved formulations, the resulting 
computational burden of the problem is relatively low. 
Given this, one can avoid the implementation of 
solution schemes and simply adopt a screening of the 
full range of possible X2. 

Clearly, there are uncertainties related to 
measurements. One of these regards the bending 
moment distribution as returned by the monitoring 
system, MR(x). In this respect, it is worth to mention that 
readings of the monitoring system are calibrated upon 
the design section modulus of the intact ship. This 
means that, when the ship is damaged, the estimates of 
the moment are biased by a quantity which is 
proportional to the damage itself. This effect, which 
introduces an additional uncertainty of the readings, has 
been not accounted for at the present stage of the study. 

 
Identification of phase 

A third aspect regards the possibility to identify 
which of the two phases is taking place. A possible 
approach can be based on the previous development. It 
is first assumed that the ship rests on only one stranding 
point. Accordingly, Eqs. (3) and (4) are solved for X1 
and F1 and the corresponding distribution MH(x,X1), i.e. 
the fictitious bending distribution assuming only one 
stranding position at X1, is computed. The hypothesis of 
having one stranding point is then tested against the 
error moment given by Eq. (5).  
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Solution Scheme 
The previous procedure can be summarized 

according to the following step by step scheme: 
1) Determination of w(x) from available cargo 

and ship data; 
2) Computation of bs(x) from on site 

measurements of draughts; 
3) Determination of MR(xj) from the stress 

monitoring system; 
4) Computation of Qs(Xf) and Ms(Xf) from Eqs. 

(1) and (2); 
5) Hypothesis: one single contact point; 
6) Computation of X1 and F1 from Eqs. (3) and 

(4); 
7) Computation of the error Ê  from Eq. (5); Is 

Ê  within tolerable limits? Yes: X1 and F1 are 
the solution; No: proceed to the following 
steps; 

8) Determination of X1 analysis of previous 
stranding phase or expert judgments; 

9) Tentative value for X2 – start of the iterative 
scheme; 

10) Solution of Eqs. (3) and (4) and computation 
of F1 and F2; 

11) Computation of Ê ; 
12) Is Ê  within tolerable limits? Yes: X2, F1 and 

F2 are the solution. No: restart from step 9). 
 
Case study 

In order to illustrate the proposed procedure, a 
given stranding scenario is first generated. A fully 
loaded shuttle tanker is considered. The ship has a total 
length of approximately 265 m, a molded breadth of 
nearly 42.5 m, and a design draught of 15 m. 
The tanker is initially stranded at X1 = 40 m. Ebb tide is 
assumed to take place at the moment of stranding, 
causing the ship to undergo the two phases previously 
described. After the ship has covered a clearance Z0 of 
approximately 0.6 m (refer to Figure 1), the ship is 
assumed to rest upon the second stranding position, X2 = 
-50 m. The origin of the reference system is located 
amidship. 

In a real situation, the development of the 
stranding scenario is determined by the temporal 
variation of the sea level due to tide. More specifically, 
let the sequence z1, z2, , zi, , zn identify a given set of tide 
levels. For each level, a corresponding pair of the aft 
and fore draughts, Z(Xa)i and Z(Xf)i, is measured. 
According to the proposed procedure, trim and 
corresponding distributions ls(x)i, Qs(x)i and Ms(x)i are 
identified by each pair Z(Xa)i and Z(Xf)i measured for 
each variation of tide. As it will be detailed in the 
following sections, these distributions are then used to 
compute the magnitudes of the stranding forces F1

i and 
F2

i at each i-th tide level and their locations X1 and X2. 
It must be also noted that, in a real stranding case, 
discrepancies will be observed between the variation of 
the tide level, ∆tide

i= zi – zi-1, and the measured 
variations in draughts, ∆aft

i = Z(Xa)i - Z(Xa)i-1 and ∆fwd
i = 

Z(Xf)i - Z(Xf)i-1. Disregarding the influence of the 
deflection of the hull girder, these discrepancies are due 
to the local penetrations δ1 and δ2 of the obstructions 
into the bottom of the ship, generated by the relative 
increase of the stranding forces F1

i and F2
i as the tide 

level decreases. Accounting for these penetrations, the 
variation ∆tide will be higher than the measured ∆aft and 
∆fwd. 

For the present purpose of generating a scenario 
to validate the identification procedure, the 
measurements corresponding to a real stranding case 
have been necessarily simulated according to a 
backward approach which departs from assumed 
sequences of the stranding forces F1

i and F2
i. The main 

outcomes of this generation, which is detailed in 
Appendix 1, are the histories of Z(Xa)i and Z(Xf)i and the 
associated temporal change of tide ∆tide. In Table 1 these 
values are reported as a function of time. 
 
Table 4: Assumed measured draughts and corresponding tide 

Time 
[hour] 

Z(Xa)i  
[m] 

Z(Xf)i  
[m] 

Trim 
[m] 

∆tide  
[m] 

0 14.21 13.94 0.27 0 

0.37 14.23 13.62 0.61 0.26 

0.76 14.25 13.30 0.94 0.53 

1.58 14.01 12.92 1.08 1.07 

2.47 13.77 12.55 1.21 1.61 

3.55 13.26 12.44 0.82 2.14 

6.00 12.90 12.20 0.69 
2.67 

 
Now, the simulated draughts are assumed to be 

the ones measured at the stranding site. Departing from 
them, the proposed procedure is applied in order to 
derive the (known) values of the contact forces and their 
(known) positions. The distributions ls(x)i, Qs(x)i and 
Ms(x)i corresponding to a given pair Z(Xa)i and Z(Xf)i 
have been computed using an in-house code for load 
and hydrostatic computations of ships.  
It is additionally recalled that, in case of two stranding 
positions, the readings of the bending moment MR(x)i as 
provided by the hull monitoring system are also 
required. In the generation of the present scenario, these 
readings have been simulated by simply assuming them 
equal to the bending distribution computed by the code 
at each i-th application of the forces. 
Finally, in the last section of this paper, the 
discrepancies occurring between the measurements in 
draughts and the variation in tide have been used to 
present a possible approach to establish the bottom 
penetrations δ1 and δ2. 
 
Validation of the proposed procedure 
First phase of stranding 

The first phase corresponds to the ship stranded 
only at X1. For a pair of measured draughts Z(Xa)i and 
Z(Xf)i, the distributions Qs(x)i and Ms(x)i are calculated 
using Eqs. (1) and (2). These distributions, according to 
the concepts previously outlined, must not be zero at the 
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foremost section of the girder. This because they are 
derived from the load distribution ls(x), which does not 
include the reaction forces from the seabed. Therefore, 
the unknown stranding reaction acting on the ship 
bottom yields nonzero values of Qs(Xf)i and Ms(Xf)i.  

 
Figure 2. Qs(x) for each observation. 

 
Figure 3. Ms(x) for each observation. 
 

These two distributions are shown in Figures 2 and 
3. As expressed by Eq. (3), the unbalance in shear force 
must be equal to the contact force. Hence, the resulting 
contact force F1 for the first step is 15 MN, in the 
second step is 30 MN and in the third step is 45 MN 
(see Qs(Xf) in Figure 2. These values are equal to the 
values simulated in the generation of the scenario and 
reported in Appendix 1). 

The stranding position, X1, is computed from the 
unbalance in bending moment, Eq. (4): 

1

( )
( )

i
s fi

i
s f

M X
X

Q X
=

                                                             (6)
 

The computed value X1
i
 for each i-th observation is 

plotted in Figure 4. It is seen that X1
i coincides with the 

correct value (40 m) for the first three observations, i.e. 
i = 1, 2, 3 in Table 1. However, when computed from 
the fourth observation on, this value changes. This is a 
clear indication that ship has also made contact with the 
seabed at a second location. Additionally, the very same 
effect can be captured in terms of the error Ê , Eq. (5). 
This error, plotted in Figure 4, departs from zero when 
the hypothesis of having just one stranding position is 
no longer valid, and is a useful metric to assess the 
elapse of the stranding. 

 
Figure 4. X1 and Ê  for each observation. 

 

Figure 5. MR(x) for each observation. 

The assumed monitored values MR(xj)i required 
to compute Ê  are shown in Figure 5. They correspond 
to the magnitude of the distribution MR(x) at the three 
vertical dashed lines. In a real case, only these three 
values are likely to be known from readings of the 
monitoring system, while the entire distribution as 
plotted in Figure 5 can be computed only after solution 
of X1 and F1. 
 
Second phase of stranding 

During the second phase the ship strands at X1 
and X2. The distributions Qs(x)i and Ms(x)i 
corresponding to the measurements of the draughts in 
this phase (fourth to seventh row of Table 1) are plotted 
in Figures 6 and 7. 

 
Figure 6. Qs(x) for each observation 
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n  
Figure 7. Ms(x)  for each observation. 
 
In the second phase, there are three unknowns, X2, F2, 
and F1, while X1 is known from solution of the previous 
phase. The resultant of the contact forces, i.e F1+F2, is 
equal to the non-zero shear value at the fore 
perpendicular, Qs(Xf)i. The condition that the moment of 
the two contact forces about the fore perpendicular shall 
be equal to Ms(Xf)i, Eq. (4), provides the second 
equation. The third equation to determine all the three 
unknowns is provided, in principle, by the actual 
bending moment distribution MR(x)i measured for each 
i-th observation at any of the three monitoring locations 
xj. However, as the solution will not be exact in a 
practical application due to uncertainties in the readings, 
and in order to make the procedure more general, the 
error function Ê , introduced in Eq. (5), is computed 
from the measurements at all the monitoring points. In 
Figure 8, this function is plotted for each observation as 
a function of the (assumed) location of the second 
contact point. It is observed that it becomes zero at the 
exact position of the second contact point, X2 = -50 m. 
Of course, the error vanishes completely because the 
process is calculated in a reverse way disregarding 
possible uncertainties. In a real application, 
measurements and calculation inaccuracies will not give 
perfect results and the minimum error will be used. 

After identification of X2, the problem reduces to 
a system of two equations and two unknowns (F1 and 
F2), which is immediately solved for the forces. 

 
Figure 8. for each observation and different X2. 

 

 
Figure 9. MR(x) for each observation 

The assumed monitored values MR(xj)i required 
to compute Ê  are shown in Figure 9. Again, in a 
practical application only these values are known from 
readings of the monitoring system and the entire 
distribution can be computed only after solution of X2, 
F1 and F2. 

Computation of penetration and identification of 
seabed topology 

In the last section of this paper, a possible 
extension of the present procedure to identify the main 
characteristics of the stranding damage is illustrated. A 
convenient way to characterize stranding damages is by 
means of force versus penetration curves. In this 
respect, (Alsos and Amdahl 2007) introduced a useful 
categorization of the possible seabed topologies, namely 
“rock”, “reef”, and "shoal”, based on possible different 
structural responses of the bottom to penetration. 
Following the same line of reasoning as in (Alsos and 
Amdahl 2007), the identification of the proper force 
versus penetration curve can in principle characterize 
the topology of obstruction and, to a second extent, the 
structural elements of the bottom involved in the 
stranding. 

As a first step of the proposed method, 
penetrations into the bottom δ1 and δ2 at the stranding 
positions X1 and X2 are computed. As previously 
mentioned, these are responsible for discrepancies 
between the tidal and the measured draught changes. 
Owing to this, they can be assessed as the difference 
between the known actual tide change, ∆tide

i, and the 
change in measured draughts ∆Z(Xj) at location Xj of 
stranding, j =1,2: 

( )
tide

ii i
j jZ Xδ = ∆ − ∆

                                                 (7)
 

This quantity can be directly measured at the 
position of stranding or, alternatively, can be in 
principle assessed from the changes at the fore and aft 
perpendiculars, ∆fwd

i and ∆aft
i. The value δj

i provided by 
the above formula must be considered as the differential 
increment occurring between an observed tide level zi 
and zi-1. Therefore, the entire penetration up to a certain 
level is returned by summing up the previous 
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increments, and the whole sequences of penetrations 
constitute the temporal evolution of these variables as 
the stranding scenario develops. Together with this, also 
the stranding forces F1

i and F2
i are estimated for each 

measured pair of draughts Z(Xa)i and Z(Xf)i at each zi 
tide level. This provides the temporal evolution of 
forces. The histories of penetration and forces 
considered jointly provide a “tracking” of the force 
versus penetration curve at the given stranding position 
Xj. Application of the procedure for the considered 
scenario yields the force penetration curve given in 
Figure 10. The so-found curve can then be compared 
with a set of reference curves (obtained for instance 
with Finite Element Analysis such as Alsos (Alsos and 
Amdahl 2007), or Plastic Analysis such as Hong (Hong 
and Amdahl 2008)), each representing a given different 
stranding situation, identified in terms of the type of 
obstruction and the bottom structure topology involved 
in the stranding. From this, the stranding scenario under 
monitoring can be characterized. 

From the curves of the present example, it is 
concluded that the shape of the sea floor characterizing 
the first stranding location (in Figure 10a) corresponds 
to reef. There is substantial deformation of the girders in 
the bottom, but the outer shell is far from fracture. The 
second contact point is obviously a rock type 
obstruction, which penetrates easily into the ship bottom 
and affects the hydrostatic conditions very little. For 
this second case, rupture of the outer plate (identified by 
the square point of Figure 10b) may be easily originated 
if proper counteractions are not taken in due time. The 
presented results are obtained with a simplified 
simulation of the scenario (as outlined in Appendix 1) 
 
(a) 

 
(b) 

 
Figure 10. Contact force versus penetration δ:  (a) at X1; (b) at X2 
 
and must be considered as an illustration of the 
proposed approach. Generally, in a real application the 
reported curves will easily have mixed behavior 
corresponding to a combination of possible shapes, thus 

not clearly fitting any of the standard curves at hand. 
For this general case, the proper identification needs to 
be extended accounting also for these intermediate 
situations. The potential of the present approach is 
however noted, with special reference to identification 
of stranding in real-time. This identification represents 
an important element in the definition of 
countermeasures and emergency intervention plans. 

It is finally remarked that, since the present 
approach concerns only with increments of penetration 
during ebb tide (Eq. 7), uncertainties are related to the 
first penetration already affecting the first 
measurements (i = 1). This value determines the 
placement of the curve (starting point) onto the plots in 
Figure 10. In this respect, this initial value can be 
tentatively assessed with a best fit of the obtained curve 
onto the available ones. 
 
Conclusions  

A new and simple approach for the 
characterization of a stranding scenario is proposed. The 
procedure is aimed at the identification of relevant 
parameters defining the scenario, namely the positions 
of stranding along the ship bottom and the 
corresponding stranding forces. The procedure is based 
on on-site measurements of the draughts of the stranded 
ship and on readings of the bending moment 
distribution acting on the girder as provided by a hull 
monitoring system.  

With the aim to validate the proposed procedure, 
a possible stranding scenario has been generated. The 
scenario accounts also for ebb tide occurring at the 
moment of grounding, responsible for the evolution of 
the stranding scenario in terms of the number of 
stranding points, here limited to a maximum of two. It is 
seen that application of this procedure leads to a correct 
estimation of the values characterizing the stranding. 
Moreover, it is noted that detection of multiple 
stranding points along the ship bottom is made possible. 

A simplified approach to the estimation of the 
penetrations into the ship bottom during stranding is 
also presented. This is done monitoring the changes in 
draughts as the tide level decreases, together with the 
increasing stranding forces. From these measurements, 
force versus penetration curves are obtained, which are 
then used to characterize the on-going stranding in 
terms of possible types of obstruction and involved 
structural arrangements. Clearly, a number of 
uncertainties affect the actual application of the present 
procedure. These are mainly related to the accuracy of 
the measurements and to effects neglected at the present 
stage such as deflection of the girder. 

Moreover, the wide number of possible 
combinations of ground topologies and bottom 
structural arrangements realizable in a real case further 
complicates the analysis. It is however believed that 
both the uncertainties and the variability of the scenario 
can be consistently tackled in future developments, 
accounting also for a probabilistic modeling of the 
various variables involved. 
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Appendix 1 
As previously anticipated, two increasing 

sequences of the reaction forces F1
i and F2

i, acting at X1 
and X2, are first assumed. These two sequences, 
reported in Table A-1, are meant to reproduce the 
increase of reactions from the seabed at each decreasing 
level of tide zi. For each application of the forces, the 
equilibrium condition is computed (mean draught and 
trim for each level) and identified in terms of Z(Xa)i and 
Z(Xf)i. 

Table A-1: Assumed sequences for F1
i and F2

i 

i F1
i
  

[MN] 
F2

i
  

[MN] 

1 15 0 

2 30 0 

3 45 0 

4 65 10 

5 85 20 

6 95 39 

7 110 53 

The tide change associated with each application of the 
forces is generated with the following formula: 

2

i i
aft fwdi

tide k
∆ + ∆

∆ =
                                                (8)

 

in which ∆tide
i = zi – zi-1, ∆aft

i = Z(Xa)i - Z(Xa)i-1 and ∆fwd
i 

= Z(Xf)i -  Z(Xf)i-1. Moreover, k is a factor higher than 1 
whose magnitude determines the level of discrepancies 
between these quantities. In turn, this value determines 
the level of penetrations δ1 and δ2 into the bottom. It is 
noted that, in principle, the value of k depends on the 
actual response of the bottom structure in the considered 
stranded scenario. This effect however requires 
appropriate analysis of the local stranding conditions, 
such as the identification of the components of the 
bottom involved and the topology and geometry of the 
seabed, (see Alsos and Amdahl 2007). In the present 
case, this value is simply assumed equal to 1.75. 
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Abstract: 
The navigational risk assessment process plays a key role in a marine traffic management especially in congested and narrow 
waterways. The Gulf of Finland is considered one of the most dense place in the world in terms of marine traffic, which increased 
rapidly in the recent years, mostly due to growing oil export from Russia and import of other goods. Heavier traffic means that 
potential dangerous situations are not uncommon; therefore the appropriate risk analysis is of great importance. This paper presents 
two models of risk analysis for vessels grounding and colliding in the busy waterways with emphasis put on tankers. Two new 
adaptations of pre-existent physical models are presented, the MDTC model for probability of collision assessment and field theory 
based, gravity model for probability of grounding assessment. The consequences of an accident are expressed in the monetary terms. 
They concern the costs due to an oil spill, and are based on a recent research carried out in Japan, and officially submitted by this 
country to IMO Marine Environment Protection Committee. Neither loss of humans’ life nor structural damages were considered in 
the risk model. The considered sea areas are: the waterways junction between Helsinki and Tallinn and the fairway leading to the 
biggest Finnish oil terminal in Sköldvik. 
 
Introduction 

The Baltic Sea is a unique and extremely 
sensitive ecosystem. Large number of islands, routes 
that are difficult to navigate, slow water exchange and 
lengthy annual periods of ice cover render this sea an 
especially vulnerable sea area. The Gulf of Finland is 
said to be one of the most dense operated sea areas in 
the world, with dense passenger and cargo traffic of 
which petroleum conveyances have a share of over 50 
%. It is widely believed that the growth of maritime 
transportation will continue also in the future (Kuronen 
et al., 2008). The huge rise in traffic is far beyond what 
experts had forecast. At the beginning of the decade, it 
was estimated that by year 2010, an annual amount of 
oil transported through these sea lanes would be like 75 
million tones.  

Last year more than 150 million tones were 
shipped through the Gulf of Finland and the latest 
estimate for 2010 is 250 million tones (Nikula & 
Tynkkynen, 2007; Kuronen et al., 2008). As it may be 
noticed, the traffic in the Baltic area has not only 
increased, but the nature of the traffic has also changed 
rapidly, the increase of oil transportation strongly 
increases the risks for oil spills, and this is predicted to 
continue as well (Mäkinen, 2003; Rytkönen, 2005). 
Last but not least, which can not be neglected while 
analyzing the risk of maritime traffic in the Gulf of 
Finland are the harsh winter conditions, which 
significantly influences the number and types of 
accidents (Kujala et al., 2009). 

In this paper authors took up the challenge of 
marine traffic risk description in selected areas of the 
Gulf of Finland, with emphasis put on accidents which 
involve tankers. Therefore the following sea areas were 
considered: the junction between Helsinki and Tallinn, 
and a fairway to Sköldvik oil terminal. The risk 
calculated in this study is given in the yearly 
perspective for the whole analyzed areas and is 
expressed as a product of an accident probability and its 
consequences, where the latter are the product of an oil  

 
 
spill probability given the accident and costs of the oil 
spill. Innovative use of two models for accidents 
probabilities assessment may be recognized in this 
paper. 
 
Traffic profiles in the analyzed area of the gulf of 
finland 

The sea area under consideration in this study is 
the junction of two main waterways in the Gulf of 
Finland; one leads N-S and the other E-W. The N-S 
stream consists mainly of passenger vessels cruising 
between Helsinki and Tallinn, whereas the E-W stream 
consists of cargo vessels bound for and from harbours 
located in the Gulf of Finland. The vessel traffic profiles 
over the area under analysis are described using data 
derived from the AIS transmissions recorded in March 
and July 2006. To estimate the number of vessels that 
arrive in and depart from the Gulf of Finland, counting 
gate number 1 was established along meridian 023.5°E. 
To compute the traffic volumes of the streams in the 
junction, another two counting gates were established. 
Gate number 2 was established along parallel 60°N to 
count N-S traffic, and gate number 3 along the meridian 
026°E to count E-W traffic (Figure 1). The marine 
traffic in this area was assumed to consist of four main 
flows: east, west, north, and south, while the north and 
south flows are assumed to contain passenger vessels 
only. Each flow was modelled with the following input 
parameters: overall number of vessels, type of vessels, 
number of vessels of a given type, size of vessel of a 
given type, speed of vessels of a given type, course of 
vessel, and position of vessel across the waterway. For 
modelling purposes most of these values were 
approximated by continuous distribution or by 
histograms. The distribution of the features being 
analysed was chosen according to the results of a chi-
square test. Those which fitted best (obtained the 
highest value of chi-square test) were selected as inputs 
for the model. In some cases, if none of the available 
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Table 5.The parameters of distribution oil outflow in case of collision for certain types of tankers. 

Oil spill size in tons Probability of 

oil spill of 

given size 

POS 

Cost of oil spill of given size modelled 

by following distribution: 

Probability of collision 

PA 

Probability of 

spill given 

accident 

POS|A 

Summer Winter Summer Winter 

0-500 0.098 Beta Generalized Beta Generalized 0.091 0.076 0.14 

500-1000 0.084 Uniform Uniform 0.091 0.076 0.14 

1000-5000 0.388 Beta Generalized Uniform 0.091 0.076 0.14 

5000-10000 0.190 Beta Generalized Beta Generalized 0.091 0.076 0.14 

10000-30000 0.179 Triangle Beta Generalized 0.091 0.076 0.14 

30000-60000 0.061 LogNormal Exponential 0.091 0.076 0.14 

 

 
Figure 16:Cumulative density functions of risk due to tankers 
collisions in the Helsinki-Tallinn crossing for summer and winter 
traffic. 
 

The risk of collision for tankers in case of 
summer traffic (RS) was defined by Lognormal 
distribution, which satisfies the following equations: 
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where x is a random variable “risk” in case of collision, 
µ’ and σ’ were defined as follows: 
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where µ equals 200662, and σ equals 222270. Whereas 
the risk of collision in case of winter traffic (RW) was 
described by Gamma distribution, which follows the 
equation: 
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where β equals 81656, Γ(α) is the Gamma Function, and 
α equals 1.72. 
 
Risk due to grounding 

Probability of grounding (PG) was obtained from 
the formula: 

∫
+∞

=
max_

)(
d

G dyyfP ,              (13) 

where d_max is a distance from a waterway centre to 
the safety contour and f(y) is a probability density 
function of ship lateral distribution across a waterway. 
The waterway centre line and safety contours for the 

analyzed leg of approach channel to Sköldvik are 
presented in Figure 16. The safety contours depicted in 
Figure 17 are a simplification of original safety areas 
obtained by means of gravity model presented in Figure 
8.  
The lateral distribution of tankers across the leg of a 
waterway was described by the normal and uniform 
distributions mixture, but the distributions’ parameters 
varied for southbound and northbound traffic, therefore 
these two mixture distributions were overlaid as 
depicted in Figure 17, and as such were used for 
modelling.  

 
Figure 17:The safety contours of the analyzed fairway to Sköldvik 
(triangles and rectangles joint with lines) and the fairway centre line 
(thin dotted line joining two circles). 
 

 
Figure 18:The overlaid two histograms of tankers’ lateral distribution 
on the fairway to Sköldvig, a black dotted line represents north bound 
traffic whereas a solid black line is south bound traffic. 
 
The zero value on the x axis in Figure 18 represents the 
centre of a fairway; negative values refer to port and 
positive to starboard side of a fairway. The following 
were assumed: ship location along the analyzed leg did 
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The risk calculated in this study was given in the yearly 
perspective separately for two analyzed areas.  
The obtained risk values for tankers involved in 
collision in the waterways junction were assessed for 
summer and winter traffic profiles individually, and the 
seasonal differences may be noticed. The risk was 
expressed in a form of probability density functions, 
obtained by means of Monte Carlo simulations, thus the 
uncertainties of the input values were taken into 
account. 
The risk values obtained for tankers running aground in 
the approach fairway to Sköldvik concerned summer 
traffic. The analysis was carried out for one of two legs 
of the outer fairway, which was able to accommodate 
ships of maximum draft of 9 meters. The main factor 
that influenced the probability of grounding was “the 
safety contour” which was a value that determined the 
allowed navigable width of a waterway for a certain 
type of vessel and area, and was obtained by means of 
the gravity model of grounding. The gravity model in 
the form presented in this study is at its preliminary 
stage, and is still being developed. It is to some extent 
subjective in terms of the safety contour determination, 
therefore further improvement works are carried out, to 
make the model as much as possible objective. 
The cost model applied did not take into consideration 
the season of a year, thus the traffic composition was 
the only factor that made a difference between winter 
and summer risk values. Due to a significant difference 
between summer and winter navigational conditions in 
the Gulf of Finland it shall be investigated if the oil spill 
costs are not season dependent, and if it is justified to 
consider them equal for summer and winter conditions. 
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Substituting (0.18) and (0.19) and using the relationship 
in Eqs. (0.5),(0.6),(0.7) into Eq.(0.4), the following 
relationships apply: 
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Thus the total dissipate energy is calculated as 

1 2 3E E E E= + +  
Using the procedure described above, Zhenhui L. 

(2009a) calculated the dissipated energy during the 
foreship and iceberg collision. It was found that the 
energy dissipation is sensitive to the shape of the hull of 
the ship at the collision location as well as the iceberg 
properties. Using “worst case” parameters, the 
following formula was recommended for design 
purposes; 

20.3 0.027 9.0 , 0.125E M M Mr r r r= − + ≤  
where Er is the energy ratio, 0 1Er E E= ≤ , Mr is the 
mass ratio, M iceberg shipr M M= . Generally, 30% of 
maximum collision energy 0E , where 0E corresponding 
to the dissipated energy due to central and plastic 
collision. 

2

2
0

1 ( )
1
2 1

ic e

sh ip
ic e b e r g sh ip

ic e b e rg

sh ip

v
v

E M v M
M

−
=

+

 

shipv is the velocity of ship, icev is the velocity of 
iceberg, ,iceberg shipM M are the mass properties of iceberg 
and ship respectively (the added mass should be 
included). 
 
Internal Mechanics 
Ice model 

As stated before, the challenging part of this 
project is the ice model. This model should be able to 
describe the ice behavior reasonably accurate when it is 
applied to the integrated analysis. In a previous paper, 
Zhenhui L. (2009b) has presented a promising user 
defined ice material model. This model has been 
successfully implemented into the commercial explicit 
code, LS-DYNA, see Hallquist (2007). A general 
description of the ice model is presented below. 

Ice is categorized as first-year ice and multi-year 
ice. The first category means   floating ice of no more 
than one year’s growth, developing from young ice and 
thickness from 0.3 to 2 meters, like level ice. The latter 
category is normally defined to be ice which has 
survived at least two summer seasons, like ice ridges 
and icebergs. In order to understand the ice mechanical 
properties, researchers have carried out series of 
uniaxial and triaxial experiments. In ship/iceberg 
collision, see Figure 3, crack and damage of ice are 
happening depending on the stress state of ice particles.  

 
Figure 3 Illustration of ship/iceberg collision scenarios 
 

Due to the relative large contact area compared 
to that of level ice, the ice in the contact area is in a 
triaxial stress state. The neighboring ice provides 
confinement and somehow increases the strength of the 
ice. Another problem in ship/iceberg collision is the 
strain rate influence because ice strength is quite 
sensitive to the strain rate. It  is likely that in the 
ship/iceberg collision, the associated strain rate is larger 
than 3 110 s− − , Derradji-Aouat Ahmed (2005). Thus, the 
ice will behave elastically with a brittle failure mode. 
As discussed by Zhenhui L. (2009c), this property is 
accounted for by adopting a quasi-brittle material ice 
model. First, the constitutive relationship of stress and 
strain is described by the yield surface and associated 
flow rule, see Belytschko (2000). Second, a user 
defined failure criterion based on accumulated plastic 
strain is proposed, see Zhenhui L. (2009b). All the 
parameters involved should be calibrated with respect to 
experimental data. In order to the yield surface of the 
ice,  triaxial experiments should be carried out in first 
place. Unfortunately, few experiments are available at 
this moment. Nadreau and Michel (1986) analyzed the 
triaxial experimental data by J.Jones (1982), see Figure 
4. An elliptical shaped failure curve is derived. 

 
Figure 4 The failure envelope by Nadreau (1986) 
Derradji-Aouat (2000) investigated the experimental 
data by J.Jones (1982) and Gagnon R.E. (1995) and 
proposed a unified elliptical failure envelope both for 
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Experimental Investigations on Collision Behaviour of Bow 
Structures 
Ingo Tautz, Martin Schöttelndreyer, Wolfgang Fricke and Eike Lehmann 

Hamburg University of Technology (TUHH), Germany 
 
Abstract: 
Dimensioning of bow-structures is mainly based on loads like slamming, ice load and hydrodynamic pressure. At present, steel 
designers do not have any upper limits regarding the stiffness of bow-structures. That means bow-structures could have arbitrary 
stiffness even if this would lead to disastrous consequences for optional collision partners. 
The authors are currently engaged in a collaborative research project which - amongst others - deals with the comparison of different 
structures of bulbous bows and corresponding effects on collision behaviour. This paper gives an account of the project background 
and focuses on collision experiments with bulbous bows against rigid wall. The experiments were carried out on the test facility of the 
Institute for Ship Structural Design and Analysis of TUHH in March 2010. Because the project is still ongoing more results will be 
published in future. 
 
Introduction 

This paper reports on actual research work 
carried out in the collaborative project ELKOS 
(German acronym, meaning: „Improving collision 
safety by integrating effects of structural arrangements 
in damage stability calculations“). Superior research 
objective is to develop a method, that allows adequate 
consideration of structural arrangements that 
significantly increase collision safety in damage 
stability calculations. The project is funded by German 
Federal Ministry of Economics and Technology 
(BMWi). TUHH is engaged with its institutes „Ship 
Structural Design and Analysis“ and „Ship Design and 
Ship Safety“. Industrial partner is the German yard 
Flensburger Schiffbau-Gesellschaft. The authors focus 
on experimental investigations of inner mechanics 
concerning several designs of ship side structures and 
following numerical simulations. Further more, 
stiffness of bulbous bows will be considered in a 
realistic manner and corresponding effects on collision 
mechanics with side structures will be investigated. In 
addition to collision experiments with bulbous bow and 
ship side structures, pre-tests will be carried out which 
will take deformable bow structures against a rigid wall 
into consideration. Experimental results will provide the 
basis to validate simplified simulation approaches 
needed to realize a reasonable coupling between 
collision simulation and damage stability calculation. 
Most of experimental investigations of the past focused 
on the struck ship. There have been just a few 
experiments that took also the behaviour of the striking 
ship into consideration and fewest that were carried out 
especially to investigate inner mechanics of bulbous 
bows during collision.  
Amdahl[1] simplified bulbous bow structures in several 
tests as tubes with circular and elliptical cross-section. 
The tubes have been stiffened in several different ways 
and have been set under axial compression. Yamada[2] 
tested models of bulbous bows under axial load as well 
as under a collision angle of 72°. Because of shape and 
size of his models very realistic behaviour could be 
achieved. The experiments described within this paper 
have been carried out against rigid wall. In this point  

 
they indeed follow the above mentioned tests of 
Yamada and Amdahl but additionally, tests that 
consider the side structure of the struck ship as well, 
will be carried out in the future. Influences of 
deformable bulbous bow structures on the whole 
collision procedure will then also be experimentally 
verified. 
 
Experimental Conditions 

Collision tests are carried out on the existing test 
plant of the institute of Ship Structural Design and 
Analysis of TUHH that is adequately supplemented and 
modified for this purpose. (Figure 1). 

 
Figure 1. Test plant, configuration bow against rigid plate 

Collision forces are applied by four hydraulic 
cylinders. They are connected with the longitudinal 
girders of the test plant and with a cross-beam. Thereby 
a closed flow of forces is provided. The test model of 
the bulbous bow is located underneath the cross-beam. 
It is driven against a counter plate that can be assumed 
as rigid. Collision forces are measured at the hydraulic 
cylinders as well as at pressure load cells underneath 
the rigid counter plate. The maximum loading capacity 
is 4000 kN. Hydraulic cylinders are limited at 400 mm 
regarding the maximum range of displacement. Thus 
larger displacements will be realized by using 



 

appropriate interim pieces between the bulbous bow 
and the cross-beam. This approach is permissible 
because the whole test procedure is quasi
maximum speed of 0.5 mm/s. Therefore the interruption 
of the test is feasible and permissible at any time. 
Nevertheless it should be observed if the original load 
path will be reached after re-loading. 
The test plant offers possibilities to integrate ship side 
structures with moderate effort instead of using the rigid 
plate. Side structures will be supported adequately to 
measure collision forces as well as membrane forces 
(Fig.2) Regarding dimensions, test models of side 
structures will be comparable with those investigated in 
a very realistic manner in the research project „Life 
Cycle Design“[3] in 1998 in the Netherlands (scaling 
ca. 1:3). 
Regarding the steel design, the test model will be 
comparable with side structures of RoRo
start of these experiments is scheduled for January 
2011. Therefore this paper in the following focuses on 
experiments with bulbous bow against rigid plate 
according to Figure 1 only. 

Figure 2. Test plant, configuration bow against side structure
 

Test Model 
There will be a total of two bulbous bows tested 

against rigid wall. The first one is designed in 
conventional design, the second one will be set up with 
collision friendly deformation behaviour. At present, 
experimental results are just available for the first test 
model. Therefore descriptions in this and the following 
chapters concentrate on the first model (conventio
design). Principle considerations regarding the second 
model are described in chapter 6. 
The length of the test model amounts to 1800
assembly was carried out in two blocks. The block joint 
lies between #4 and #5 in the middle of the length
(Figure 3). The aft end of the test model is of cylindric

Figure 3. First test model 
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appropriate interim pieces between the bulbous bow 
beam. This approach is permissible 

est procedure is quasi-static with 
mm/s. Therefore the interruption 

of the test is feasible and permissible at any time. 
Nevertheless it should be observed if the original load 

rs possibilities to integrate ship side 
structures with moderate effort instead of using the rigid 
plate. Side structures will be supported adequately to 
measure collision forces as well as membrane forces 

Regarding dimensions, test models of side 
structures will be comparable with those investigated in 
a very realistic manner in the research project „Life 

in 1998 in the Netherlands (scaling 

Regarding the steel design, the test model will be 
of RoRo-vessels. The 

start of these experiments is scheduled for January 
2011. Therefore this paper in the following focuses on 
experiments with bulbous bow against rigid plate 

 
side structure 

There will be a total of two bulbous bows tested 
against rigid wall. The first one is designed in 
conventional design, the second one will be set up with 
collision friendly deformation behaviour. At present, 

are just available for the first test 
model. Therefore descriptions in this and the following 
chapters concentrate on the first model (conventional 

ations regarding the second 

est model amounts to 1800 mm. Its 
assembly was carried out in two blocks. The block joint 
lies between #4 and #5 in the middle of the length 

. The aft end of the test model is of cylindric 

 

geometry with a diameter of 
the fore end is derived from the bulbous bow of an 
actual newbuilding of a RoRo
done first by adjusting the section at center line to a 
rotation symmetric contour, second by scaling the aft 
diameter of the adjusted contour down to 813
compatible with the load transmission in the cross
beam). The stiffening of the test model can only 
approximately be comparable with typical steel design 
of bulbous bows. The reason for this are restrictions 
regarding manufacturing requirements resulting from 
narrow geometric conditions. For the realization of the 
stiffening system of the test model 
longitudinal bulkhead, a stringer deck and a transversal 
framing with a distance of 200
most important structural elements are considered with 
this approach. The material to be used for 
manufacturing was specified to be ordinary 
shipbuilding steel with a thickness of 5
stress of 235 N/mm². 
 
Experimental Results 

The collapse behaviour is a typical progressive 
folding as described and examined e.g. in 
The history of the collision force shows a comparable 
periodic appearance of peaks in a range between 
2900 kN and 3200 kN about every 160
amounts to approximately 80% 
After reaching a force-peak, folding occurs straight 
behind the ring frame being next to get into contact with 
the rigid plate. This typical folding mechanism is shown 
in Figure 4. The corresponding status in the load
displacement curve is marked.

Figure 4. Load-displacement curve of experiment with one 
corresponding state of deformation

Figure 4 also shows unloading and reloading carried out 
before, respectively after, mounting the next interim 
piece. Complete unloading of the te
be unproblematic. The original load path was reached 
with sufficient accuracy after reloading at any time.
 
Comparison with Numerical Analysis

For dimensioning purposes the FE
in Figure 5 was built up. It was fixed at its af
degrees of freedom (#0 according to
wall was driven against the model in axial direction 
with constant velocity and mass. 
performed with the finite element
contrast to Figure 3 which shows t
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geometry with a diameter of 813 mm. The geometry of 
the fore end is derived from the bulbous bow of an 
actual newbuilding of a RoRo-vessel. This derivation is 
done first by adjusting the section at center line to a 
rotation symmetric contour, second by scaling the aft 

adjusted contour down to 813 mm (to be 
compatible with the load transmission in the cross-
beam). The stiffening of the test model can only 
approximately be comparable with typical steel design 
of bulbous bows. The reason for this are restrictions 

g manufacturing requirements resulting from 
narrow geometric conditions. For the realization of the 
stiffening system of the test model (Figure 3) a 
longitudinal bulkhead, a stringer deck and a transversal 
framing with a distance of 200 mm were taken. The 
most important structural elements are considered with 
this approach. The material to be used for 
manufacturing was specified to be ordinary 
shipbuilding steel with a thickness of 5 mm and a yield 

aviour is a typical progressive 
folding as described and examined e.g. in [4]. 
The history of the collision force shows a comparable 
periodic appearance of peaks in a range between 

kN about every 160 mm, which 
amounts to approximately 80% of the framing distance. 

peak, folding occurs straight 
behind the ring frame being next to get into contact with 
the rigid plate. This typical folding mechanism is shown 

. The corresponding status in the load-
curve is marked. 

 
curve of experiment with one 

corresponding state of deformation 
also shows unloading and reloading carried out 

before, respectively after, mounting the next interim 
piece. Complete unloading of the test model appears to 
be unproblematic. The original load path was reached 
with sufficient accuracy after reloading at any time. 

Comparison with Numerical Analysis 
For dimensioning purposes the FE-Model shown 

was built up. It was fixed at its aft end in all 
degrees of freedom (#0 according to Figure 3). A rigid 
wall was driven against the model in axial direction 
with constant velocity and mass. Calculations are 

finite element code LS-DYNA. In 
which shows the real geometry of 



 

the test model, some simplifications have been made in 
the FE-Model. In particular lightening holes as well as 
constructional details in the area of the block joint are 
neglected. Because tensile tests have not been 
performed yet the material model is based on a true 
stress-strain curve resulted from material tests carried 
out in another context. No criterion of failure and no 
strain rate effects are integrated. 

Figure 5 FE-Model BB1 

The comparison of experimental and numerical 
results in Figure 6 shows that experimentally 
determined reaction forces are generally on a level 
above the results from the FE-calculation. A spot check 
of material thickness of the test model showed that 
there is evidence to suggest that it was built with plate
thickness of about 5.5 mm which is 10% higher than 
specified, respectively than calculated in the FE
Furthermore, it was found that the diameter of the test 
model is about 10 mm greater than the numerical 
model. Both of these effects are likely to 
mentally responsible for the differences in reaction 
forces between experiment and calculation.
The real geometry of the test model was captured by a 
photogrammetric measurement and will be integrated in 
ongoing corrections of the FE-model. Furthe
true stress-strain relationship of the materials used for 
manufacturing of the test model will be integrated but it 
has not yet been available for this paper.

Apart from the above mentioned differences 
according to the absolute value of forces, 
correlation in the course of reaction forces in principle. 
Hence the calculation approach also will be used for the 
dimensioning of the second test model. 
 

Figure 6 Comparison of reaction force 
 
Considerations Regarding Collision Friendly T
Model 

The second test model shall be designed with 
collision friendly deformation behaviour. In particular 
low energy level at small displacements, that means, at 
the very beginning of the collision, shall be reached. 
Flattening of the bow tip with the 
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the test model, some simplifications have been made in 
Model. In particular lightening holes as well as 

constructional details in the area of the block joint are 
neglected. Because tensile tests have not been 

terial model is based on a true 
strain curve resulted from material tests carried 

out in another context. No criterion of failure and no 

 

The comparison of experimental and numerical 
shows that experimentally 

determined reaction forces are generally on a level 
calculation. A spot check 

of material thickness of the test model showed that 
there is evidence to suggest that it was built with plate 

mm which is 10% higher than 
specified, respectively than calculated in the FE-model. 
Furthermore, it was found that the diameter of the test 

mm greater than the numerical 
model. Both of these effects are likely to be funda-
mentally responsible for the differences in reaction 
forces between experiment and calculation. 
The real geometry of the test model was captured by a 
photogrammetric measurement and will be integrated in 

model. Furthermore, the 
strain relationship of the materials used for 

manufacturing of the test model will be integrated but it 
has not yet been available for this paper. 

Apart from the above mentioned differences 
according to the absolute value of forces, there is good 
correlation in the course of reaction forces in principle. 
Hence the calculation approach also will be used for the 

 

Collision Friendly Test 

The second test model shall be designed with 
collision friendly deformation behaviour. In particular 
low energy level at small displacements, that means, at 
the very beginning of the collision, shall be reached. 

 least resistance 

possible shall be achieved in order to enlarge the 
contact area. Former investigations
the flattening of the bow tip leads to a less sharp 
penetration of the bow in the side structure. Hence the 
whole process will have
friendliness. 
Because geometry of the shell as well as the plate 
thickness, will be identical for both test models, 
changes of the collision behaviour can only be achieved 
by changing the stiffening system. In particular the 
longitudinal bulkhead of the FE
characterized by a comparable high rate of absorbed 
energy. Therefore it shall be examined if a
a corrugated longitudinal bulkhead will have positive 
effects on collision behaviour 
Furthermore a FE-model with no longitudinal stiffening 
elements will be examined (Figure 8

Figure 7 FE-Model BB2-corrugated

Figure 8 FE-Modell BB2-no-longitudinals

Comparing the computed energy absorption 
capacity of the three structural designs of bulbous bows 
mentioned so far, it becomes obvious, that corrugating 
the longitudinal bulkhead (BB2
lead to significant differences in the course of collision 
energy compared with the geometry of the first test 
model (BB1). Hence it can be assumed th
longitudinal elements do not have a significant positive 
impact in order to increase collision friendliness.

Figure 9 Comparison of total absorbed energy

The energy absorption of
longitudinals is as expected
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possible shall be achieved in order to enlarge the 
contact area. Former investigations [5] have shown that 
the flattening of the bow tip leads to a less sharp 
penetration of the bow in the side structure. Hence the 
whole process will have an increased collision 

Because geometry of the shell as well as the plate 
thickness, will be identical for both test models, 
changes of the collision behaviour can only be achieved 
by changing the stiffening system. In particular the 

dinal bulkhead of the FE-model BB1 is 
characterized by a comparable high rate of absorbed 
energy. Therefore it shall be examined if a design with 

tudinal bulkhead will have positive 
effects on collision behaviour (Figure 7). 

model with no longitudinal stiffening 
Figure 8). 

 
corrugated 

 
longitudinals 

Comparing the computed energy absorption 
capacity of the three structural designs of bulbous bows 

entioned so far, it becomes obvious, that corrugating 
the longitudinal bulkhead (BB2-corrugated) does not 
lead to significant differences in the course of collision 
energy compared with the geometry of the first test 
model (BB1). Hence it can be assumed that corrugating 
longitudinal elements do not have a significant positive 
impact in order to increase collision friendliness. 

 
Comparison of total absorbed energy 

The energy absorption of model BB2-no-
longitudinals is as expected considerably smaller than 



 

those of the other two calculations used for comparison. 
A more differentiated impression can be achieved by 
relating the absorbed energy of model BB2
longitudinals to the absorbed energy of model BB1 
(Figure 10). At the end of the process, the 
of the model without longitudinals is turning into 
approximately 60% of the comparative calcul
of particular interest that this level is reduced to values 
below 30%, especially at the very beginning of the 
collision up to displacements of about 200

Figure 10 Energy ratio 

 
The steel design of real bulbous bows without 

longitudinals of course has to be in line with applicable 
classification rules and also has to consider typical 
operational loads. It is possible, that realizin
mentioned proposal without longitudinals will lead to 
unrealistic large plate thicknesses of the outer shell.
e.g. showed that outer shell does absorb the largest 
amount of collision energy, so this would relativize the 
above described effect. 

Longitudinal structural elements of course are of 
particular importance to provide sufficient bending 
stiffness of the bulbous bow structure. Therefore 
longitudinal bulkheads and decks are well established 
and reasonable. 
The above mentioned results however lead to the 
recommendation to leave away these longitudinal 
elements in the area of some few frames behind the tip 
of the bulbous bow (Figure 11). In the foremost area the 
required bending stiffness is comparably small in 
general. With this approach, a collision friendly design 
according to the proposal BB2-no-longitudinals will be 
easier to realize because it just concentrates on the 
foremost part of the bulbous bow. 

Figure 11 FE-Model BB2-hybrid-type 

Comparing the energy absorption capacity of mode
BB2-hybrid-type with model BB1 and model BB2
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those of the other two calculations used for comparison. 
A more differentiated impression can be achieved by 
relating the absorbed energy of model BB2-no-
longitudinals to the absorbed energy of model BB1 

). At the end of the process, the energy level 
of the model without longitudinals is turning into 
approximately 60% of the comparative calculation. It is 
of particular interest that this level is reduced to values 
below 30%, especially at the very beginning of the 

ments of about 200 mm. 

 

The steel design of real bulbous bows without 
longitudinals of course has to be in line with applicable 
classification rules and also has to consider typical 
operational loads. It is possible, that realizing the above 
mentioned proposal without longitudinals will lead to 
unrealistic large plate thicknesses of the outer shell.[6] 

showed that outer shell does absorb the largest 
amount of collision energy, so this would relativize the 

Longitudinal structural elements of course are of 
particular importance to provide sufficient bending 
stiffness of the bulbous bow structure. Therefore 
longitudinal bulkheads and decks are well established 

ever lead to the 
recommendation to leave away these longitudinal 
elements in the area of some few frames behind the tip 

In the foremost area the 
required bending stiffness is comparably small in 

a collision friendly design 
longitudinals will be 

easier to realize because it just concentrates on the 

 

Comparing the energy absorption capacity of model 
type with model BB1 and model BB2-no-

longitudinals (Figure 12), it can be observed that the 
course of absorbed energy of model BB2
identical to BB2-no-longitudinals. This is the case up to 
a displacement of about 500mm. This is 
the point when longitudinal elements are getting into 
contact. Subsequently the absorbed energy passes into 
the gradient of the curve belonging to BB1.

Figure 12 Comparison of total absorbed energy

The total level of absorbed energy of model
hybrid-type indeed is considerably higher than the one 
of the model without any longitudinal element. 
However this is acceptable because of the good 
accordance of both models at small displacements.
 
Project Outlook 
The described experiments with bulb
rigid plate are pre-tests. Beside the investigations of the 
tested models, they are used to prepare quasi
collision tests against scaled
of RoRo-vessels. 
Actual planning is to carry out a to
experiments beside the pre
investigations will be two different designs of ship side 
structures. A first series of experiments will be with 
rigid bow as collision partner. A second series of 
experiments with test models of the sa
(regarding the side structure) will be tested with a 
bulbous bow that will deform to a certain extend. This 
will lead to a comparison of collision scenarios under 
the established assumption „rigid bow” with scenarios 
that consider the deformation b
bows. 
 
Conclusion 

This paper described experimental and 
numerical results of bulbous bow collisions with rigid 
plate. Although exact model geometry and material 
parameters of the test model are not yet included in 
FEM-calculations, the simulation results are in 
sufficient correlation with the experiment for further 
considerations regarding a second test model. These 
considerations have been described and led to a 
preliminary solution of a test model with collision
friendly behaviour, especially at low levels of 
displacements. Effects of such collision
structures on the whole collision scenario are going to 
be investigated in the future. The principle project 
planning of the corresponding experiments and 
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, it can be observed that the 
course of absorbed energy of model BB2-hybrid-type is 

longitudinals. This is the case up to 
a displacement of about 500mm. This is approximately 
the point when longitudinal elements are getting into 
contact. Subsequently the absorbed energy passes into 
the gradient of the curve belonging to BB1.

 
Comparison of total absorbed energy 

The total level of absorbed energy of model BB2-
type indeed is considerably higher than the one 

of the model without any longitudinal element. 
However this is acceptable because of the good 
accordance of both models at small displacements. 

The described experiments with bulbous bows against 
tests. Beside the investigations of the 

tested models, they are used to prepare quasi-static 
collision tests against scaled-down ship side structures 

Actual planning is to carry out a total number of four 
beside the pre-tests. Objective of the 

investigations will be two different designs of ship side 
structures. A first series of experiments will be with 
rigid bow as collision partner. A second series of 
experiments with test models of the same kind 
(regarding the side structure) will be tested with a 
bulbous bow that will deform to a certain extend. This 
will lead to a comparison of collision scenarios under 
the established assumption „rigid bow” with scenarios 
that consider the deformation behaviour of bulbous 

This paper described experimental and 
numerical results of bulbous bow collisions with rigid 
plate. Although exact model geometry and material 
parameters of the test model are not yet included in 

simulation results are in 
sufficient correlation with the experiment for further 
considerations regarding a second test model. These 
considerations have been described and led to a 
preliminary solution of a test model with collision-

ecially at low levels of 
displacements. Effects of such collision-friendly bow 
structures on the whole collision scenario are going to 
be investigated in the future. The principle project 
planning of the corresponding experiments and 
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calculations was described, some more information of 
the project background was given. 
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On the Derivation of CATSthr within the Framework of IMO 
environmental FSA studies 
Yasuhira Yamada and Fujio Kaneko 
National Maritime Research Institute, 6-38-1, Shinkawa, Mitaka-shi, Tokyo, Japan 

Abstract: 
The purpose of this paper is to investigate reasonable cost benefit criteria within the framework of environmental formal safety 
assessment (FSA). In this study a statistical analysis of oil spill data was carried out based on the report of International Oil Pollution 
Compensation Funds (IOPCF, 2007). According to the statistical study of actual oil spill from tankers, it is found that collisions and 
groundings are the most probable causes of the oil spills from tankers. Probability distributions of costs of oil spill and oil spill amount 
are investigated, and a non-linear regression formula between costs of oil spills and oil spill volume are derived. Using the regression 
formula, an oil spill volume dependent CATSthr is proposed. Moreover in order to apply the volume dependent CATSthr to cost benefit 
analysis (CBA), a new cost-effective criterion is newly proposed with considering its concrete application to environmental. 
 
Introduction 

Collision and grounding are main causes of oil 
spill accidents. In order to protect maritime 
environment from disastrous oil spill accidents it is very 
important to develop cost effective counter measures 
against oil spill accidents. However, since resource of 
shipping and shipbuilding are limited, the balance 
between costs and effectiveness of risk reduction 
counter measures is also important. For such purpose 
“environmental risk evaluation criteria” (EREC) is 
under discussion in IMO within the framework of 
Environmental Formal Safety Assessment (FSA). 
EREC to protect the maritime environment from oil 
spills from ships is under development as a first step of 
the environmental FSA. In order to establish the criteria 
a concept of CATS (Cost to Avert Tonne of oil Spilt) is 
proposed to judge cost-effectiveness of an arbitrary 
Risk Control Option (RCO). In this study, the IOPCF 
(International Oil Pollution Compensation Funds) data 
(2007) is analyzed and causes of oil spills from tankers 
are investigated. According to the statistics of actual oil 
spill from tankers, it is found that collisions and 
groundings are the most probable causes of the oil spills 
from tankers. A regression formula between costs of oil 
spills and oil spill volume is statistically derived by 
carrying out regression analysis based on the IOPCF 
data. Using the regression formula several possible 
ways to establish reasonable CATS criteria are 
proposed and these ways are discussed in detail 
considering its application to environmental FSA. It is 
noted that from its meaning it might be appropriate to 
use “Formal Environmental Assessment (FEA)” instead 
of “environmental FSA” with regards to formal risk 
assessment of oil spill from tankers. However in this 
paper latter wording is used since “FSA” is widely used 
in many papers and IMO documents as well as is 
widely recognized. 
 
Statistical Analysis 

 In this section distribution of oil spill weight 
(W) as well as oil spill costs (C) are investigated using 
“oil spill database” created from the annual report of 
IOPCF (2007), where oil spill incidents resulting from 
spills of persistent oil from tankers are treated. Similar  

 
 
analysis was carried out by Friis-Hansen & Ditlevsen 
(2003) using 101 oil spill incidents which took place 
from 1979 to 1999 based on the report of IOPCF 
(2000). In this study, slightly updated database is used 
including the disastrous oil spill incident of Prestige in 
2002. Consequently the database includes 136 oil spill 
incidents from tankers which took place between 1970 
and 2007. Since W and/or C are unknown for some 
incidents, 114 incidents are used for oil spill weight 
(W), 129 incidents are used for oil spill costs (C) among 
136 incidents. In the present study C denotes costs of 
oil spill which have actually been paid by IOPCF. The 
IOPCF report uses 9 categories for costs of oil spill 
such as costs of cleaning up oil, fishery/tourism 
compensation, loss of income, property damage 
indemnification as shown in Table 1. Table 1also shows 
subtotal costs [US$] of all accidents in each category as 
well as its ratio, where average currency exchange rate 
between 2002-2007 in IOPCF report is used. It is 
interesting to note that ratio of cleaning up costs is 
much higher than others, and that more than 90% of 
total costs are occupied by top 3 categories (cleaning up 
costs, fishery/tourism compensation) as far as IOPCF 
data. It is also noted that present results are obtained by 
limited amount of data, therefore in order to derive 
general tendency more oil spill data is necessary. More 
details about created database are also described in 
Yamada (2009). Figure 1 shows cause of oil spill from 
tankers derived from IOPCF (2007), where 136 major 
oil spill accidents in all over the world treated by 
IOPCF are included. It is seen in Figure 1 that collision 
is the most probable cause of oil spill accidents from 
tankers followed by grounding. It is interesting to note 
that collision and grounding occupy more than 50% of 
causes of oil spill accidents from tankers. Therefore it 
can be said that it is important to reduce risk of 
collisions and groundings of tankers in order to reduce 
oil spill risk from tankers.  
Friis-Hansen & Ditlevsen (2003) pointed out that 
positive correlation can be seen between costs of oil 
spills and oil spill amount in double logarithmic axis. 
Yamada (2009) confirmed this correlation using 
updated database of IOPCF (2007).  
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where CAF and CAFthr denote Cost of Averting a 
Fatality and its threshold value respectively.  
Following safety FSA criteria, a concept of CATS (Cost 
of Averting a Ton of oil Spilt) is proposed for FSA for 
oil pollution (Skjong et al, 2005; Vanem et al, 2008) 
and CATS is defined as: 

( )orgnew

orgnew

WW
SS

W
SCATS

−−
−

=
∆
∆

=  (4) 

where 
∆S=Snew-Sorg:(>0) Costs of introducing RCO (Risk 
Control Option) [US$/ship]. 
∆W= Worg -Wnew:(>0) Reduction of oil spill risk by 
RCO [ton/ship]. 
Sorg : Costs of building a ship before introducing RCO 
[US$/ship] 
Snew : Costs of building a ship after introducing RCO 
[US$/ship] 
Worg : Risk of oil spill before introducing RCO 
[ton/ship] 
Wnew : Risk of oil spill after introducing RCO 
[ton/ship] 

Usually it can be expected that ∆S>0 and ∆W>0 if 
RCO is effective. According to Eq.(4), CATS means 
how much cost increases is required in order to reduce 
unit ton of oil spill by a RCO. If the following formula 
is satisfied, a RCO is judged as cost-effective (Skjong et 
al, 2005; Vanem et al, 2008). 

    thrCATSCATS <  (5) 
where CATSthr is a threshold value to judge CATS for 
arbitrary RCO. It is important to distinguish the term 
“CATS” and the term “CATSthr” since CATSthr is a 
kind of criteria (threshold value) to judge cost-
effectiveness of arbitral RCOs while CATS can be 
estimated for various RCOs. CATS is specific for a 
RCO under investigation and, different RCOs usually 
have different CATS values. According to definition of 
CATS, CATSthr can be expressed as 

    dW
dCCATSthr =  (6) 

where C and W denotes costs of oil spill [US$] and 
weight of spilt oil [ton] respectively. 
Substituting Eq.(4) and Eq.(6) into Eq.(5)  , following 
relation can be derived as: 

    dW
dC

W
S
<

∆
∆  (7) 

Figure 11 illustrates the relation between CATS 
and CATSthr as well as meaning of Eq.(7), where 
Eq.(9) is assumed as a cost function of oil spill. It can 
be seen in Figure 11 that a RCO is cost-effective if 
slope of �S/�W is smaller than slope of tangential line 
(dC/dW).  

Figure 12 illustrates relation between dC/dW and 
RCOs, where three RCOs (RCO1, RCO2 and RCO3) 
are shown. Usually several RCOs can be proposed to 
reduce risk of oil spill. Each RCO has different �W, 
�S and �W/�S respectively. According to CATS 
criteria of Eq.(7) a RCO which has smaller slope than 
dC/dW is regarded as cost-effective. That is, RCO1 

whose arrow is above tangent line of dC/dW is regarded 
as cost-effective.  
 

 
Figure 11:Illustration of oil spill risk reduction (∆W) and costs of 
introducing RCO (∆S) 

 
Figure 12:Illustration of dC/dW and various RCOs 

CATSthr 
Constant CATSthr 

Skjong et al (2005) and Vanem et al (2008) 
proposed CATSthr = 60,000US$/ton within the 
framework of EU project “SAFEDOR”. This value was 
estimated as: 

aethr FFWCAveCATS ⋅⋅= ]/[  (8) 
where Ave [C/W] denotes average costs of oil spill per 
unit ton. Fe denotes environmental factor and is used in 
order to take into account oil spill costs other than 
cleaning up oils, that is, costs of natural resource 
damage, fishery/tourism compensations and so on. Fa 
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denotes assurance factor, reflecting the fact that 
spending resources on preventing oil spills is always 
preferable to accepting similar costs related to an actual 
spill (prevention better than cure). Ave[C/W] = 16,000 
[US$ / ton], Fe= 2.5 and Fa = 1.5 were estimated, and 
consequently 60,000 (=16,000 x 2.5 x 1.5) [US$/ton] 
was estimated as CATSthr. See detail in Skjong et al 
(2005) and Vanem et al (2008). 

Volume dependent CATSthr (Function Type) 
Yamada (2009) proposed a new regression 

formula between costs of oil spills and oil spill weight 
as: 

aab WCWC ⋅≡⋅= 010  (9) 
where, a and b are regression parameters and a=0.66, 
b=4.59 were estimated from regression analysis of 
IOPCF data (Yamada, 2009). C0 denotes 10b (=38,735). 
This formula indicates that costs of oil spill do not 
linearly increase as oil spill weight increases, but 
nonlinearly increase mainly due to that initial costs 
effects reduce as oil spill weight increases (See Etkin, 
2000). Substituting these coefficients, Eq.(9) becomes 
as: 

66.066.059.4 3595110 WWC ⋅=⋅=  (10) 

Yamada (2009) derived CATSthr by deviating Eq.(9) as: 

ba
thr Wa

dW
dCCATS 101 ⋅⋅== −  (11) 

Substituting a and b Eq.(11) becomes as: 

34.025441 −⋅== W
dW
dCCATSthr

 (12) 

Equivalent CATSthr 
It is one of the reasonable ways to directly use 

Eq.(12) as a CATSthr in order to carry out an FSA for 
oil spill pollution. However, in safety FSA, one single 
value of CAFthr is widely used as a simple criterion. 
Therefore in this study an attempt to derive one single 
value of CATSthr is carried out corresponding to CAFthr 
within the framework of IMO FSA methodology. 
However it is noted that to use volume dependent 
CATSthr (Eq.(10)) is supposed to be reasonable as well 
as practical. Details are discussed in later section. 

In order to derive a single value of CATSthr from 
the nonlinear formula, an equivalent CATSthr value 
(CATSthr,eq) can be proposed by the following formula 
(see also Fig. 1). 

( )12

12
,

/
2

1

WWdW
dW
dC

WW
ACATS

W

W

eqthr

−⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

−
=

∫
 (13) 

where A denotes an area under the regression curve. W1 
and W2 are the lower and upper bounds of the integral 
respectively. W2 is the maximum oil spill weight [ton] 
which we are considering as a risk of oil spill. This 

formula means that the area under the nonlinear curve, 
divided by the range of weight of spilled oil is equal to 
the value of CATSthr,eq. In other words, CATSthr,eq is 
obtained by letting area1 = area2 in Figure 13. 

 
Figure 13:Regression curve and equivalent CATSthr 
 
Substituting Eq.(9) to Eq.(13),CATthr,eq can be 
analytically obtained as: 

         
( )

12

120
, WW

WWCCATS
aa

eqthr −
−

=  (14) 

Considering that the minimum oil spill is nearly equal 
to 0, W1 = 0 can be substituted to the equation. 
Consequently, Eq.(14) becomes:  

( )
2

1
20

2

20
2, W

CaWC
W

aWC
WeqthrCATS =

−
⋅=

⋅
=

 

 (15)

Substituting a=0.66, C0=38,735 (based on the latest 
IOPCF data,), Eq.(15) becomes: 

( ) 34.0
2387351

202,
−

⋅=
−

⋅= WaWCWeqthrCATS  ((16) 

Therefore the CATSthr,eq becomes a function of 
W2, the maximum possible spill weight. Figure 14 
shows the relation between CATSthr,eq and W2. It is seen 
in Figure 14 that CATSthr,eq becomes smaller as the W2 
gets larger. Thus, if W2=10,000[ton] is assumed, 
CATSthr,eq becomes 1,642 [US$/ton] as shown in Figure 
14. If W2 = 300,000 [ton] is assumed as a maximum 
size of spilled oil considering that the whole cargo of a 
VLCC is spilled out, CATSthr,eq becomes 511 
[US$/ton]. Moreover if W2 = 600,000 – 700,000[ton] is 
assumed considering that a collision of two VLCC 
tankers takes place, CATSthr,eq of 403 [US$/ton] can be 
derived according to the present method. The black line 
in Figure 14 shows the CATSthr,eq dependency on the 
W2 value.  

As is described, two kinds of scale factor Fe (=2.5) 
and Fa (=1.5) are proposed by Skjong et al (2005). 
Although reasonable values of these factor should be 
more carefully discussed in the future, a kind of 
resultant scale factor F (=Fe x Fa = 3.75) can be 
considered. In order to investigate the effect of the scale 
factor F on the CATSthr curve, a curve with taking into 
account the effect of F (=3.75) is also plotted inFigure 
14. It is noted that the scale factor F=3.75 is used as an 
illustrative purpose only since the value of F has not yet 

W2 W1
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Applying Eq.(21) into Eq.(20), the formula can be 
transformed as: 

[ ] ( ){ }
[ ] ( ){ }∑

∑
⋅−

⋅<∆

inewthrinew

iorgthriorg

WCATSWE

WCATSWES

,,

,,
 (23) 

where E[Worg,i] and E[Wnew,i] denote a expected weight 
of oil spill [ton] for sequence i before RCO is 
introduced and that after RCO is introduced 
respectively, which are calculated from an event tree. 
 
If i=1 is considered the formula can be simplified as: 

[ ] ( )
[ ] ( )newthrnew

orgthrorg

WCATSWE

WCATSWES

⋅−

⋅<∆
 (24) 

Eq.(23) can be a promising equation to judge cost-
effectiveness of a RCO to prevent oil pollution since 
this equation is in more general form than the present 
criteria (Eq.(29)) in the sense that Eq.(23) can be 
applicable to not only volume dependent CATS but also 
constant CATS. Moreover it is noted that we could 
easily and practically calculate Eq. (23) using an event 
tree which is usually used to carry out FSA studies. 
Eq.(23) is one of reasonable and practical solutions to 
use a volume dependent CATS within a framework of 
FSA. 
 
Equivalency of new criteria and present criteria 

Present criteria (Eq.(17)) can be derived as a 
special case of new criteria (Eq.(23)). In the special 
case that CATSthr(W) is constant (=CATSthr ), following 
formula can be derived. 

( ) ( )
.

,,

const

thrCATSinewWthrCATSiorgWthrCATS

=

==  (25) 

Substituting Eq. (25) into Eq.(23) the formula can be 
transformed as: 

[ ]{ }
[ ]{ }∑ ⋅−

∑ ⋅<∆

thrCATSinewWE

thrCATSiorgWES

,

,
  (26) 

 
[ ] [ ]{ }∑ −⋅<∆ inewWEiorgWEthrCATSS ,,    (27) 

Considering {E[Worg,i]-E[Wnew,i]}∆W Eq. becomes 
as: 

thrCATSWS ⋅∆<∆  (28) 

where ∆W denotes oil spill risk reduction [ton]. 
Considering ∆W >0, Eq.(29) is derived and coincides 
Eq.(17). 

thrCATS
W

S
<

∆

∆
   (29) 

where CATSthr denotes a constant CATS threshold. 
Therefore it can be said that both criteria is equivalent 
in the sense that both Eq.(29) and Eq.(23) are derived 
from Eq.(19). However it is noted that the CATS 
criteria of Eq.(29) is applicable only to the special case 
that CATS is a constant value. On the other hand CATS 

criteria of Eq.(23) can be used for constant CATS as 
well as volume-dependent CATS, therefore it can be 
said that CATS criteria of Eq.(23) is a more general 
criteria. 

 
Conclusion  

Within the framework of IMO FSA studies, cost 
of oil spill, cost of oil spill is investigated using IOPCF 
data, and cost-effective criteria as well as CATSthr are 
considered and following conclusion can be achieved.  
Costs of oil spill from tankers are largely dependent on 
weight of oil spill. Therefore it is reasonable to use a 
volume-dependent CATSthr proposed based on IOPCF 
data.In order to apply volume-dependent CATSthr a new 
cost-effective criteria for FSA for oil pollution is newly 
proposed.  

It is expected that new criteria can be easily 
applied to FSA studies of oil pollution although it has 
not yet been carried out in the present study. The 
applicability and practicability of new criteria to actual 
FSA studies would be investigated in the future study. 
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Incident reporting and continuous improvement: poor 
utilisation of safety measures in maritime industry 
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Abstract: 
Human errors are considered the most important reason for maritime accidents. The international safety management code (the ISM 
Code) has been established to clarify the responsibilities of safety on vessels and to cut down the occurrence of human errors by 
creating a safety-oriented organizational culture for the maritime industry.  According to the ISM Code shipping companies are 
required to report adequately near-misses, hazardous occurrences and other incidents. 
An intensive interview study was made within Finnish shipping companies followed by accident analysis. The study consists of two 
literature studies, statistical analyses, and in-depth interviews which were carried out in 2008 and 2009. In this study, it was discovered 
that near-misses are not perfectly reported. Mariners are still reluctant to report their mistakes. One of the most common deficiencies 
in the safety management systems concerns the reporting of the nonconformities and occurrences of accidents. 
The poor reporting practises cause further problems. The information about the non-conformities, accidents and hazardous occurrences 
does not cumulate at any level of the maritime industry. The personnel of the other ships cannot learn from the experiences of the 
other vessels. There are no possibilities to interchange information about incidents between the vessels. The company cannot utilize 
the cumulative information when improving its safety performance.  Companies do not have the opportunity to learn from other 
companies’ mistakes. The national maritime administrations are powerless in their attempts to develop the maritime safety. The 
fundamental philosophy of the ISM Code is the philosophy of continuous improvement. The procedures for reporting the incidents and 
performing the corrective actions are the essential features of the continuous improvement. By developing these processes the 
probability of maritime accident could be decreased. 
 
Introduction 
Background 

Human errors are considered the most important 
reason for maritime accidents. The international safety 
management code (the ISM Code) has been established 
to clarify the responsibilities of safety on vessels and to 
cut down the occurrence of human errors by promoting 
philosophy of continuous improvement in the maritime 
industry. 
The foundation of the ISM Code was laid in the late 
1980s, when numerous fatal accidents had occurred. 
Particularly the capsizing of the Herald of the Free 
Enterprise in 1987 awoke broad concern in the maritime 
community about maritime safety (Anderson 2003). 
The Herald of Free Enterprise capsized because the bow 
door was left open without anyone noticing the 
imminent danger. This was not the first occasion on 
which such an incident had occurred. Her sister vessel 
the Pride of Free Enterprise had left the port with the 
bow door open. Fortunately, the accident was avoided 
in the case of the Pride of Free Enterprise.  
The accident of the Estonia had similar features that the 
accident of the Herald of Free Enterprise. The fact is 
that other bow visor failures had occurred even before 
the Estonia accident (Hänninen 2007). Hänninen 
supposed that there might have been opportunities to 
avoid the bow visor failure of the Estonia if an 
industrial-level system for handling incidents such as 
bow visor failures had existed. There was no 
cumulative information about the other bow visor 
incidents in the industrial level so shipping companies 
could not learn from the other companies’ mistakes. 
Even national maritime administrations were reported 
inadequately by the shipping companies. 
The lack of safety management system was seen as a 
reason for the both accidents (Anderson 2003; 

Hänninen 2007). According to Hänninen there is a lack 
of risk handling measures and that the risk management 
systems are underdeveloped in the maritime industry. 
Due to these deficiencies in the risk management 
systems, the maritime industry has poor procedures for 
handling incidents and safety warnings. 
The fundamental philosophy of the ISM Code is the 
philosophy of continuous improvement. Investigating 
incidents is an integral component the process of 
continuous improvement in safety management 
systems. Learning the lessons from incidents should 
help to improve safety performance since incidents can 
share the same underlying causes as losses. (IMO 
2008b). 
According to the ISM Code, the safety management 
system should be based on the philosophy of continuous 
improvement. The ISM Code requires that the company 
should actively improve the skills of personnel and 
enhance the preparedness for emergencies. In addition, 
the ISM Code requires that the shipping companies 
should establish procedures which ensure that non-
conformities, accidents and hazardous occurrences are 
reported to the company. Naturally, the companies 
should ensure that corrective actions are implemented. 
(IMO 2008a) 
Furthermore, the IMO has emphasised the importance 
of continuous improvement by providing guidance on 
near-miss reporting (IMO 2008b). According to the 
IMO, investigating near-misses is an integral 
component of continuous improvement in the safety 
management system. 
 
Purpose and methodology of the study 
The research questions of this paper are: 

• Are there established and actively working 
processes for continuous improvement in the 
maritime industry? 



5th International Conference on Collision and Grounding of Ships 
 

193 
 

• Can safety and the impact of ISM Code on 
maritime safety, be measured? 

In order to evaluate processes of continuous 
improvement and whether these processes function 
properly in Finnish shipping companies, an interview 
study (Lappalainen and Salmi 2009) was made. 
A semi-structured questionnaire was provided in order 
to examine the research area. The purpose of the 
questionnaire was to assist the interviewer and serve as 
a reminder. The interview sessions were structured as 
discussions. The interviewees were encouraged to 
express themselves freely in order to find out the most 
important issues from their point of view. In order to 
focus on research theme, following type of questions 
were posed: How are incidents and near-miss situations 
reported and analysed in your company and how are 
corrective actions performed? In addition, the 
designated persons (DP; safety managers of shipping 
companies required by the ISM Code) were asked about 
the numbers of reported incidents per year and per 
vessel. The designated persons were asked about the 
existence of quantitative targets or indicators, or usage 
of statistical methods for evaluating the safety 
performance of the company.  
 
Target group 

A total of 94 people were interviewed in this 
interview study. All those who were interviewed were 
actively working in the Finnish shipping business. 
Almost all had a maritime education and maritime 
working experience. Every person interviewed had 
worked with the ISM Code based safety management 
system. Almost all were Finnish citizens.  
The seven shipping companies involved in this study 
comprehensively represent the Finnish maritime 
industry. All important shipping business areas were 
represented. 16 ships were visited during the project. 
These were passenger ships, ROPAX ships and all 
types of cargo ships. The combined fleet of the shipping 
companies represents a large proportion of the total 
Finnish fleet.  
The other stakeholder organisations are involved in 
safety management on a daily basis. They have a 
comprehensive idea of the current safety culture of the 
Finnish shipping business due to their close co-
operation with Finnish shipping companies and their 
personnel. Other interest groups that have participated 
in the study are the Finnish Maritime Administration 
(FMA), Finnpilot, and the Accident Investigation Board 
Finland.  
A total of 94 interviewees were involved in the 
interview study (see Table 1. below). The main group 
of interviewees were active seafarers: masters, deck 
officers, engineering officers, deck hands and 
engineering operators, and hotel and catering staff. 
Whenever it was considered relevant to group the 
responses of the interviewees, the results were 
categorised into three groups. These groups were the 
group of masters, that of officers including deck 
officers and engineering officers, and that of other crew 

Table 1. Table of interviewees 

 
members, including deck hands, engineering operators, 
and hotel and catering staff. The anonymity of the 
maritime personnel could be secured by grouping the 
results into larger categories. The total number of active 
seafarers was 62.  
The management group includes safety managers 
(DPAs) and managing directors of the shipping 
companies involved in the study. The management 
group consisted of 14 interviewees, including both 
people who have maritime working experience and 
people who have no maritime working experience. The 
group with no maritime working experience is small. 
From that point of view, the overwhelming majority of 
the interviewees have maritime working experience. 
Almost all managers have worked at sea and applied the 
ISM Code in practice. In order to ensure the anonymity 
of the interviewees, the responses of the DPA’s were 
processed together with other management 
representatives.  
The personnel of vessels under the Finnish flag were 
mostly Finnish. The personnel of vessels under the 
Dutch and Gibraltar flag represented various 
nationalities, such as Russian, Latvian and Filipino. The 
personnel members who were interviewed were mostly 
Finnish, including one Estonian citizen.  
Eight maritime inspectors of the FMA and four pilots 
were interviewed. The maritime inspectors of the FMA 
had conducted external ISM Audits in shipping 
companies and on vessels. These inspectors were 
responsible for carrying out the Port State Control 
inspections of foreign ships visiting Finnish ports. All 
of the pilots and maritime inspectors who were 
interviewed had been active seafarers before their 
engagement in Finnpilot or the FMA. The answers of 
the pilots were included in the maritime personnel’s 
results due to the small number of interviewees. 
Four other officials of the Finnish Maritime 
Administration and two maritime accident investigators 
of the Accident Investigation Board were also 
interviewed. The officials of the FMA provided useful 
background information about issues relating to the 
ISM Code. The officials of the FMA and the accident 
investigators of the AIB were not interviewed using the 

Active Seafarers
Officers

Masters 15
Deck officers 21
Engineering officers 10

Crew Members
Deck hands/eng. Operators 5
Hotel and catering staff 11

Subtotal 62
Management (DPA's and top management)

Maritime working experience 10
No maritime working experience 4

Subtotal 14
Other interviewees

Pilots 4
FMA Maritime Inspectors 8
FMA* (other officers) 4
FAIB* 2

Subtotal 18
Total of Interviewees 94

Note: * the semi-structured questionnaire was  not applied
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semi-structured questionnaire (marked * in Table 1.). 
These interviews were carried out as open 
discussions.The results of the interviews with 
representatives of public administration concern the 
entire maritime sector, not only the shipping companies 
involved in the research project.  

Contents of the paper 
This paper is composed of two different 

approaches to evaluate the impacts of the ISM Code. 
The state of the process of continuous improvement is 
evaluated through the qualitative approach which uses 
the results of interview study focused on the Finnish 
maritime industry. The quantitative approach is used to 
evaluate measurably the impact of the ISM-code to 
Finnish maritime accident frequency and severity. In 
chapter 2 the problems with incident reporting and 
continuous improvement is explained in the light of 
literature studies. The concept of risk is induced as a 
method to describe safety and the choice of tools for 
statistical approach is explained in the light of the 
literature review. In Chapter 3, the subjective view, 
acquired by the interview study, of seafarers and 
maritime administration officials concerning incident 
reporting and continuous improvement, is presented. 
The state of actual use of statistical tools in Finnish 
maritime is presented. After the qualitative approach, 
the quantitative approach using accident statistics is 
presented. Accident analysis is induced as one of the 
tools for evaluating risk evolution. At the end the results 
of both approaches, qualitative and quantitative, are 
used for conclusions in Chapter 4. 
 
Literature reviews 
Impacts of the ISM Code on maritime safety and 
problems with incident reporting 

In order to evaluate the impacts of the ISM Code 
on maritime safety a literature review of previous 
studies concerning the ISM Code was made. The 
literature review showed that the ISM Code has brought 
a significant contribution to the progress of maritime 
safety in recent years. Shipping companies and crews 
are more environmentally friendly and more safety-
oriented than 12 years ago. (Lappalainen 2008) Othman 
(2003) states that most (80%) of Malaysian shipping 
companies have implemented their safety management 
systems effectively according to the requirements of the 
ISM Code. The member states of the Paris MoU 
conducted a Concentrated Inspection Campaign (CIC) 
which focused on the effectiveness of the ISM Code. 
The Paris MoU discovered that most of the shipping 
companies and crews on vessels understand safety and 
implement it (Paris MoU 2008). British Maritime and 
Coastguard Agency (MCA) carried out an assessment 
of the British fleet in the winter of 2007 - 2008. The 
basic result of the MCA research was that the shipping 
industry is a safer and a more environmentally friendly 
industry than it was 12 years ago when the ISM Code 
became mandatory. The study indicated that there is a 
common consensus about the positive contribution of 
the ISM Code to the maritime safety. (ReportISM  

2008) Nevertheless, the direct effect and influence of 
the ISM Code on maritime safety could not be very well 
isolated. No quantitative measurement (statistics/hard 
data) could be found in order to describe the impacts of 
the ISM Code on maritime safety (Mejia   2001; 
Anderson 2003; IMO 2005, ReportISM 2008). The 
studies referred by Lappalainen (2008) show that one of 
the most serious shortcomings concerns the process of 
continuous improvement and incident reporting. Several 
studies have concluded that incidents are not perfectly 
reported. Mariners are still reluctant to expose their 
mistakes. In the literature, reporting of non-compliance 
and deficiencies by the ships’ personnel has been seen 
as a significant indicator of a properly functioning 
safety culture (Anderson 2003; IMO 2005; Mejia 2001). 
According to Mejia, willingness to report is an 
indication of whether the ISM Code is functioning as it 
should. The main focus of the study by Anderson was 
to investigate how the incidents, near-misses and other 
hazardous occurrences were reported. According to 
Anderson, a properly working reporting process 
indicates the cycle of continuous improvement in an 
outstanding manner. Unfortunately, the procedures for 
incident reporting do not work properly. The Paris MoU 
(2008a) reported that one of the most common ISM-
related deficiencies was the lack of reporting 
nonconformities, accidents and hazardous occurrences. 
Also Anderson (2003) discovered that the reporting of 
incidents was quite insufficient within the seafarers. 
Especially the minor incidents were not regularly 
reported. Particularly, Anderson was surprised that most 
of the seafarers were more or less reluctant to report the 
incidents. Furthermore, Anderson discovered that in 
certain cases, further analysis of and corrective actions 
on the reported incidents were not properly carried out. 
In this case, the no-blame culture did not prevail. 
Withington considered the means of measuring the 
progress of the improvement of the safety management 
system (Withington 2006). According to Withington, 
accurate reporting of incidents could provide the 
fundamental basis for evaluating the effectiveness of 
the ISM Code. Unfortunately, he recognized that in 
practice severe insufficiencies in the reporting of the 
shipping companies can be found, regardless of the 
requirements of the ISM Code that necessitate 
establishing a proper reporting system for incidents. 
The level of the reporting varies significantly between 
companies, flag States and port States. Withington 
(2006) noticed that neglected reporting is due to the fear 
of blame and criticism. Withington was seeking 
possibilities to a global measurement of the safety 
progress by utilising data provided by the safety 
management systems based on the ISM Code. 

Literature study on safety measuring 
Safety is complicated and subjective matter and 

thus its measuring is a challenge. To measure the 
impact of ISM-code, the following statement (Kiuru 
and Salmi 2009) has to be acknowledged: to do the 
evaluation of impact of one factor, the whole field of 
safety with its multiple factors has to be evaluated and 
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found onboard. The inspectors that were interviewed 
consider that those ships that reported the largest 
numbers of incident were the safest ones. The large 
number of reported incident shows that these ships and 
companies are interested and willing to learn from their 
mistakes and to develop their operations towards a safer 
course. The inspectors that were interviewed considered 
that poor reporting practices were also a problem at the 
international level. The interviewees said that this does 
not depended on the nationality of the ship. Their 
shared opinion of foreign ships was no better than that 
of ships under the Finnish flag. The maritime inspectors 
confessed that even the maritime administration itself 
has been unwilling to report it if something went wrong. 
Reasons for this unwillingness to report were 
mentioned. Some (5 answers) interviewees thought that 
people are ashamed if something goes wrong. One 
interviewee told the researchers that some masters 
discourage reporting because they think that nothing 
should happen on their ship. Especially older seafarers 
considered that minor incidents should not be reported, 
as they felt this was bureaucratic. According to some 
interviewees minor mistakes and all the technical 
problems are reported (due these problems are wanted 
to noticed by the management), but mistakes that cause 
near-accident situations are not reported unless forced 
by circumstances. Notwithstanding, some interviewees 
thought that unreported incidents and near-miss 
situations are discussed onboard.  Improvements are 
made, although written reports do not exist. One 
maritime inspector also believed that corrective actions 
have been executed onboard quietly without official 
reporting. One interviewee added that when a close 
shipmate makes a mistake, they usually fail to report it. 
People are reluctant to put blame on their shipmates. 
However, when a foreign ship has caused a near-miss 
situation, the report of this incident is much easier to 
compose. In a case where bonus salaries were based on 
a safety target (for example target = zero defects of 
occupational casualties), this could be an obstacle to 
drawing up an incident report. If the casualty has been 
minor, the report has often been neglected. Some 
mariners felt that the concept of incident was not 
specific. They suggested that the descriptions of non-
conformities, accidents and hazardous situations should 
be clarified and standardised in the maritime industry. 
Some mariners supposed that the maritime personnel 
have perceived the significance of incident reporting 
poorly. In such a case, the negligent person has not 
understood the positive consequences of reporting 
incidents for safety. 

The analysis of statistical methods of measuring 
safety in Finnish shipping 

The interview study was used to evaluate the 
present state and methods used for measuring safety in 
Finnish shipping. The use of quantitative analyses and 
statistical methods in general for safety purposes greatly 
varies between the companies studied. In some 
companies, a highly detailed reporting system regularly 
feeds information to a databank. This saved information 

can then be used statistically to evaluate present and 
future risks and the level of safety. At the other end of 
the scale, in some companies the statistical approach is 
seen as futile due to the small number of reports, or 
statistical information was not found to give added 
value when a statistical approach was tried. The 
administration itself is not exploiting potential safety 
measuring tools in its disposition. An example of this is 
the incident/violation reporting made by Finnish 
Maritime Administration VTS-operators, about vessels 
in their observation areas. The statistical use of 
information from ISM-audits made by maritime 
inspectors is also completely neglected. Both of these 
examples contain information that could produce a set 
of leading indicators. The attitude towards continuous 
improvement has developed and can be seen in the way 
some companies are nowadays using their accident and 
incident reports for developing safety. The continuous 
improvement in reporting can be seen to progress in 
steps, the first of which is the development of efficient 
reporting methods and routines. The second phase is 
when responding to reports changes from time-
consuming individual analyses to overall analyses of 
incident types. The final step seen in some of the 
companies that were interviewed is a statistical 
approach, where trends are used to estimate risks in 
advance, making preventive actions possible. Safety 
managers considered that there is a lack of suitable 
indicators and felt that such indicators should be 
developed. According to the interviewees, some 
quantitative or statistical measures should be developed. 
The types and causes of non-conformities should be 
recorded in some manner in order to analyse the 
phenomenon/data more comprehensively. According to 
the maritime inspectors, the use of statistical methods is 
not common in Finnish shipping companies. The 
inspectors could not name a single shipping company 
that utilises statistical methods in order to evaluate the 
progress of safety management. One representative of 
the public administration considered that quantitative 
measurement of safety progress is quite difficult. 
Suitable statistical measures have not been established. 
One should establish a practical indicator in order to 
evaluate the progress of safety.Some interviewees 
discussed the fundamental problems of quantitative 
measurement. For example, the quantity of incident 
reports is arguably an indicator. Which option should be 
preferable: a low rate of reports or a high rate of 
reports? A lower rate of reports could indicate that the 
safety level has increased, but it could also indicate 
poor attention to reporting. Likewise bonus systems 
based on a quantitative indicator were discussed. On the 
one hand, the maritime personnel have been rewarded 
for active reporting of incidents. According to some 
interviewees, this could cause over–reporting, where 
insignificant defects are reported. On the other hand, the 
personnel have been rewarded for zero defects, which 
could counteract active reporting, especially that of 
minor incidents or near misses. 
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safety service personnel, such as the pilots, 
more challenging. Sometimes pilots have to 
learn to use new equipment within minutes of 
boarding the ship: even though pilots job is to 
“assist the ship crew” in many cases pilot is 
forced to take the “control” (but not the 
responsibility) of the vessel to assure its safety. 

The evolution of accident leading causes can be used as 
safety indicators, but when doing this, a broad view has 
to be used. In this view the influence of change in safety 
culture has to be taken into account. 
The risk data combined with traffic quantities for 
evaluating the evolution of severity of accidents in 
Finnish maritime traffic, Figure 4. 

 
Figure 4: Evolution of accident severity in Finnish maritime traffic 
 
Following conclusions can be made from Figure 4: 

• The accident frequency has decreased to one 
third during the observed time period of 1997-
2008. 

• The total severity of yearly accident has 
decreased to one third during the observed 
time period of 1997-2008. 

• The average severity of accidents has 
increased by one third during the observed 
time period of 1997-2008. 

The lack of near accident reporting in comparison to 
other incident reporting (information acquired from the 
interview study) could explain the figure 4: While 
accident frequency and severity versus quantity of 
traffic is decreasing the average severity of accident is 
increasing. This is also an indicator.  
 
Conclusions 

According to the IMO, the safety management 
system should be based on the philosophy of continuous 
improvement. The investigation of near-misses is an 
integral component of continuous improvement in the 
safety management system. (IMO, 2008b). 

Several previous studies concerning the impacts 
of the ISM Code found insufficiencies in the reporting 
of incidents (Lappalainen, 2008). The findings of our 
interview study were similar. The study showed that the 
maritime personnel’s attitudes towards incident 
reporting were unsatisfactory. The mariners who were 
interviewed admitted that reporting is often neglected. 
The low number of reported incidents supports this 
conclusion. In spite of the fact that some interviewees 

felt that apparent over reporting has sometimes 
occurred, the under reporting of incidents is a much 
more serious problem. 

The poor reporting practises cause further 
problems. Information about non-conformities, 
accidents and hazardous incidents does not cumulate at 
any level of the maritime industry. The personnel 
cannot learn from the experiences of other vessels.  
There are no possibilities of interchanging information 
about incidents between the vessels. The company 
cannot utilize cumulative information to improve its 
safety performance. Companies do not have the 
opportunity to learn from the mistakes of others. The 
national maritime administrations are powerless in their 
attempts to develop maritime safety. 

Hence, there is still room for improvement in the 
reporting of incidents in the maritime industry.  Under 
these circumstances, a successful cycle of continuous 
improvement could not function. 

The level and evolution of safety in maritime can 
be measured by using the concept of RISK. The risk 
can be measured by using multiple indicators and 
combining the acquired results. 

The administration should also present more 
active approach to incident reporting. The use of 
different tools such as VTS-operator reports, Port State 
Control reports, ISM-audit information and accident 
reports in a combined analysis should give 
administration a set of indicators to use for safety 
development. Results of this administrations analysis 
should also be used by the whole maritime industry to 
evaluate and develop the use of their own safety 
indicators. 

The accident analysis (Kiuru and Salmi 2009) 
demonstrated that ISM have had positive impact on 
accident frequency and accident causes related to ISM, 
but it also highlighted the non functioning near accident 
reporting as significant reason behind increasing 
average severity of accidents. 

To conclude measurable impact of ISM to safety 
of Finnish maritime, the results of interview study and 
the accident analysis have to be combined with results 
of future statistical analysis of data gathered from 
administration and private companies. 

Certainly there are also other useful tools for the 
implementation of continuous improvement. The ISM 
Code also provides other tools for continuous 
improvement. These tools include procedures for 
internal audits and reviews. The functioning of the other 
tools was not examined in our study. These tools have 
also not been comprehensively examined in previous 
studies concerning the IMS Code. 

The fact that incident reporting producers have 
not functioned properly in the maritime industry is a 
good reason to investigate also other tools for 
continuous improvement. The suitability and feasibility 
of the other tools for the purposes of the maritime 
industry should be investigated in the future. 

Nevertheless, mutual activities of the entire 
maritime community are needed in order to promote the 
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incident reporting as crucial for successful continuous 
improvement of the maritime safety - for the best of all 
mariners. 
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Damage tests of the single shell ship fuel tank with additional 
elastic protective coating 
Janusz Kozak 
Gdansk University of Technology Faculty of Ocean Engineering and Ship Technology 
 
Abstract: 
Grounding or collision of medium size cargo ship like containership or ferry can lead to pollution of sea environment by fuel released 
from failured fuel tanks usually single skinned and partially located in double bottom space.  Amount of such fuel can be sufficient to 
destroy sea ecosystem on large scale. In the paper, background of idea of reducing of risk of oil spill from ship fuel tanks is presented. 
Such idea based upon introduction into tank space additional semi-elastic, polyurethane based fuel resistant layer, supported on passive 
or active core made of light concrete, to form second barrier protected of fuel spill in case of failure of steel shell. In the paper natural 
scale laboratory test of the penetration of the single skin as well as coated bottom structure are presented. Test stand, geometry of 
models and measurements is described. Results of test of two variants of shell covering are discussed and compared. 
 
Introduction 

For increase of amount of cargo shipped by sea 
and associated increase of number of cargo ships, 
observed in the world fleet for several last years, many 
sea regions of the world have become more busy and 
hazardous for navigation. Small closed navigation 
regions are specially endangered by possible sea 
disasters. One of them is the Baltic Sea [1]. The high 
traffic intensity, difficulty in navigation through the 
straits leading from the North Sea, often occurring bad 
weather conditions and other factors make that the 
Baltic is a sea region where many ship accidents occur 
year by year. The map of particular kinds of the 
accidents together with indication of places of their 
occurrence is presented in Fig. 1.  

 
Fig. 1. Type of  sea accidents registered with indication of places of 
their occurrences [2]. 

In the connection with the increasing risk of 
ecological disasters associated with sea transport, in the 
last years the European Union adopted some legal 
instruments dealing with safety at sea. Only basic 
design regulations concerning stability and floatability 
of damaged ships or amount of spill of liquid load from 
damaged hull are commonly adopted. However in 2004 
Germanischer Lloyd (GL) introduced to its rules the 
notation COLL which determines degree of ship hull 
resistance (strength) against collisions [3]. The 
resistance is measured by comparing the strength 
against impact of strengthened ship side structure with 
that not strengthened of single plating. The regulations 
directly concerning collisions are the requirements for 
ships intended for inland navigation on the Rhine 
(Switzerland, Germany, the Netherlands), introduced in 
2003. The ADNR regulations require to design 
structural elements of gas tankers as to make them able 
to absorb the energy of 22 MJ released during collision 
against ship side structure [4]. The basic philosophy of 
the approval procedure to compare the critical 
deformation energy in case of side collision of a 
strengthened design to that of a reference double hull 
design complying with  the  damage  stability  
calculations  is presented in the  chapter  II-1 of SOLAS 
[5]. Though for cargo tanks of oil cargo tankers the 
legal requirements have been recently made much more 
stringent, similar ones for fuel oil tanks are still 
introduced, nevertheless amount of fuel oil contained in 
them is often comparable with that of liquid cargo 
carried by a small tanker. The hazard becomes greater 
by the fact that most of such tanks are located in double 
bottom, i.e. in the zone very susceptible to failure both 
in the case of ship-to-ship collision and the taking of 
ground or rock. This is also why part of ship hull new 
regulations has been introduced [6]. One of possible 
acceptable solution proposed is to minimise theoretical 
spill of oil in case of accident.  
 
Idea of the semi-elastic fuel tank barrier 

For above mentioned reasons a research work 
was undertaken aimed at elaboration of a way of 
lowering the risk of releasing protection barrier. The 
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(model of material, material  parameters, accuracy of 
meshing, failure criterion etc.), natural scale laboratory 
test seems to be most credible way for checking of the 
structure behavior against failure. But preparation and 
performing of such test is time-consuming and 
expensive, such test should usually is performed on 
single or small amount of tested models. From this 
reason, numerical calculation is the best way for proper 
preparation of such tests. 
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Abstract: 
Structural design of ships against collision requires prediction of the extent of damage to stiffened plates subjected to impact. In ship 
structures, stiffened plates are furnished with vertical or horizontal stiffeners to sustain conventional loads such as shearing, bending 
and local buckling. The consideration of collision in ship structural design is especially important for tankers where accidents may 
cause serious environmental pollution. In predicting the extent of collision damage, FE modeling of stiffened plates using ABAQUS 
software is applied to demonstrate collision scenario.  Typical stiffened plates of tankers in service with different configurations of 
stiffeners are used to examine absorbed energy for each one.  The aim of this paper is to select the proper stiffener shape for absorbing 
more deformation energy.  These analyses of stiffened plates will guide ship designers to properly select effective stiffener absorbing 
higher deformed energy when simulate full scale ship against collision. 

Introduction 
The serious consequences of ship grounding and 

collision necessitate the development of structural 
design and requirements for subdivision to reduce 
damage and environmental pollution and improve 
safety. The consideration of the crashworthiness in 
design is necessary for tankers where accidents may 
cause serious environmental damage.  As Kuwait is a 
major exporting member of OPEC, and Kuwait’s 
economy depends on crude oil production and other oil 
products which provide well over 80% of Kuwaiti’s 
national revenues, the transportation of such products is 
very important to the economy, and as Kuwait Oil 
Tanker Company (KOTC) is the main carrier for such 
shipments it is very important to keep the company’s 
vessels in good working condition and reduce 
probability of collision.  

There are two ways in dealing with ship 
collisions, the first one is to prevent the occurrence of 
extreme loads and accidents. This can be achieved by 
using onboard monitoring equipment and well-trained 
crews. In addition, the surveillance of sea routes, 
especially in high traffic areas near harbors, channels 
and offshore structures contributes a lot in minimizing 
accident occurrence. The second aspect is to increase 
the absorbed energy of structural components. This is 
done by developing stiffening systems that may bear 
damage within the limits of a required safety of the 
structure and environment. 

The International Maritime Organization (IMO) 
is responsible for regulating the design of oil tankers 
and other ships to provide for ship safety and 
environmental protection [1]. Collision analysis models 
were first developed for analyzing the design of ships 
transporting nuclear materials. The crashworthiness of 
these ships under worst case conditions was the primary 
concern. A totally inelastic, right angle collision with 
the struck ship at rest was considered the “worst case”. 
The most popular of these approaches is the one 
proposed by Minorsky [2]. Hutchison generalized the 
Minorsky method to include all horizontal degrees of 
freedom (surge, sway, yaw) and hull membrane 
resistance [3]. The virtual masses of both struck and 
striking ships were developed in matrix form, including 
the added mass terms. The computer program 

DAMAGE can be used to predict structural damage in 
the different accident scenarios [4]. Pedersen and Zhang 
derive expressions for absorbed energy uncoupled from 
internal mechanics [5].  They apply three local 
coordinate systems to the striking ship, the struck ship 
and the impact point separately. Since most deformation 
in collisions is local, instead of modeling the whole 
struck ship, they developed a collision model for 
analyzing minor collisions, which are defined as 
collisions without rupture of cargo boundaries. A 
similar model is used by Crake and Brown [6]. A 
simplified collision model (SIMCOL) performs a 
collision scenario [7]. There are three major ship-to-
ship collision classifications: puncture, raking and 
penetrating. Servis et al and Naar [8] also provide some 
excellent general guidance.  They used LSDYNA to 
model full-scale collision tests. Their work identifies 
variable values that provide results consistent with their 
test results. Paik provides many techniques for 
modeling crushing of ships experimentally and 
numerically [9]. Kitamoura O. et al [10], and Lee J.W. 
et al [11] have developed very large FE element models 
and compared results with experimental results. In the 
field of material failure, the selection of material 
behavior until fracture is important, where this behavior 
influences the accuracy of non-linear finite element 
simulation. Ehlers, S. [12] has introduced material 
relation to assess the crashworthiness of ship structures. 
In the framework of selecting an efficient FE code for 
simulating ship collisions, several criteria should be 
met. These criteria relate to the modeling capabilities 
for both the internal and the external collision 
mechanics. In this aspect, the code must be capable of 
modeling ship motions during and after the collision 
(external mechanics), as well as the deformation and 
collapse of the structures (internal mechanics). 

 
Finite Element Analysis 

The paper addresses the numerical simulation of 
impacts on ship structural components by applying 
FEM. This research work is concerned with the internal 
deformation of structural components. It aims to know 
which stiffener arrangement absorbs higher internal 
energy, when large-scale impact is modeled. The FE 
simulation of a collision encompasses a number of 
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individual problems, which should be given appropriate 
attention. These problems are: The selection of a mesh 
and type of element, which should be fine enough, 
especially at the contact areas to acquire accurate results 
and to represent real failure modes during impact.  
Coarse mesh may apply for areas located far from 
collision region to reduce CPU time. Other problem 
such as modeling of the material damage criteria is  
explained in Refs. [12 and13]. 

ABAQUS/Explicit Version 6.8-4 code is used to 
simulate the stiffened panel of a struck ship with 
different stiffening systems when subjected to 
accidental load. The stiffened plates are modeled using 
four nodes, thin shell double curved elements (S4R).  
The accidental load from a striking ship is simulated by 
assuming the ship' bow as a V-shape and modeled with 
rigid elements.  This assumption is chosen because we 
are interested in comparing the effect of the collision on 
the different stiffened plates with no reference to the 
striking body. Different configurations of stiffening 
systems of struck ship are considered. The absorbed 
energy and contact force for each stiffening system are 
calculated after damage.  

 
Simulation of Impact on Ship Structural Components  

Structural components such as stiffened plates of 
ship side or bulkheads may be used to investigate the 
effect of impact on structural behavior. In this work, 
stiffened plates with vertical stiffeners and horizontal 
stiffeners are examined. Various FE models for such 
configurations have been developed. The purpose of 
these models is to predict the extent of damage 
observed in real collision and to investigate the effect of 
the selection of stiffening system on the absorbed 
internal energy due to collision. 

The stiffened panel considered here consists of 
3.4x4m plate, stiffened transversely or longitudinally 
with L-shaped stiffener having scantling of 
150x100x9.5mm as shown in Fig.1. and the plate 
thickness is to be taken 15mm.  The material is assumed 
elastic-plastic of yield strength steel of 340 N/mm2 with 
isotropic hardening to a strength of 347 N/mm2 at  
plastic strain of 0.025. In this aspect, the damaged 
response depends on element dimensions so fine mesh 
is recommended at the region of contact. 

Different boundary condition may be selected 
around edges of stiffened panel and for each boundary 
condition, result of simulation will change. In this work, 
the stiffened panel is constrained from all movements 
along its longitudinal edges (only one rotation in z 
direction is allowed) while it is free on its ends. This 
assumption of boundary condition is similar to a real 
behavior of stiffened panels in ship sides during 
collision. The striking bow is rigid and free to move in 
right angle with a translational velocity along the -y-
axis equal to 3.6 m/sec. This velocity is applied at the 
reference point of the bow. Point masses are assumed to 
model the mass of the ship and the added mass. Virtual 
mass for the striking ship is acting at the reference point 
of the striking bow. 

 

 
 

 
 

 
However, this mass is not representing real mass 

of striking ship, real higher masses will be investigated.  
The contact surface during collision, elements based 
surface are applied to define contact region. Middle 
region of both stiffened panel and rigid bow are 
considered as surfaces contact. A dynamical explicit 
analysis at a time 0.25 sec is running. 
 
Collision Analyses of Transversely Stiffened Plates 

In the first analysis three configurations of 
transversely stiffened plates are modeled with L, flat and 
box stiffeners, in addition to modeling of the smeared 
plate (T=17.8 mm). Scantlings of stiffeners are 
determined on the basis of keeping cross sectional area 
and flexural rigidity for each stiffener are equal to those 
of L-stiffeners. Four stiffeners with equal frame space are 
furnished in the stiffened plate. Fig. 2 shows scantlings 
configuration for the stiffeners. 

 
 

Figure 3 shows deformed shape and internal energy for 
the analyses of transversely stiffened plates for all 

Fig.2 Scantlings of stiffeners

B-
160x50x6.4m

F-
174x13.4mm 

L-
150x100x9.5mm 

Plate thickness, 
T=15mm

Fig.1b)Transversely stiffened plate 

z

x
y

a)Longitudinally stiffened plate 
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• The striking mass is important to generate 
kinetic energy required to generate deformed 
energy on struck ship. 

• The longitudinally stiffened of the struck ship 
using different stiffeners configurations shows 
little difference in the absorbing energy.  
However, the modeling with smeared plate 
shows higher contact force.  

• The validation of this study have to be 
executed onto real scale ship. 

 
Acknowledgments 

This research is carried out for the part of 
(research No. TS-08-05) of  PAAET (Public Authority 
for Applied Education & Training, Kuwait). The 
authors are grateful for PAAET for their financial 
support. 

 
References: 
 
IMO, 1995, “Interim Guidelines for Approval of Alternative Methods 

of Design and Construction of Oil Tankers under Regulation 
13F(5) of Annex I of MARPOL 73/78”, Resolution 
MEPC.66 (37), September 14. 

Minorsky, V.V., 1959 “An Analysis of Ship Collisions with 
Reference to Protection of Nuclear Power Plants ”, Journal of 
Ship Research.  

Hutchison, B.L., 1986, “Barge Collisions, Rammings and Groundings 
an Engineering Assessment of the Potential for Damage to 
Radioactive Material Transport Casks”, Report No. 
SAND85-7165 TTC-05212. 

Simonsen, B.C.,1999, “Theory and Validation for the DAMAGE 
Collision Module”, Joint MIT Industry   Program on Tanker 
Safety, Report No. 67, June. 

Pedersen, P.T. and Zhang, S., 1998. “On Impact Mechanics in Ship 
Collisions”, Marine  Structures, Vol. 11, pp. 429-449.  

Rawson, C., Crake, K. and Brown, .J., 1998, "Assessing the  
Environmental Performance of  Tankers in Accidental 
Grounding and Collision", SNAME Transactions 106, 41-58. 

Chen, D., 2000, “Simplified Collision Model (SIMCOL)”, Dept. of 
Ocean Engineering, Virginia  Tech, Master of Science 
Thesis, May. 

Servis, D. et. al., 2001, “The Implementation of Finite Element Codes 
for the Simulation of Ship- Ship Collision”, 2nd International 
Conference on Collision and Grounding of Ships, 
Copenhagen, Denmark, July.  

Paik, J.K., 2007, "Practical Techniques for FE Modeling to Simulate 
Structural Crashworthiness in Ships", Ship and offshore 
structures, Vol. 2 ,pp 69-80.   

Kitamura, O., July, 2001, “FEM Approach to The Simulation of 
Collision and Grounding Damage”, 2nd International 
Conference on Collision and Grounding of Ships, 
Copenhagen, Denmark . 

Lee J. W., Petershagen, H., Rorup, J., Paik, H. Y. & Yoon, J. H., 
"Collision Resistance and Fatigue Strength of New Oil 
Tanker With Advanced Double Hull Structure", Practical 
Design of Ships and Mobile Units, 1998, Elsevier Science 
B.V. 

Ehlers, S. "Material Relation To Assess The Crashworthiness Of 
Ship Structures", Doctoral Dissertation, Helsinki University 
of Technology, Faculty of Engineering and Architecture, 
Department of Applied Mechanics, Nov.,2009. 

Lehmann, E. & Yu, X., 1998," On Ductile Rupture Criteria for 
Structural Tear in The Case of Ship Collision and 
Grounding", Practical Design of Ships and Mobile Units, 
Elsevier Science B.V. 

 



5th International Conference on Collision and Grounding of Ships 

 

208 

Simulation of Grounding Damage using the Finite Element 
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Abstract: 
This paper presents an initial comparison with experimental data on the resistance of stiffened panels to penetration damage. The 
author’s use the finite element method and FEA software to predict the penetration damage and then extend this modelling simulation 
to investigate the grounding damage to a double bottom structure investigating different grounding scenarios. The progressive failure 
of the double bottom is investigated considering both, the effect of damage due to plastic deformation of the double bottom and also 
damage evolution including material rupture. The double bottom structure was modelled using three different levels of complexity, 
these were: modelling of inner and outer shell plating; modelling of shell plating including longitudinal stiffeners, and modelling of 
structure including stiffening on longitudinal floors. The analysis was carried out in the ABAQUS explicit code.  
The Results presented includes the crushing force as a function of time and also an investigation of the energies involved in plastic 
deformation and rupture of the double bottom structure. 

Introduction 
In the past, most of the studies involving 

collisions and grounding were carried out by a 
combination of mathematical and experimental 
approaches. Since the late 90’s (Kitamura 2002) the 
rapid progress of computer technology has made large-
scale finite element analysis (FEA) practicable, while 
further progress in analytical methods has been 
relatively slow. In order to meet the increasing demands 
from the shipbuilding industry for reliability and cost-
efficiency, FEM approaches are being applied more in 
the direct quantitative estimation of crashworthiness 
and also for validation and verification of simplified 
analytical methods. Although, previous studies have 
been carried out using either theoretical, experimental 
and numerical approaches, currently there are a range of 
different approaches and codes available in the market 
that are capable of predicting the damage to ships 
structures during grounding. These approaches include 
damage modelling such as Forming limit Diagram 
(FLD) explained by (Keeler and Backofen 1964; Jie, 
Cheng et al. 2009), Rice-Tracey, and Cockcroft-Latham 
(RTCL) described in (Alsos and Amdahl 2007; Alsos, 
Amdahl et al. 2009), Bressan, Williams and Hill (BWH) 
explained by (Alsos, Hopperstad et al. 2008; Alsos, 
Amdahl et al. 2009) and many other approaches. In this 
analysis the forming limit diagram method will be used 
as material failure model for dynamic loading using 
properties as described in the material failure section. 

The present analysis is divided into two parts: 
firstly the comparison of numerical and experimental 
results with (Alsos, Hopperstad et al. 2008; Alsos and 
Amdahl 2009; Alsos, Amdahl et al. 2009) for 
penetration of a double bottom structure, secondly  
extending the analysis to a typical double bottom 
application using the same material failure model and 
looking at vertical penetration followed by longitudinal 
movement along the compartment.  
 
Material properties 

The Materials used in this analysis are mild steel 
(S235JR-EN10025) and high strength steel (S355NH- 

 
 
EN10210) the material properties are describe in table 1 
below; 
 
Table 1: The properties of steel are taken from (Alsos and Amdahl 
2009; Alsos, Amdahl et al. 2009) and were obtained experimentally. 

Material types 
K 

(MPa) 
n ����� �� 

�� 
(MPa) 

�	 
(MPa) 

S235JR-EN10025 (A) 740 0.24 - 0.35 285 416 

S235JR-EN10025 (B) 760 0.225 0.015 0.35 340 442 

S355NH-EN10210 
(C) 

830 0.18 0.01 0.28 390 495 

The material is assumed to be isotropic and to 
exhibit strain hardening properties as described by 
Ludwik's strain hardening power law; � 
 ��� 

To describe the time dependence of the material 
response, the following true stress-natural strain relation 
was employed using deformation theory. Where K, m  
and n are material parameters, where m lies between 0 
and 0.05 from (Hutchinson and Neale 1978). � 
 ��� ��� 

Hence, the true stress-strain relation is 
approximated by the equation below assuming isotropic 
material properties, where ����� is the plateau strain 
proposed by (Alsos, Amdahl et al. 2009). 

� 
 � ����� � �������� � ����������������� 
and �� 
   ��� !"/� $ ����� 
Where a quasi-linear stress-strain relationship described 
in (Jie, Cheng et al. 2009) can be approximately written 
as:  �� 
 % &��'�� $ ���, ��) *�* �  *+&,!" �-
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Where: s�σ, ε� 
 /0σ
ε1/2   and �� 
 3��� where, 3� is tangent modulus  

for plastic deformation and C is integration constant, 
which can be determined from uniaxial testing at 
various strain rates. 

Material Failure 
The material failure is based on forming limit 

diagram (FLD) method which is a concept introduced 
by (Keeler and Backofen 1964) to determine the 
amount of deformation that a material can withstand 
prior to the onset of necking instability. The maximum 
strains that a sheet material can sustain prior to the 
onset of necking are referred to as the forming limit 
strains Abaqus documentation. Considering the forming 
limit strains including rate-dependant effects in FLD, 
details of which can be found in (Jie, Cheng et al. 2009) 
the following relationships are used 

�" 

455
65
57

 �m � n�1 � rε � √3�m � n�s�σ>?, ε>?�2A1 � rε �  rεB 
                                                                         �� �& � 0

3rεB � �m � n��2 � rε�B2�2 � rε��1 � rε � rεB� � D �m � n�s�σ>?, ε>?�2�2 � rε��1 � rε � rεB�E F�2 � rε�G3�1 � rε �  rεB�  �HI $ 3rεB J  �� �& K 0 
� 

Where  �HI is the equivalent strain which, for the Von 

Misses, criterion is  �HI 
 B√L ε"A1 � rε � rεB  
where:rε 
  &M&N   is strain ratio, rε 
 0 for plain strain, rε 
 $0.5 for simple tension and rε 
 1 biaxial tension 
which is the basis for localised necking failure. 
This FLD material failure will be compared with 
experimental results, RCTL and BWH failure models in 
predicting the resistance of stiffened panels to 
penetration damage.  

Briefly, the RCTL damage criterion is a 
combination of modified Rice Tracey and Cockcroft-
Latham damage criterion. Both of these functions are 
based on hydrostatic stress state, express by the stress 
triaxiality: 

 Q 
 *R*ST,   

Where ��  is the hydrostatic stress and  
is hydrostatic stress and �HI is the equivalent stress 
 
The value of Q lies between -1/3 < Q < 1/3, damage 
ceases when Q < -1/3 which is referred to as the cut-off 
value where fracture will not occur below this value. 
The BWH criterion is based on the onset of local 
necking as a failure mechanism. The model describes an 
analytical forming limit curve in stress space and is 
employed by several authors. Both of these failure 
models are described in detail in (Alsos and Amdahl 
2009; Alsos, Amdahl et al. 2009). 
 
The element characteristic length  

The accuracy of FEA analysis results depends 
upon the mesh density which for material failure and 
rupture energy dissipation will occur when the material 

exhibits strain-softening and necking due strain 
localization. Material failure is normally expressed in 
terms of stress-strain relationships, see Figure 1a. 
During loading the material will undergo a damage 
processes which will follow a damage evolution law 
where damage will start to initiate at  point D=0 and full 
damage degradation will occur when D reaches at 
maximum where Dmax� 1. The equivalent plastic stress 
and strain at the onset of necking are denoted by ���, � U���  respectively where �V is true stress curve in absence 
of damage or fully plastic condition and �� yield stress. 
Finally, elements which fail are removed from the 
model when they satisfy the maximum damage 
evolution law as Dmax� 1. 

 
Figure 1: (a) Abaqus documentation-Stress-strain curve with 
progressive damage degradation. (b) Stress-strain curve with 
progressive damage degradation dependent on mesh density, (Jeong, 
Yu et al. 2008). 

The available literature comes to no real 
conclusion about the characteristic element length 
required for solution accuracy, hence the need for mesh 
convergence studies e.g.  (Wisniewski and Kolakowski 
2003; Zhang and Suzuki 2005; Alsos, Amdahl et al. 
2009). Abaqus Explicit tries to resolve the problem by 
introducing an element characteristic length which is 
related to the element size. Figure 1b shows the damage 
evolution law embedded with mesh dependency where  W�� , is the fracture work conjugate of the yield stress 
after the onset of damage (work per unit area of the 
crack), W��� is damage initiation point,  W��� is fully 
degraded material where the elements will be removed 
from the model and L is mesh element characteristic 
length. For shell and 2D elements, X is the square root 
of the integration area and for 3D elements, it is the 
integration of volume, where � U��� is determined from 
uniaxial tension tests and assumed to be same as �� in 
table 1. 
 
Mesh Convergence Studies 

Mesh convergence studies were conducted in 
order to find the most suitable mesh for using in 
grounding damage studies for both stiffened panels and 
double bottom structures. The chosen mesh is always a 
compromise between accuracy of intended result, 
computer resources and reasonable computational time. 
The chosen meshes, as previously stated, were 35mm, 
25mm and 15mm. The study found that the best results 
for the FLD failure model, which give good correlation 
with the experimental data from (Alsos and Amdahl 
2009) which was achieved with a 15mm mesh size, see 
figures 2a, 2b and 2c. 



                                                (a) No Stiffener 

Figure 2: Mesh Convergence Studies 

Although the results shown in figure 2a using a 35mm 
element size is the best result when compared to the 
experimental values,  overall the 15mm
the best when considering all of the simulation results 
for the different structural models. 
 
On the resistance of stiffened panels to penetration 
damage 

A series of experiment tests were carried out by 
(Alsos and Amdahl 2009) under quasi-s
which were compared with FEA 
reference (Alsos, Amdahl et al. 2009), using both RTCL 
and BWH damage evolution criterions. The results of 
(Alsos and Amdahl 2009; Alsos, Amdahl et al. 2009)
are shown in Figures 2a, 2b and 2c 
compared with current FEA analysis using FLD damage 
failure model. The current FEA simulations use 15mm 
element mesh size and only require simple
input parameters, also the results produced are 
consistent and reliable when compared to the actual 
experiment results.  
The FEA analysis was conducted without consideration 
of strain rate effect ,which under quasi
conditions, which mean m=0 and s=0 in the above FLD 
equations expressed in (Jie, Cheng et al. 2009)
failure model then becomes; 

�" 

456
57  n�1 � rε�                                        ��3rεB � �2 � rε�Bn2�2 � rε��1 � rε � rεB�              �� 

 
Stiffened Panel Analysis 
The panels identified were manufactured and tested by 
(Alsos and Amdahl 2009) in order to provide a 
simulation and analysis of the grounding scenario (see 
Figure 3a, 3b and 3c). The tests were carried out by 
laterally forcing an "indenter" to a depth of about 0.25m 
as shown in Figure 3d into the centre of a plate of size 
of 720 x 1200 x 5mm made form material Type A from
Table1. 

Figure 3: Flat panel, stiffened plate configurations and experimental 
setup from (Alsos and Amdahl 2009). 
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    (b) Single Stiffener                       (c) Two Stiffeners

Although the results shown in figure 2a using a 35mm 
element size is the best result when compared to the 

overall the 15mm element size is 
simulation results 

On the resistance of stiffened panels to penetration 

A series of experiment tests were carried out by 
static conditions, 

 simulations in 
, using both RTCL 

and BWH damage evolution criterions. The results of 
(Alsos and Amdahl 2009; Alsos, Amdahl et al. 2009) 

 where they are 
using FLD damage 
lations use 15mm 

element mesh size and only require simple damage 
input parameters, also the results produced are 
consistent and reliable when compared to the actual 

The FEA analysis was conducted without consideration 
ffect ,which under quasi-static loading 

conditions, which mean m=0 and s=0 in the above FLD 
(Jie, Cheng et al. 2009), the FLD 

�� �& � 0
�� �& K 0� 

The panels identified were manufactured and tested by 
in order to provide a 

simulation and analysis of the grounding scenario (see 
Figure 3a, 3b and 3c). The tests were carried out by 
laterally forcing an "indenter" to a depth of about 0.25m 

into the centre of a plate of size 
of 720 x 1200 x 5mm made form material Type A from 

 
Flat panel, stiffened plate configurations and experimental 

The configurations of structure are as below;
a. Penetration of flat panel 
b. Penetration on stiffener of single stiffened panel
c. Penetration of stiffened panel between two stiffeners.

Figure 4: The boundary condition for penetration of stiffened plate 
and flat panel.  

For the stiffened panel cases the plate stiffeners 
(120 x 6mm flat bars) were made from material Type B 
from Table 1 and were evenly space as shown in 
Figures 3b and 3c. The 300 x 200 x 12.5mm hollow 
square frame supporting the test panels was assumed to 
be fully fixed as shown in Figure 4.  Figure 3d shows 
the penetration of the "indenter" in the experiment taken 
from (Alsos and Amdahl 2009)
and numerical simulations were carried out under quasi
static conditions. 
 
Finite Element Procedure 

The FE analysis was performed using Abaqus 
explicit with general surface contact and S4R elements. 
Through thickness integration was carried out using 
Simpson rule with 5 integrations point through the 
thickness. 
For this problem the load was applied in terms of the 
lateral displacement of the indenter which is applied at a 
uniform rate of 0.6m/s. When the speed of application 
of the load was slower than 2m/s, 
2005) or 10m/s, (Ehlers 2009)
significant inertia effects apparent. The penetration 
depth was set at 0.234 meters and a friction coefficient 
of 0.3 was used. The analysis didn't take int
strain rate effects therefore the constants 
material properties section will be zero. If required 
these parameters could be obtain from material tensile 
tests. The modelling of the material plastic behaviour 
was carried out using a pow
previously discussed in material properties section. The 
relationship between fracture strain and element size is 
discussed by various authors. 
2009) using a scaling  law included results from 
uniaxial tensile tests to establish expressions for a 
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(c) Two Stiffeners 

of structure are as below; 

b. Penetration on stiffener of single stiffened panel 
c. Penetration of stiffened panel between two stiffeners. 

 
The boundary condition for penetration of stiffened plate 

For the stiffened panel cases the plate stiffeners 
(120 x 6mm flat bars) were made from material Type B 
from Table 1 and were evenly space as shown in 
Figures 3b and 3c. The 300 x 200 x 12.5mm hollow 
square frame supporting the test panels was assumed to 
e fully fixed as shown in Figure 4.  Figure 3d shows 

the penetration of the "indenter" in the experiment taken 
(Alsos and Amdahl 2009). Both the experiment 

and numerical simulations were carried out under quasi-

 
The FE analysis was performed using Abaqus 

explicit with general surface contact and S4R elements. 
Through thickness integration was carried out using 
Simpson rule with 5 integrations point through the 

r this problem the load was applied in terms of the 
lateral displacement of the indenter which is applied at a 
uniform rate of 0.6m/s. When the speed of application 
of the load was slower than 2m/s, (Yamada, Endo et al. 

(Ehlers 2009) then there are no 
significant inertia effects apparent. The penetration 
depth was set at 0.234 meters and a friction coefficient 
of 0.3 was used. The analysis didn't take into account 
strain rate effects therefore the constants m and s in 
material properties section will be zero. If required 
these parameters could be obtain from material tensile 

The modelling of the material plastic behaviour 
was carried out using a power law expression 
previously discussed in material properties section. The 
relationship between fracture strain and element size is 
discussed by various authors. (Alsos, Amdahl et al. 

using a scaling  law included results from 
uniaxial tensile tests to establish expressions for a 



predicted value fracture strain of 0.71. 
Peschmann 2002) predicted fracture strains of up to 
0.25 for 12-20mm thick steel and 0.18-0.30 for steel of 
thickness 5mm.  (Ehlers 2009) predicted fracture strains 
in the region of 0.50-0.60. For the purposes of this study 
the fracture strain listed in Table 1 have been adopted.
However to investigate the effect of failure strain versus 
element size mesh convergence studies were run until 
the FE results gave good agreement with the 
experimental results. Additionally some further analysis 
were run with larger values of rupture strain (0.704) in 
the true stress/strain relationship modelled in ABAQUS. 
The results for this analysis demonstrated  little effect 
on the local necking and fracture behaviour
the analysis. The materials A, B and C were used for 
flat panels, stiffeners, and frame respectively.
 
Simulation Results 

(a) Unstiffened Flat Panel 

                   (a)                                                (b)
Figure 5: Penetration of flat panel  

The results for the penetration of the flat panel 
using different damage criterion are shown in Figures 
5a and 5b, the current method using the FLD damage 
model coupled with the progressive failure model 
previously discussed, predicts the rupture at a vertical 
displacement of the penetrator of 180mm which is 
higher than that obtained using the BWH and most of 
RTCL simulations. The BWH failure method predicts 
the rupture at 175mm which is constant for most of 
element mesh sizes; the RTCL failure method predicts a 
scattered rupture at 120, 170 and 190mm for 18mm, 
10mm and 5mm mesh size respectively. These 
predictions compare with 200mm obtained in the 
experiment. The numerical simulations would appear to 
give a good prediction of rupture ini
compared to the experimental result. Figure 8a shows 
the rupture damage predicted by the FE simulation 
which compares well with the experimental damage 
levels for this panel. 

(b) Single Stiffened Panel 

(a)                                     (b) 
Figure 6: Penetration on stiffener of single stiffened panel
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were run with larger values of rupture strain (0.704) in 
the true stress/strain relationship modelled in ABAQUS. 
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the analysis. The materials A, B and C were used for 
flat panels, stiffeners, and frame respectively. 

 
(a)                                                (b) 

The results for the penetration of the flat panel 
using different damage criterion are shown in Figures 
5a and 5b, the current method using the FLD damage 
model coupled with the progressive failure model 

e rupture at a vertical 
displacement of the penetrator of 180mm which is 

BWH and most of 
RTCL simulations. The BWH failure method predicts 
the rupture at 175mm which is constant for most of 

ailure method predicts a 
scattered rupture at 120, 170 and 190mm for 18mm, 
10mm and 5mm mesh size respectively. These 
predictions compare with 200mm obtained in the 
experiment. The numerical simulations would appear to 
give a good prediction of rupture initiation when 
compared to the experimental result. Figure 8a shows 
the rupture damage predicted by the FE simulation 
which compares well with the experimental damage 

 
 

: Penetration on stiffener of single stiffened panel 

The results for the penetration
stiffened panel are shown in Figures. 6a and 6b, where 
the current simulation predicts rupture at about the same 
level with both BWH and RTCL failure 
Depending on mesh size, the rupture occurred at about 
170mm for current FLD failure method using 15mm 
mesh and similar results were obtained for BWH and 
RTCL failure models using 10mm mesh. The 
simulation using the current FLD method gives good 
agreement with the experiment leading to the 
conclusion that a 15mm mesh size is likely to be the 
most effective mesh size which can be used in this type 
of simulation, using the progressive damage model 
described previously. Figure 8b again shows the rupture
damage pattern predicted by the FE solution.

(c) Panel with two Stiffeners 

(a)                                        
Figure 7: Penetration of stiffened panel between two stiffeners

Results are shown in Figures 7a and 7b, these 
show for the case of penetration of a stiffened panel 
between two stiffeners, graphs of penetrator force vs. 
displacement comparison for both RTCL and BWH 
failure models are presented. The RTCL and BWH 
models always give variable results depending on the 
mesh size used in the simulations. The figures compare 
numerical predictions with experiment for both BWH 
and RTCL failure models using 5mm and 18mm 
element mesh sizes respectively.

Figure 8: The simulation picture of resistance of stiffened panels to 
penetration damage: (a) no stiffener, (b) Single stiffener, (c) Two 
stiffeners 

The rupture predicted by the
method, using 15mm element size, occurs at about 
162mm penetration which compares well with both the 
BWH and RTCL for 18mm and 5mm element sizes, 
respectively. In the current simulation as shown in 
Figure 8c, the stiffeners seem to be tripping in the 
opposite direction to that observed in the
this could be because the current simulations fail to
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The results for the penetration of a single 
stiffened panel are shown in Figures. 6a and 6b, where 
the current simulation predicts rupture at about the same 
level with both BWH and RTCL failure models. 

the rupture occurred at about 
170mm for current FLD failure method using 15mm 
mesh and similar results were obtained for BWH and 
RTCL failure models using 10mm mesh. The 
simulation using the current FLD method gives good 

eement with the experiment leading to the 
15mm mesh size is likely to be the 

most effective mesh size which can be used in this type 
of simulation, using the progressive damage model 
described previously. Figure 8b again shows the rupture 
damage pattern predicted by the FE solution. 

 

                                       (b) 
Penetration of stiffened panel between two stiffeners 

Results are shown in Figures 7a and 7b, these 
tration of a stiffened panel 

between two stiffeners, graphs of penetrator force vs. 
displacement comparison for both RTCL and BWH 
failure models are presented. The RTCL and BWH 
models always give variable results depending on the 

lations. The figures compare 
numerical predictions with experiment for both BWH 
and RTCL failure models using 5mm and 18mm 
element mesh sizes respectively. 

 
: The simulation picture of resistance of stiffened panels to 

tiffener, (b) Single stiffener, (c) Two 

The rupture predicted by the current FLD 
method, using 15mm element size, occurs at about 
162mm penetration which compares well with both the 
BWH and RTCL for 18mm and 5mm element sizes, 

he current simulation as shown in 
Figure 8c, the stiffeners seem to be tripping in the 
opposite direction to that observed in the experiment, 
this could be because the current simulations fail to 
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consider the effects of welding and HAZ on stiffened 
panel or it could be caused by slight offsets of  in the 
position that the impactor  strikes the plating 
experimentally. 
 
Discussion 

As normal in FEA, accurate results depend on 
the element type and mesh size, finer meshes normally 
produce more accurate results. This is because the finer 
mesh usually gives a better representation of the stress 
concentrations and also gives a better prediction of the 
onset of failure. In the current numerical simulations 
this is not always the case. For the RTCL damage 
criterion, in almost all the simulations carried out, the 
finer mesh produces less accurate results than the 
courser mesh when compared with experiment. The 
current FLD failure criteria and the BWH criterion 
produce consistently similar results where finer meshes 
give better correlation with experimental results as 
shown in Figures 2a, 2b and 2c. The comparison 
between numerical simulation and experimental results 
in this study are obviously valid for the mesh chosen 
and the material and rupture model used.  Much more 
work needs to be carried out before any conclusion can 
be made about the applicability to other types of 
simulation. It is easy for researchers to produce accurate 
results from numerical simulations when we know the 
answer we are trying to achieve is known. The mesh 
density can be varied as well as the modelling 
parameters until reliable results are achieved. Overall 
the current method demonstrates good convergence and 
a good correlation when compared to experimental 
results. Also, the FLD method requires less complexity 
of input parameters than some other failure models 
 
Grounding damage of double bottom 

The use of FEA on crashworthiness analysis for 
double bottom structure has been studied by various 
authors e.g (Amdahl and Kavlie 1992; Naar, Kujala et 
al. 2002; Zhang and Suzuki 2005) most of them using 
both course and fine mesh densities to demonstrate 
convergence of the results. Recently (Samuelidies, 
Georgios et al. 2007; Zilakos, Toulios et al. 2009) 
carried out an analysis of a similar structure but using 
flat bar stiffeners instead angle bar stiffeners on the 
outer and inner shell of double bottom as used in the 
current model. The simulation by (Samuelidies, 
Georgios et al. 2007; Zilakos, Toulios et al. 2009) used 
von-mises stress failure criteria, which did not account 
for the rupture failure of the model, instead only 
looking at the extreme condition of the strength of the 
structure using fully plastic deformation.  
In the current simulation both, von-mises plastic 
deformation and rupture damage models are considered 
when investigating both vertical grounding and 
longitudinal crushing along the compartment. In the 
vertical grounding simulation all the complexity of the 
structure and simulation of impact location as 
mentioned in the previous numerical simulations are 
considered. For longitudinal crushing only the structure 

including all inner and outer stiffeners, is considered 
during the analysis due to the very long simulation 
times. 
 
Structure geometry 

The double bottom structure geometry which has 
been modelled is an idealised version of a real ship. Its 
particulars are as follows: LOA 265m, LBP 256m, 
Beam 42.5m draught 15.65m, GT (ITC 69) 72.449T, 
and DWT 126.355T. The midship compartment was 
selected with a length of 32 metres and a beam of 42.5 
meters. Nine transverse frames were included with a 
frame spacing of 4.0 meters being assumed as constant 
throughout the compartment. The height between outer 
plating and inner plating is 2.97 metres and spacing 
between vertical floors ranging from 4.65, 4.98, and 
5.81 metres as shown in Figure 9. All structural 
members are included in the numerical models 
including: outer plating, inner plating, longitudinal 
floors, transverses, outer plating stiffeners, inner plating 
stiffeners and longitudinal floors stiffeners. 

 
Figure 9: Simplified models of double bottom. 

Three alternative FE models were used to carry out the 
numerical simulations and are shown in Figure 6, these 
were: 

i. Model A: All longitudinal stiffeners 
included in the model (ALLSI) 

ii.  Model B: All longitudinal stiffeners included 
except stiffeners on longitudinal floors 
(SI) 

Model C: No longitudinal stiffeners included (ALLSNI) 

 
Figure 10: Simplified rock with conical shape from (Zilakos, Toulios 
et al. 2009) 

The details of the model arrangement and thickness of 
all plating and stiffeners are presented in Figures 9a, 9b 
and 9c and table 2.The rock geometry model was taken 
from (Zilakos, Toulios et al. 2009) and is shown in 
Figure 10. 
 



 
Numerical approach 

A mesh size of 15mm was chosen based on the 
convergence study carried out in the previous 
simulation. The structure arrangement and location of 
crushing impact 
 
Table 2: The thickness of double bottom hull plating

Types of structure member Material

Floor-1  C 

Floor-2  C 

Floor-3  C 

Floor-4  C 

Floor-5  C 

Floor-6  C 

Floor-7  C 

A-Section Stiffeners-16 of 400x14mm  C 

B-Section Stiffeners-44 of 430x15mm  C 

C-Section Stiffeners-24 of 400x16mm  C 

Floors stiffeners-21 of 300x14mm  C 

9 of Transverses  C 

Inner plate  A 

Outer plate  A 

 
are both taken into consideration during the numerical 
simulations. The main impact locations considered
were: impact on main transverse frame (IoMG)
(IbMG) impact between the main transverse frames as 
shown in Figure 11. 
For all the simulations the friction coefficient was set at 
0.3 which is applicable for most cases of mild steel 
surface contact, the analyses utilised a structured 
quadrilateral dominated mesh for fine as well as coarse 
mesh regions and unstructured mesh for the transition 
region. The speed of the vessel was taken as being a 
typical ship in service speed of 10m/s or 19.4 knots, and 
assumed to be constant during grounding simulation. 
This speed has been used by other researchers, 
(Samuelidies, Georgios et al. 2007; Zilakos, Toulios et 
al. 2009) in similar studies. 

5th International Conference on Collision and Grounding of Ships

A mesh size of 15mm was chosen based on the 
convergence study carried out in the previous 
simulation. The structure arrangement and location of 

: The thickness of double bottom hull plating 

erial Thickness (mm) 

15 

15 

15 

16 

15 

15 

15 

14 

15 

16 

14 

17 

17 

18 

 

are both taken into consideration during the numerical 
simulations. The main impact locations considered 
were: impact on main transverse frame (IoMG) and 
(IbMG) impact between the main transverse frames as 

For all the simulations the friction coefficient was set at 
0.3 which is applicable for most cases of mild steel 
surface contact, the analyses utilised a structured 

inated mesh for fine as well as coarse 
mesh regions and unstructured mesh for the transition 
region. The speed of the vessel was taken as being a 

speed of 10m/s or 19.4 knots, and 
assumed to be constant during grounding simulation. 
This speed has been used by other researchers, 
(Samuelidies, Georgios et al. 2007; Zilakos, Toulios et 

Figure 11: Impact location on Midship compartment (42.5m x 32m)

There are two different phases of impactor movement 
during these analyses: phase 1 is vert
penetration of the double bottom of 0.5 metre depth in 
Y-direction, this is followed by phase 2, which is 
horizontal movement, travelling about 13 meters in Z 
direction (-ve). Phase 1 will simulate the early stage of 
rupture which happens during
bottom. Phase 2 will simulate the significant damage 
and rupture which occurs in the structure as the ships 
momentum moves it forwards

(a) Midship compartment                   
(42.5 x32m)                                      

Figure 12: Boundary condition set as ECANSTRE in red colour

All the analysis was carried out using a strain 
based failure criterion as described previously in the 
material failure model. The boundary conditions were 
set as ESCANTRE (fully fixed) for both ends of the 
transverse frames see Figure 12. This was modelled in 
this way due to the presence of transverse watertight 
bulkheads at these positions. The analysis was run 
without considering the strain rate effect due to 
of uniaxial tensile test data for the material, the effect of 
this is estimated to be about 2
static condition (Alsos and Amdahl 2009)
The analysis were carried out by two types of desktop 
computers  which are using single processor Intel Core 
i7, 12 GB RAM, and dual Intel Xeon E5540, 24GB 
RAM systems. Most of the analyses generated file sizes 
ranging from 25-40 GB, running time between 300
hrs, and using range of elements between 154229
254790 for the complete simulation; this includes 
vertical penetration and horizontal crushing during 
grounding. The dual Intel Xeon processor was faster 
during simulations compared to single processor when 
the same analysis was run on both machines. 

 

5th International Conference on Collision and Grounding of Ships 

 

213 

 
: Impact location on Midship compartment (42.5m x 32m) 

There are two different phases of impactor movement 
during these analyses: phase 1 is vertical movement or 
penetration of the double bottom of 0.5 metre depth in 

direction, this is followed by phase 2, which is 
horizontal movement, travelling about 13 meters in Z 

will simulate the early stage of 
during grounding of the double 

bottom. Phase 2 will simulate the significant damage 
and rupture which occurs in the structure as the ships 
momentum moves it forwards. 

 
                  (b) Internal Structure members 

                                    

Boundary condition set as ECANSTRE in red colour 

All the analysis was carried out using a strain 
based failure criterion as described previously in the 
material failure model. The boundary conditions were 

as ESCANTRE (fully fixed) for both ends of the 
transverse frames see Figure 12. This was modelled in 
this way due to the presence of transverse watertight 
bulkheads at these positions. The analysis was run 
without considering the strain rate effect due to the lack 
of uniaxial tensile test data for the material, the effect of 
this is estimated to be about 2-4% compared to fully 

(Alsos and Amdahl 2009). 
The analysis were carried out by two types of desktop 
computers  which are using single processor Intel Core 
i7, 12 GB RAM, and dual Intel Xeon E5540, 24GB 
RAM systems. Most of the analyses generated file sizes 

40 GB, running time between 300-360 
hrs, and using range of elements between 154229 and 
254790 for the complete simulation; this includes 
vertical penetration and horizontal crushing during 
grounding. The dual Intel Xeon processor was faster 

compared to single processor when 
the same analysis was run on both machines.  



Simulation Results 
In this section, the progressive failure of the 

double bottom will be discussed considering both, the 
effect of damage due to plastic deformation of the 
double bottom and also damage evolution including 
material rupture. In phase 1, the extreme grounding 
simulation vertical penetration of the double bottom is 
carried out by looking at force displacement and energy 
displacement relationships for all models.  In phase 2, 
the main focus is mainly looking at fully plastic 
deformation and material degradation against time due 
to grounding, only for model A (ALLSI).
The results for impact on the main floor are shown in 
Figure 13. Figure 13a, shows that the structure for 
model C is capable of resisting a higher force and 
displacement before rupture, followed by model B and 
then Model A. Material rupture takes place at 0.30m, 
0.32m and 0.45m of penetration for models A, B and C 
respectively. The figure also indicates the significant 
effect of modelling stiffeners and their contribution to 
the failure during impact.  

(a) Force Penetrator                       (b) Energy Penetrator Displacement
     Displacement   
Figure 13: Impact on Main Floor 

This shows that the stiffness of the structure 
plays an important part in the onset of rupture, a more 
rigid structure will give less crashworthiness capability 
compared to more flexible structure from the point of 
view of hull rupture. Looking at Figure 13b, we can see 
that the energy absorbed by the structure is of a similar 
magnitude for all three models. The model without any 
longitudinal stiffeners, Model C, slightly deviates from 
models A and B, but ends up at same point at 0.5m of 
displacement and 2.2MJ crushing energy.

(a) Model A             (b) Model B             (c) Model C

Figure 14: Phase 1-The simulation picture of vertical grounding 
displacement for model impact on main floor. 

The response of the models to vertical grounding 
on the main transverse floor is shown in Figures 14a, 
14b and 14c, these clearly show that damage starts to 
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In this section, the progressive failure of the 
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(a) Force Penetrator                       (b) Energy Penetrator Displacement 

This shows that the stiffness of the structure 
plays an important part in the onset of rupture, a more 

structure will give less crashworthiness capability 
compared to more flexible structure from the point of 
view of hull rupture. Looking at Figure 13b, we can see 
that the energy absorbed by the structure is of a similar 

. The model without any 
longitudinal stiffeners, Model C, slightly deviates from 
models A and B, but ends up at same point at 0.5m of 
displacement and 2.2MJ crushing energy. 

 
(a) Model A             (b) Model B             (c) Model C 

he simulation picture of vertical grounding 

The response of the models to vertical grounding 
on the main transverse floor is shown in Figures 14a, 
14b and 14c, these clearly show that damage starts to 

occur on the bottom plating during grounding due to the 
large local deformation and strain being generated by 
the penetrator. 

(a) Force - Penetrator Displacement         (b) Energy 
                                                                      
Figure 15: Impact between Main Floors

The forces generated during phase 1 grounding 
between the main transverse floors are shown in Figure 
15a for model A and B, and are almost identical, 
rupture occurring at 0.31m vertical displacement and 
5.6MN maximum force. This indicates that stiffeners on 
the main longitudinal floor do not appear to contribute
significantly to the strength to the structure for this 
phase of grounding. But, when all the stiffeners on the 
structure are removed the penetrato
greater deformation of the structure before rupture 
initiates, rupture occurring at 0.44m vertical 
displacement.  Figure 15b shows a similar pattern, 
where the energy for model A and B are the same 
giving 1.78MJ at a vertical displacemen
energy for model C is a lower than for models A and B 
giving 1.20 MJ at the same displacement.

   (a) Model A                   (b) Model B                 
Figure 16: Phase 1-The simulation picture of vertical grounding 
displacement for model impact between main floors.

The behaviour of the structure during the 
simulations are show in Figure 16a, 16b and 16c, where 
model A and B again behave in the same manner and 
show similar rupture propagation tendencies. For model 
C the rupture pattern displays similar patterns to that 
shown in the simplified experiment carried out by 
(Alsos and Amdahl 2009).The depth of penetration and 
subsequent grounding damage has been chosen is to 
consistent with the result of 
al. 2007; Zilakos, Toulios et al. 2009)
of the same study. 
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he bottom plating during grounding due to the 
large local deformation and strain being generated by 

 
Penetrator Displacement         (b) Energy - Penetrator 

                                                                      Displacement 
: Impact between Main Floors 

The forces generated during phase 1 grounding 
between the main transverse floors are shown in Figure 
15a for model A and B, and are almost identical, 
rupture occurring at 0.31m vertical displacement and 

6MN maximum force. This indicates that stiffeners on 
the main longitudinal floor do not appear to contribute 
significantly to the strength to the structure for this 
phase of grounding. But, when all the stiffeners on the 
structure are removed the penetrator is able to cause 
greater deformation of the structure before rupture 
initiates, rupture occurring at 0.44m vertical 

Figure 15b shows a similar pattern, 
where the energy for model A and B are the same 
giving 1.78MJ at a vertical displacement of 0.5m. The 
energy for model C is a lower than for models A and B 
giving 1.20 MJ at the same displacement. 

 
(a) Model A                   (b) Model B                 (c) Model C 

The simulation picture of vertical grounding 
ement for model impact between main floors. 

The behaviour of the structure during the 
simulations are show in Figure 16a, 16b and 16c, where 
model A and B again behave in the same manner and 

similar rupture propagation tendencies. For model 
ure pattern displays similar patterns to that 

shown in the simplified experiment carried out by 
.The depth of penetration and 

subsequent grounding damage has been chosen is to 
esult of (Samuelidies, Georgios et 

al. 2007; Zilakos, Toulios et al. 2009), since this is part 



Phase 2: Horizontal Crushing during grounding

(a) The grounding force in Y 
and Z direction 

(b) The resultant force.
 

Figure 17: Impact on Main Floor 

The next stage in the simulation is to investigate 
horizontal crushing of the double bottom after rupture 
due to the forward momentum of the ship. Both Figures 
17a and 17b show the grounding force on the double 
bottom for the midship compartment. Both figures also 
show, the fully plastic (FP) force which would be 
obtained if the simulation had been carried out without 
modelling material failure, this demonstrates that higher 
forces are produced for this simulation than when 
material damage (rupture) (WD) modelling is included 
in the simulation. In Figure 17a we can see that, the 
maximum grounding force during crushing of the 
transverse floors are: RFY: 10.4MN, RFZ: 
for fully plastic, and RFY: 8.74MN, RFZ: 
when material failure properties are included. 

Figure 18: Impact on Main Floor (a) With damage (b) without 
damage 

When we look at the resultant crushing force on 
the double bottom as shown in Figure 17b, the 
grounding force when neglecting material failure 
(rupture) (FP) is always higher than when we includ
material rupture (WD). The difference between them is 
estimated at about 15-50%, the peak forces for phase 1 
and phase 2 are 9.69MN, 17.96MN and 6.18MN, 
15.01MN for FP and WD failure models respectively
The performance of the structure, for both conditi
can be seen clearly in Figures 18a and 18b. In Figure 
18a, tearing of plate during grounding due to high stress 
concentrations which occur at the joint of plate between 
floor and bottom plate can be observed. In Figure 18b, 
the elements display only stretching without showing 
any tearing or rupture. 
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(b) The resultant force. 

simulation is to investigate 
horizontal crushing of the double bottom after rupture 
due to the forward momentum of the ship. Both Figures 
17a and 17b show the grounding force on the double 
bottom for the midship compartment. Both figures also 

lly plastic (FP) force which would be 
obtained if the simulation had been carried out without 

material failure, this demonstrates that higher 
simulation than when 

material damage (rupture) (WD) modelling is included 
n the simulation. In Figure 17a we can see that, the 
maximum grounding force during crushing of the 

RFY: 10.4MN, RFZ: -14.6MN, 
for fully plastic, and RFY: 8.74MN, RFZ: -12MN and 
when material failure properties are included.  

 
: Impact on Main Floor (a) With damage (b) without 

When we look at the resultant crushing force on 
the double bottom as shown in Figure 17b, the 
grounding force when neglecting material failure 
(rupture) (FP) is always higher than when we include 

The difference between them is 
50%, the peak forces for phase 1 

and phase 2 are 9.69MN, 17.96MN and 6.18MN, 
15.01MN for FP and WD failure models respectively. 

of the structure, for both conditions, 
in Figures 18a and 18b. In Figure 

18a, tearing of plate during grounding due to high stress 
which occur at the joint of plate between 

floor and bottom plate can be observed. In Figure 18b, 
tretching without showing 

 
 
 
 
 
 
 
 
 
 

(a) The grounding force in Y and 
Z direction 

Figure 19: Impact between Main Floors

Figure 19 shows the response of the structure when the 
grounding occurs between the 
followed by longitudinal tearing of the structure. The 
same behaviour as before is shown in Figure 19a and 
19b, where a larger force is generated without 
modelling rupture of the structure (FP) than when 
rupture ((WD) is modelled.  
The different between FP and WD failure modelling 
produces differences in the force in the range of 11
for both. In Figure 19a, RFY and RFZ forces peak at 
8.47MN and -10.84MN respectively for FP, and, 
6.86MN, -10MN respectively for WD. 
force for phase 1 and phase 2 maximums, shown in 
Figure 17b, are 8.2MN, 13.76MN and 5.54MN, 
12.22MN for FP and WD respectively.

Figure 20: Impact between Main Floors, (a) With damage (b) without 
damage 

The failure mechanisms of the structure are clearly 
shown in Figures 20a and 20b. Figure 20a, shows the 
failure of the structure during grounding and the plate 
tearing close to longitudinal stiffeners. Figure 20b, 
shows the bottom plate elements stretching in a middle 
of span between longitudinal bottom plate 
without any rupture. 
 
Discussion 

In this analysis it has been demonstrated
more rigid structure is less crashworthy than more 
flexible structure when considering hull rupture. This 
phenomena clearly shown in Phase 1 of the simulation, 
where the penetration of the indenter shows higher 
displacements before initiation of rupture when 
comparing model C with models A and B. This 
simulation also showed that not modelling rupture (FP)
always produces higher failure loads than when rupture 
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The grounding force in Y and (b) The resultant force. 
 

: Impact between Main Floors 

Figure 19 shows the response of the structure when the 
grounding occurs between the main transverse floors 
followed by longitudinal tearing of the structure. The 
same behaviour as before is shown in Figure 19a and 
19b, where a larger force is generated without 
modelling rupture of the structure (FP) than when 

 
he different between FP and WD failure modelling 

produces differences in the force in the range of 11-40% 
for both. In Figure 19a, RFY and RFZ forces peak at 

10.84MN respectively for FP, and, 
10MN respectively for WD. The resultant 

for phase 1 and phase 2 maximums, shown in 
Figure 17b, are 8.2MN, 13.76MN and 5.54MN, 
12.22MN for FP and WD respectively. 

 
: Impact between Main Floors, (a) With damage (b) without 

The failure mechanisms of the structure are clearly 
wn in Figures 20a and 20b. Figure 20a, shows the 

failure of the structure during grounding and the plate 
close to longitudinal stiffeners. Figure 20b, 

shows the bottom plate elements stretching in a middle 
of span between longitudinal bottom plate stiffeners 

In this analysis it has been demonstrated that 
more rigid structure is less crashworthy than more 
flexible structure when considering hull rupture. This 
phenomena clearly shown in Phase 1 of the simulation, 

the penetration of the indenter shows higher 
displacements before initiation of rupture when 
comparing model C with models A and B. This 
simulation also showed that not modelling rupture (FP) 
always produces higher failure loads than when rupture 
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is modelled  (WD), where simulations demonstrate 
higher results by about 30-50% for Phase 1 and 11-35% 
for Phase 2.  

The results in Phase 2 also show good 
correlation when compared to (Zilakos, Toulios et al. 
2009) where, the maximum force for RFY-FP and RFZ-
FP during crushing of the transverse floors 
demonstrates an almost constant level of force 
throughout the simulation irrespective of the number of 
transverse floors. The results obtained for RFY-FP and 
RFZ-FP simulations are also higher than (Zilakos, 
Toulios et al. 2009), which is reasonable due to higher 
plastic material properties being used, (Zilakos, Toulios 
et al. 2009) used 245MPa as the material yield stress 
where the current model is using properties as defined 
in Table1. The analysis also found that estimated onset 
of material rupture in Phase 1 is very sensitive to the 
material failure model adopted, compared to phase 2.  
The differences between fully plastic and material 
failure models in Phase 1 clearly show significant 
differences as mention above. It has also been 
demonstrated that the effect of grounding is very 
localised in all simulations this can be seen by 
observing the localisation of high stress contours which 
only occur in the area close to the impact location. 
 
Conclusion 

The purpose of this analysis was to investigate 
and understand the behaviour of the double bottom 
structure during grounding. This is a very complex 
process and computational calculations are dependent 
on mesh size, types of loading, crushing location, 
boundary conditions and the software that is being used 
in the analysis. Although many papers have been 
published on this topic, there still exists considerable 
variability in the results that still require a significant 
amount of discussion and explanation with regard to the 
accuracy and reliability of results. 
Nevertheless, FEA is an appropriate tool which can be 
used to investigate the local and global behaviour of a 
ship structure during grounding. Overall numerical 
simulations are cheaper to run than experimental 
studies, but there is still a significant requirement to 
carry out good quality experimental studies. Results 
from good quality experiments are necessary for 
validating numerical simulation models for predicting 
the structural response during collisions and grounding. 
Comparisons between experiment and numerical 
modelling studies will help establish suitable numerical 
models for carrying out future assessments of collision 
and grounding scenarios. 
Overall the results obtained from the FEA simulations 
of penetration are acceptable when compared to the 
actual experiments. The grounding simulation also 
showed good correlation with previous published 
results (Samuelidies, Georgios et al. 2007; Zilakos, 
Toulios et al. 2009) where the comparisons of the 
penetration force gave very close correlation.  
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The strength characteristics of different types of double hull 
structures in collision  
Chen-Far Hung, Kun-Ping Wu and Yun-Tzu Huang  
Department of Engineering Science and Ocean Engineering, National Taiwan University 

Abstract 
Metal sandwich panels have the advantage of weight-strength efficiency. The advanced fabrication technology is continuously under 
developing. In this paper the strength characteristic of five different types of double hull structures and one conventional single hull 
structure struck by conical body were examined. The buckling load and the crashworthiness between them were compared. Some 
mechanical behaviors in the damage process during impact were discussed. Five different types of double hull structures investigated 
here are (1) the honeycomb type, (2) the lattice-core type, (3) the flat plate core type, (4) The X-type core type and (5) The Y-type core 
double hull. For comparison purpose the investigated structures are designed to keep about the same dimensions and overall stiffness 
characteristics. The damaged states, buckling load, the reaction force and the energy dissipation of different types of structures struck 
by a solid conical body were analyzed by non-linear FE-method. 

Intrudction 
Although the velocity of ship motion is not very 

fast, the huge ship mass possesses enormous 
momentum and kinetic energy. During the collision the 
kinetic energy will redistributed in short time, portion of 
kinetic energy of striking ship will be transferred to 
struck vessel, and the velocity of striking ship will be 
reduced very quickly and it also induces very high 
impact loading between two colliding vessels, and may 
cause serious damage on striking vessel and struck 
structures. The catastrophe of oil pollutions on the sea 
may take place consequently.  In order to prevent the 
calamity induced by ship collision and grounding the 
double hull and mid-deck design concepts were 
requested to avoid the oil escaping from tank while the 
ship hull was struck since last 20 years. The impact 
force of ship structures subjected to collision and 
grounding became an important issue; and numerous 
researches about the crashworthiness were carried out in 
different approach, e.g. theoretical, experimental, and 
numerical approaches (Jones and Jouri 1987; Pedersen 
et al 1993; Pedersen and Zhang 2000; Wang 2000; 
Kitamura 2002; Lehmann and Peschmann 2002). The 
large scale experiments for ship collision and grounding 
are very expensive, and it was performed only in some 
special projects used as benchmarks for other researches 
(Rodd 1996; Wevers and Vredevelt 1999, Ehler et al 
2008).  

The sandwich structure has superiority over the 
traditional stiffened plates structures in uniformly 
distributed stiffness, and have the advantage of light 
weight (Wadely et al 2003), and anti-shock 
performance (Fleck and Deshpande 2004). It has been 
applied to ship and offshore structures, e.g. deck, 
double shell, double bottom, and also applied to anti-
shock or anti-blast structures (Xue and Hutchinson 
2004; Rathbun et al 2006). The advanced fabrication 
technology are continuously under developments 
(Wadely et al 2003; Kolsters and Wennhage, 2009), and 
different types of core structures have been examined, 
e.g. honeycomb panel by Rathbun et al 2006, pyramid 
core by Chiras et al 2002 and Zok et al 2004. The 
research approaches to the strength problems for metal 
sandwich structures can be categorized into theoretical 

study, derivation of approximate method, and 
experiments. Most of the theoretical study has specific 
assumptions; its results were verified by experiments.  

Due to the progress of laser welding technology 
and the improvement of its investment advantage in 
past years, the European ship industries attach great 
importance to the application of advanced laser welded 
steel sandwich structures.  

The impact responses of marine structures 
subjected to under water explosion or blast load 
becomes an interesting topic in past years, the anti-blast 
sandwich panel design concepts examined by different 
field may be considered as possible application for 
marine structures (Xue and Hutchinson 2004; McShane 
et al 2006)  

The damages of double hull structures during 
collision can be classified into four fundamental 
damage modes, which are the stretching mode, the 
tearing mode and the penetration mode of plates, as 
well as the denting mode for single girder and crossing 
girders. The simplified formulae for approximation of 
energy dissipation and impact force of four fundamental 
damage modes were derived (Pedersen and Zhang 
2000; Wang 2000; Hung and Chen 2007; Yamada and 
Pedersen 2008). The overall energy dissipation and 
impact force of a stuck double-hull structures can be 
estimated by assembly of these fundamental failure 
mechanisms (Hung and Chen 2007, Paik and Seo 
2007). The damage states of double-hull structures 
analyzed by nonlinear FEM become a principle 
approach in past years.  

This paper investigated the strength, deformation 
and crashworthiness of five different types of double 
hull structures subjected to low speed impact; for 
comparison purpose the impact analysis of a stiffened 
plate structures was performed. The different type of 
structures shown in Figure 1 was examined in this 
paper; comparison of strength and crashworthiness 
between them were carried out. Figures 1(a) and 1(b) 
have been used for light structures and figures 1(c) to 
1(e) are possibly used for ship and offshore structures. 
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Investigated model of different types of sandiwish 
structures 

Model  
This paper investigated lattice core panel 

examined by McShane (2005), the honeycomb core 
panel examined by Paik(1999), the X-plate core, Y-
plate core and flat plate core double hull structures 
examined by Klanac et al (2005) shown in figure 1.  

 
Figure 1 Different type of structures (dimension in mm). 

The plate thickness of each model is shown in the lower 
part of each sub-figures and also listed in Table 1. The 
analysis domain of each model is length x breadth = 6m 
x 4m.  The stiffened plate with girder structure was 
selected as reference for comparison. About the same 
global moment of inertia was set for each model, and 
the mass and depth of each model has difference, shown 
in table 1. The thickness of the top and bottom plate for 
each double hull structures and stiffened plate is 5mm. 
Table 1. Plate thickness of different type of structures 

structure type double hull girder + stiffened plate

component honeyco
mb 

lattice-
core flat-core x-core y-core  Thickness 

(mm) 

plate thickness(mm) 5 5 5 5 5 top plate  5 

core plate 
thickness(mm) 3.5 3.5 3.5 3 3 stiffener web:    5 

flange: 10 

web thickness (mm) - - 4 4 4 girder web  5 

      girder 
flange  9 

Depth (mm) 520 520 540 540 540  720 

overall I  (mm4) 4.53E+9 4.53E+9 4.53E+9 4.53E+
9 

4.53E+
9  4.54E+9 

mass (kg) 1606 1630 1402 1451 1352  1770 

 

The boundary conditions were specified as shown in 
figure 2(a); two opposite sides are symmetrical 
boundary conditions to represent the un-supported 
sides, the another two are considered as one constrained 
side to simulate the support of bulkheads, the other is 
symmetrical condition. 

 
Figure 2 Boundary and loading conditions for FE-analysis. 

The material constants of steel are listed in Table 
2. The Belytschko-Tsay shell element is used for the 
FE-model of the double hull and stiffened plate 
structures; the element size in this paper was set as 
50mm. The effect of stain rate on yield strength is 
modeled using the Cowper and Symonds strain rate 
model (1957).  

1/
0

0

1
n

D
σ ε
σ
′ ⎛ ⎞= + ⎜ ⎟

⎝ ⎠
 

where ε = strain rate, 0σ ′  = dynamical yield stress, 0σ  
= static yield stress，D and n are the strain rate 
parameters and taken as 40.4sec-1 and 5, respectively. 
 
Table 2.The material constants of steel 

Young’s modulus 210 GPa 
density 7860 kg/m3 

yield stress 300 MPa 
tangent modulus 355 MPa 

rupture strain 0.34 
ultimate strength 420 MPa 

friction coefficient 0.2 
Poisson’s ratio 0.3 

Strain rate parameters n=4, D=40.4 

 

Analysis items 
The following analyses were performed in this 

paper. 
1. Static analysis: 1kN/m2 uniformly distributed 

load was applied on top plate of each model to 
examine their global stiffness and relative stress 
levels, and then their yield loading was 
determined. 

2.  Linear buckling analysis: The buckling loads of 
different structures under uniformly distributed 
load applied on top plate were examined. 

3.  Impact analysis: The top plate was struck by a 
steel conical body with 45o half conic angle and 
with a sphere head of 200mm diameter. The 
crashworthiness of each structure was evaluated. 

Results of static analysis  
The static analysis was performed with ANSYS 

code. 1kN/m2 uniformly distributed load was applied on 
the top plate of each model as shown in figure 2(a). The 
distribution of equivalent stress on the top plate for 
honeycomb, lattice core and flat core type double hull 
structures are shown in figure 3. 

 

 
(a) honeycomb double hull 

 

 

 
(b) lattice core double hull (c) flat core double hull 

 

 

 
(d) X-type core double hull 

 

 

 
(e) Y-type core double hull 

 
(f) stiffened plate structure 

 
(a) Boundary condition 

(b) Loading for static and linear 
buckling analysis 
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Figure 3 Distribution of equivalent stress on top plate of different 
type of structures. 

Distributions of equivalent stress on the top plate for 
other three structures are similar to lattice core type. 
The maximum stress of top plate for honeycomb and 
lattice core type appeared at both longitudinal and 
transverse core supports, for other four types structures 
appeared at core supports. The maximum von Miese’s 
stress at the connection of plate to core for different 
types of structures is shown in Table 3. 
Table 3 Results of static analysis for different structural types 

structural type 

uniformly distributed loading = 1kN/m2 

yield loading 
(kN/m2) 

max. displacement (mm)  max. von 
Mises stress 

(MPa) top plate lower plate  

honey comb 0.0699 0.0114  3.85 77.9 

lattice core 0.0446 0.0112  2.75 109.1 

Flat core 0.103 0.0358  4.49 66.8 

X-type core 0.104 0.034  4.54 66.1 

Y-type core 0.111 0.0323  4.55 65.9 

stiffened plate 0.0936 0.0197  4.43 67.7 

The honeycomb and lattice core type has the smaller 
stress level due to uniformly distributed plate panels; 
the other four types have about the same stress levels. 
The yield stress of steel used in this investigation was 
300MPa; and the uniformly distributed load applied on 
top plate to cause the maximum stress to achieve yield 
stress is termed as yield loading. The right column of 
table 3 shows the yield loading of six different types of 
structures. The maximum displacement at bottom plate 
shows the global deformation of each structure, the 
honeycomb and lattice core type double hulls have 
relative smaller deflections, i.e. their global stiffness is 
higher than others. 

Results of linear buckling analysis  
The linear buckling analysis was performed with 

ANSYS code. The loading was applied on the top plate 
as the static analysis shown in figure 2(b). The buckling 
load of first four modes for different type of structures 
is shown in Table 4. 
 
Table 4. The buckling load for different type of structures 

structural type 
Buckling load (kN/m2) 

mode 1 mode 2 mode 3 mode 4 

honeycomb 300.25 304.84 313.86 328.92 

lattice core 257.35 257.36 257.38 257.41 

Flat core 101.99 101.99 101.99 112.42 

X-type core 125.17 125.17 125.17 129.15 

Y-type core 88.231 88.237 88.251 105.22 

stiffened plate 201.46 201.57 201.66 253.99 

Figure 4 shows the shape of first mode of each 
structural model. The first buckling mode for 

honeycomb is a coupling deformed shape of plat and 
core plate and has the highest buckling load. For other 
four types of double hull structures the mode shape 
appeared in web plate. The lattice core type has smaller 
web panel and its buckling loading is higher than other 
three types. The Y-type core has larger web panel, and 
has lower buckling load. The mode shape of stiffened 
plate structure appeared on the coupling deformation of 
webplate and flange of girders. 

 
Figure 4 Deformed shape of first mode for different types of 
structures. 

Results of impact analysis  
The top plate was struck by a conical body with 

45o half conic angle. The conical body contains a 
spherical impact head with 200mm diameter shown in 
figure 5(a). The conical body was specified as a steel 
solid body with very high density (1000 times of steel 
density) to simulate a striking body with about 1000tons 
mass, which dropped with initial velocity of 6m/s, i.e. 
the initial kinetic energy is about 16MJ. The Impact 
analysis was performed with LS/DYNA code, and the 
analysis of impact duration was set for 0.3 second.  Two 
impact conditions were taken into consideration:  

Case A: The conical body strikes on the center of top 
plate panel shown in figure 7(b), the damage 
started from plate stretch mode. 

Case B: The conical body strikes on the top of girder 
center shown in figure 7(c), the damage started 
from dent mode of webs, the top plate and the 
web were ruptured simultaneously. 

 
Figure 5 The striking solid body and striking points for impact 
analysis. 

Figure 6 shows the damage states of honeycomb, 
lattice-core, Y-type core double hull and the stiffened 
plate structures  under case A when top plate began to 
rupture. In the lower four subfigures the top plate was 
removed to display the damage states of core and web 
plates as well as stiffeners. The damage modes of 
honeycomb and lattice core plate are plate denting. The 

 
(a) honeycomb 

 
(b) lattice core 

 
(c) flat core 

(a) Honeycomb double hull 
 

(b) lattice core double hull 
 

(c) flat plat core double hull

 
(d) X-type core double hull 

 
(e) Y-type core double hull 

 
(f) stiffened plate structure 

 

(a) The striking body 
 

(b) Case A: striking on plate 
center 

 
(b) Case B: striking on web 

plate 
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damage modes of Y-type core and stiffener plate are the 
combined mode of core plate (or stiffener) denting and 
webplate buckling. 

 
Figure 6 The damage states of different type of structures under Case 

A when the top plate began to rupture. 
The damage state of flat plate core and X-type 

core structures are similar to Y-type core structure, 
therefore they were not shown in this figure. Figure 7 
represents the damaged states of core, web and bottom 
plate of honeycomb, lattice-core, Y-type core and X-
type core double hull  structures  under case A when the 
bottom plates started to rupture. The damage states of 
lattice core double are similar to honeycombs. 

 
Figure 7 The damage states of different type of structures under Case 

A when the bottom plate began to rupture. 

Similar damage states of different type of 
structures under case B are shown in figure 8 and figure 
9.  

 

Figure 8 The damage states of different type of structures under Case 
B when the top plate began to rupture. 

 
Figure 9 The damage states of different type of structures under Case 

B when the bottom plate began to rupture.  

The calculated reaction force and energy 
dissipation of different types of structures when the top 

plate and bottom plate began to ruptured are listed in 
Table 5. 
Table 5 Comparison of the results of impact analysis between 
different types of structures 
impac
t case 

Case A  Case B 

struct
ural 
type 

 top plate 
ruptured 

bottom plate 
ruptured 

 top plate 
ruptured 

bottom plate 
ruptured 

 I R E I R E  I R E I R E 

honey
comb 

 0.
3
3
0 

2
2
0
5  

3
0
3  

0.
9
0
6 

4
4
7
4 

1
3
3
5 

 0.
3
4
2 

2
1
2
5  

3
3
9  

0.
8
1
6 

4
1
6
0  

1
1
4
7  

lattice 
core 

 0.
3
2
4 

2
1
2
1  

3
2
9  

0.
9
1
8 

4
9
5
0 

1
4
9
0 

 0.
2
7
0 

1
8
2
3  

2
1
0  

0.
8
2
2 

3
8
7
7  

1
0
8
1  

flat 
core 

 0.
4
3
2 

1
7
1
5  

3
4
5  

0.
9
2
4 

3
4
7
7 

1
0
2
2 

 0.
2
9
4 

1
4
6
0  

2
1
0  

0.
8
6
4 

3
3
0
2  

1
0
1
6  

X-
type 
core 

 0.
4
3
2 

1
7
1
3  

3
2
3  

0.
9
1
8 

3
4
5
4 

1
0
1
7 

 0.
3
6
0 

1
8
1
8  

3
0
8  

0.
8
4
6 

3
3
8
2  

9
9
2  

Y-
type 
core 

 0.
4
5
0 

1
5
3
2  

3
5
8  

1.
1
0
4 

3
4
1
6 

1
5
1
6 

 0.
3
9
0 

1
6
4
4  

3
3
9  

1.
0
0
8 

3
5
6
6  

1
3
3
5  

Stiffe
ned 
plate 

 

0.
4
8
6 

3
2
8
9 

8
0
1 

-- -- --  

0.
3
8
4 

2
7
6
8 

6
1
4 

-- -- -- 

Note: I = Indentation (m), R = total reaction force (kN), E = energy 
dissipation (kJ) 

The reaction force and energy dissipation of 
different type of structures versus displacement of 
striking body (or indentation depth of structures) for 
Case A and Case B are shown in figure 10 figure 11, 
respectively. 

 
Figure 10 Total reaction force of six different types of structures vs. 
indentation depth. 

 

(a) honeycomb 
Indent. =0.330m 

 

 
(b) lattice-core 

Indent. = 0.432m 

 

 
(c) Y-type core 

Indent. = 0.450m 

 

(d) stiffened plate 
Indent. = 0.486m 

 

(a) honeycomb 
Indent. =0.906m 

 
(b) flat-core 

Indent. =0.924m 

 
(c) Y-type core 

Indent. =1.104m 
(d) X-type core 

Indent. =0.918m 

 

 
(a) honeycomb 
Indent. =0.342m 

 

 
(b) flat-core 

Indent. =0.294m 

 

 
(c) Y-type core 

Indent. =0.390m 

 

 
(d) stiffened plate 

Indent. =0.384m 
 

 
(a) honeycomb 

Indent. =0.816m 

 
(b) flat-core 

Indent. =0.864m, 

 
(c) Y-type core 

Indent. =1.008m 

 
(d) X-type core 

Indent. =0.846m
 

 
(a) Case A: striking point at plate center 

 

 
(b) Case B: striking point at top of webplate 
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Figure 11 Eenergy dissipation of six different types of structures vs. 

indentation depth 

From the results of figure 6 to figure 11 and 
Table 5, following points can be summarized:  

a. Top plate ruptured under Case A: The first rupture 
of top plate appears at core support and the 
support core plates were also buckled. The 
honeycomb and lattice core type double hull have 
higher stiffness and buckling load; they possess 
higher total reaction forces and lower indentation 
depth than other structures when the top plate 
started to rupture. The damage mode of stiffened 
plate structure is the denting stiffener combined 
with buckling of girder, its indentation depth and 
energy dissipation are higher than other structures. 

b. Bottom plate ruptured under Case A: When the 
bottom plate began to rupture, the core plates of 
the honeycomb and lattice core type double hull 
were broken before rupture of bottom plate; for 
other three double hulls the core plate were 
buckled without broken. The Y-type core double 
hull had higher indentation depth and energy 
dissipation than others. 

c. Top plate ruptured under Case B: the first rupture 
of top plate appear at core support and the support 
core plates were dent simultaneously. The 
honeycomb and lattice core type double hull have 
no significant higher stiffness and buckling load 
for crossed support plate. In stiffened plate, the 
dent of girder top combines with its lower part 
buckling; its total reaction force and energy 
dissipation are higher than other structures.   

d. Bottom plate ruptured under Case B: similar to 
CASE A. 

e. Crashworthiness of struck structures depends on 
the arrangement of core structure and its correlated 
damaged modes. Different damaged mode 
possesses different level of reaction force and 
energy dissipation.  

The results show that the variation of 
indentation, the reaction force and the energy 
dissipation for Case A and Case B differed between 
different types of structures.  

Although the stiffened plate structure has higher 
reaction force and energy dissipation combined with 
higher indentation when the top plate started to rupture, 
the single hull ship will be flooded when the hull plate 
is damaged. The double hull structure provides an 
additional protection, and has higher reserved reaction 
force and energy dissipation correlated with higher 
indentation until bottom plate ruptured.  

The honeycomb and lattice core type double 
hulls have higher global stiffness and also higher 
reaction force; The Y-type core double hull has relative 
flexible in reaction force, and has higher energy 
dissipation and higher indentation when bottom plate is 
ruptured.   
 
Conclusions  

This study performed static and impact response 
analysis for five different types of double hull and one 
stiffened plate structures by nonlinear FE-analysis, 
which were designed to have about the same global 
stiffness. Based on the results, the following 
conclusions are drawn: 
1. For the same static loading, the honeycomb and 

lattice core type double hulls have higher global 
stiffness and also have smaller stress level and 
displacement; the other four structures have almost 
the same stress level. The flat-core, X-type core and 
Y-type core structures are relative more flexible, and 
have also higher displacement responses. 
Comparison studies of the indentation depth, the 
reaction force and the energy dissipation between 
the stiffer and more flexible structures before 
rupture of hull plate in ship collision will be the 
important issues for design of ship hull to reduce the 
damage of structures and its consequent catastrophe 
of environmental pollutions.  

2. The honeycomb and lattice core type double hulls 
have higher buckling load; the X-type core and Y-
type core double hull have relative larger web panel, 
and have lower buckling load.  The stiffened plate 
structure has higher buckling load than flat core, X-
type core and Y-type core double hulls. 

3. Before the top plate ruptured, the damage mode of 
stiffened plate structure showed the web plate of 
girder was dented combined buckling of lower part 
of girder, its reaction force and energy dissipation 
are higher than the double hulls, the double hull 
structure provides an additional protection, and has 
higher reserved reaction force and energy 
dissipation correlated with higher indentation until 
bottom plate ruptured.  

 
(a) Case A: striking point at plate center 

 

 
(b) Case B: striking point at top of webplate 
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4. The Y-type core double hull is relative more flexible 
during the collision, and has higher indentation 
depth and energy dissipation before the bottom plate 
began to rupture. 

5. The double structure has superiority over the 
traditional stiffened plate structures with deep girder 
not only in uniformly distributed stiffness, smaller 
depth, and lighter weight. Although the stiffened 
plate structure has higher reaction force and energy 
dissipation than double hull structures when top 
plate damaged; nevertheless, the double hulls 
provides an additional protection, and has higher 
reserved reaction force and energy dissipation 
correlated with higher indentation depth until the 
bottom plate ruptured.  
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Abstract: 
Ship collisions are marine accidents with potentially large impact on the safety of human lives, environment and ship structural 
damage. Large- and model-scale experiments have revealed that the sloshing of fluid in partially filled tanks influences the collision 
dynamics and lowers the energy available for structural deformations. This paper presents a numerical analysis of sloshing interaction 
in collision. The model is based on the arbitrary Eulerian-Langrangian (ALE) finite element method with multi-material option. Free-
surface elevation and motions evaluated numerically are compared to those from the model-scale experiments. Comparison reveals 
that the free-surface elevation inside the partially filled tanks is well predicted with the numerical approach. The difference in the rigid 
body velocity indicates however that the amount of energy in the sloshing fluid is somewhat overestimated. 
 
Introduction  

Ship collisions, as well as groundings, are 
marine incidents with significant consequences on 
structural integrity of the ships, environment and, in the 
worst case, lives of the people involved. Collision 
between ships or ship and other object are being 
extensively studied due to, among other reasons, 
advances in numerical analysis methods and awareness 
on environmental issues. Crashworthiness of the ship 
structure is being a matter of significant research effort 
ranging from the better understanding of external ship 
dynamics and internal damage mechanics to the 
application of novel structural design involving 
sandwich structures. The aim of the research in progress 
is to minimize the collision consequences through 
structural design that is able to absorb as much as 
possible energy before rupture, see for example (Klanac 
et al, 2005). 
Particular attention is paid to the crashworthiness of 
tankers carrying crude oil, LNG, LPG, chemicals and 
other liquids worldwide. Several famous collisions and 
groundings have shown to wide audience the enormous 
impact on environment due to oil spills. So far the LNG 
and LPG fleet has an excellent record with no 
significant or disastrous incidents, but by constant 
increase of the fleet and ship size the risk of incident 
will inevitably rise. Due to a nature of its cargo, tankers 
are prone to sloshing of liquid in the tanks when they 
are partially filled. Sloshing may have significant effect 
on the ship stability or structural integrity of the tank 
itself. Due to the sudden change of ship velocity in 
collision or grounding incident a violent sloshing in the 
partially filled tanks may be expected.  
Large-scale and model-scale experiments have 
indicated that sloshing in partially filled tanks affects 
collision dynamics in a way that deformation energy is 
being reduced compared to a no-sloshing scenario. In 
another words, less damage may be expected in the 
cases where the amount of water in partially filled tanks 
is significant compared to the ship's mass. Influence of 
the sloshing on collision dynamics has been studied 
analytically and experimentally by Tabri et al. (2009) 
and numerically using the arbitrary Lagrangian-Eulerian  

 
 
(ALE) finite element method by Zhang and Suzuki 
(2008). Experimentally validated numerical study has 
not been presented yet.  
This paper presents a numerical simulation model based 
on a set of model-scale collision experiments presented 
by Tabri et al (2009). The numerical model is based on 
the ALE FE method and aims to evaluate both the water 
elevation inside the partially filled tanks and the 
sloshing interaction with collision dynamics. First, a 
study on the mesh sensitivity is presented. Three models 
with different mesh resolution are created and 
experimentally measured ship motions are used as 
moving boundary conditions. Water elevation inside the 
tank is studied under these conditions and compared 
with the experimental measurements. A sufficient mesh 
resolution is determined and applied to create a 
complete configuration of the striking ship model used 
in the model-scale experiments. The collision is 
simulated in a simplified manner, where the striking 
ship is accelerated to the desired velocity and the 
contact is modelled by applying the experimentally 
measured contact force. Thus, the struck ship model is 
excluded from the analysis and the investigation is 
based on the striking ship alone. Ensuing ship motions 
and the water elevation in the tanks is compared to 
those measured experimentally. Comparison is 
extended to ship motions occurring well after the 
contact between the ships has vanished.   

Sloshing interaction in ship collision  
Colliding ships are subjected to the rapid change 

in their motions due to the contact force. In turn, the 
change. In ship motions excites fluid sloshing inside the 
partially filled tanks. If the amount of sloshing fluid is 
significant compared to the total mass of the ship, the 
distribution of energy components in the collision is 
changed significantly.  
In a collision, the momentum of the striking ship is 
transmitted to the struck ship through contact loading. If 
there are no partially filled tanks, the change in 
momentum is predominantly caused by the change in 
ships’ velocities. If one of the ships, or both, has 
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solves the transient equations of motion of the fluid and 
structure using the explicit time integration method 
(Zhang et al, 2007). A brief introduction to the method 
is presented here.  
A Lagrangian finite element formulation describes the 
motion of the body using spatial coordinate system 
fixed to the centre of the mass of the body. In addition, 
material is fixed to finite elements of the body. As a 
consequence, Lagrangian mesh moves with the material 
making it easy to track changes and apply boundary 
conditions. Mesh distortions correspond to material 
distortions, and, if excessive, lead to reduction in 
calculation time step and/or solution breakdown. Using 
the Eulerian formulation, on the other hand, the mesh 
remains fixed in space while material moves through it. 
Mesh distortion is therefore not a problem but interfaces 
and boundary conditions are difficult to be tracked 
(Aquelet et al, 2003). An ALE formulation contains 
both the Lagrangian and the Eulerian formulations and 
have the capability of providing either Lagrangian or 
Eulerian solution, or an arbitrary combination of both. 
ALE method may be applied in two different ways. The 
first one solves the fully coupled equations for 
computational fluid mechanics and is able to handle 
only a single material in an element. The second one 
consists of two-step calculation in each time step. First 
a Lagrangian step is performed. Mesh moves with 
material and eventually becomes distorted. Changes in 
the velocity and energy equilibrium are calculated in 
this step. Mass is conserved as there is no material flow 
between elements. Then a so-called advection step is 
performed. Node positions are remapped to reduce 
mesh distortions, and mass, velocity, internal energy 
and momentum across cell boundaries are restored. A 
pure Eulerian process is produced if the nodes are 
remapped back to their initial positions. Multi-material 
elements are easily formed in this way and elements 
that are partially filled define the free surface.  
Three different advection methods can be used in LS-
Dyna code (LS-Dyna Keyword Manual, 2006):  

1) donor cell + HIS (half-index-shift, first 
order accurate,) 

2) van Leer+ HIS (second order accurate, 
conserving internal energy and momentum 
over each advection step) 

3) donor cell+HIS, (first order accurate,    
conserving total energy over each 
advection step instead on internal energy, 
thus conserving total energy of the 
system).  

Several authors have successfully applied the 
ALE finite element method in analysing sloshing and 
FSI problems. Zhang et al (2007) presented a 
comparative study of the numerical simulations for FSI 
of liquid-filled tank during ship collision. ALE FE 
model, Lagrangian FE model and linear/mechanical 
model results were compared for a 95% filled tank in a 
two global FEM ship models collision. Anghileri et al 
(2003) used ALE finite element and three other 
numerical models to validate crashworthiness of a water 

filled tank during the impact with the ground. Nonlinear 
FSI interaction in seismic analysis of anchored and 
unanchored tanks was performed using ALE FE method 
by (Ozdemir et al, 2010).  

Numerical analysis  
Recent advances in the finite element codes offer 

a possibility to perform a numerical simulation of the 
highly nonlinear phenomena as is the case of sloshing in 
the partially filled tanks. A motivation for numerical 
analysis presented here is to verify the capability of 
commercial software to model a complex fluid 
behaviour due to interaction with tank structure in a 
collision event.  
Sloshing analysis was performed using LS-Dyna FEM 
software applying ALE finite element method with 
multi-material option. Numerical model is made in a 
way that its geometrical properties, water level heights 
in both fore and aft tanks and overall mass distribution 
resemble as much as possible to the experimental setup.  
The experiment studied here is referred as S1_v7 in 
Tabri et al, 2009. The main parameters defining the 
collision scenario are presented in Table 1 and the 
physical properties of the participating ships in Table 1. 
First, the mesh sensitivity is studied by investigating the 
water elevations in the cases of three different mesh 
resolutions. There, the experimentally measured 
velocity depicted in Figure 5 is used as a moving 
boundary condition.  
 
Table 1. Collision parameters 

 u0
A -collision velocity; 

A
LSm  -lightship mass of the striking ship; hw -

water height inside the tank, lT -tank length, ED -deformation energy. 
 
Table 2. Physical parameters of the ship models during the test 

Model Draft Total mass KG LCOG kXX kYY=kzz �2 �3 �4 �5 �6 

  [cm] [kg] [cm] [cm] [cm] [cm] [%] [%] [%][%] [%] 

Striking (wet) 6.75 35.0 7.5 -6.6 18 82 28 195 6 99 15 

Struck ship 6 30.5 7.3 
0 

17 83 21 238 14 128 12 

KG -vertical height of the mass centre of gravity 
measured from the base line of the model; LCOG -
longitudinal centre of gravity measured from the 
amidships; kXX, kYY, kZZ the radii of inertia in relation to 
the x- and y-axes, iµ hydrodynamic added masses (see 
Tabri et al, 2009).  

Sensitivity study 
First, a single tank test models were generated to 

study the influence of mesh sensitivity on the water 
elevation under the prescribed tank motions. Test 
models scantlings are 600x250x180mm (length x height 
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x width). Th
see Figure 4: 

1. Mesh
tank 

2. Mesh
along

3. Mesh
along

In all the mod
width.  

Figure 4: Mesh_
down)

Test m
Vertical line 
experimental 
height will be
The water lev
is therefore 2
height, being 
to the mass o
due to uniform
tank and is c
the tank is f
modelled with
and rotation a
motion of the
water and t
*EOS_LINEA
parameters us
and 1.0E+05 
defined using
1000 kg/m3  f
acceleration o
advection me
Motion of th
time-history d

WATER 

AIR 

WATER

AIR

WATER

AIR

ree different 

h_50 model w
length, eleme

h_100 mode
g tank length,
h_150 mode
g tank length,

dels the eleme

_50, Mesh_100 a
) 

models materia
indicates wat
setup. At the

e evaluated in 
vel height in th
2.8% higher 
46.3mm. Co

of water in th
m element dis

considered to 
filled with ai
h the rigid sol
around x- and

e model was re
the air prop
AR_POLYNO
sed were 1.0E
and 1.42E+05

g a *MAT_N
for water and 
of 9.81 m/s w
thod was used

he model wa
depicted in Fi

test models w

with 50 finite 
ent dimension
l with 100 
, element dime
l with 150 
, element dime

ent width is e

and Mesh_150 te

als are presen
ter level heigh
e same locati
numerical ana

he test models
than experim

onsequently, th
he tank. The d
stribution alon
be insignifica

ir. The tank 
lid elements w
d y-axis fixed
estricted to the
perties were 
OMIAL com
E+05 and 2.2
5 for air. Both

NULL comman
1.29 kg/m3 fo

was applied. D
d. 
s set by pres
igure 5. Collis

Sens
locat

Tank rigid boun

Se
lo

Tank rig

Sens
locat

Tank rigid boun

were generate

elements alo
ns 12x12mm 

finite elemen
ensions 6x6m
finite elemen
ensions 4x4m

equal to the ta

est models (from

nted in Figure
ht sensor in t
ion free surfa
alysis.  
s is 47.6mm a

ment water lev
he same appl
difference aris
ng height of t
ant. The rest 
boundaries a

with z translati
d. In such a w
e x-y plane. T

described 
mmand. EO

2E+09 for wa
h materials we
nd with dens

for air. A grav
Donor cell + H

scribed veloc
sion on this, a

sor 
tion 

ndaries 

ensor 
cation 

gid

sor 
tion 

ndaries

5th In

ed, 

ong 

nts 
mm 

nts 
mm. 

ank 

m up 

e 4. 
the 
ace 

and 
vel 
ies 
ses 
the 
of 

are 
ion 

way 
The 

by 
OS 
ater 
ere 
sity 
vity 
HIS 

city 
and 

al
sl
sl
an
se

Fi

in
pr
si
so
Fi
nu
nu
co
m
Fi
m
re
ex
re

Fi

Fi

nternational Con

ll the other fig
owly acceler
oshing is pre
nd onwards ve
et to control th

igure 5: Test mod

A test 
nstabilities req
recision solve
gnificantly r

olver.  
igure 6 presen
umerical resul
umerical resu
omparison to 

mesh_50 densi
igure 8 prese

mesh_150 m
espectively. C
xperimental r
esolutions.  

igure 6: Test mod

igure 7: Test mod

nference on Co

gures, occurs a
rated for 6 s
esent when th
elocity measu

he motion of th

del prescribed vel

model ana
quiring certain
er led to sever
reduced by u

nts compariso
lts for the mes

ults seem to 
the experim

ity was not f
ent comparis

models with
Comparison 
results is ve

del Mesh_50 Com

del Mesh_100 Co

ollision and Gro

at t=0s. The t
seconds, so t
he collision oc
ured during ex
he tank. 

locity 

alysis reveale
n control me
re hourglassin
using a dou

on of the exp
sh_50 test mo
be reasonabl
ent, it was c
fine enough. 
son of the m
h experimen

of the ALE
ery good fo

mparison of resul

omparison of resu

ounding of Ship

232

test model wa
that no initia
ccurs. At t=0
xperiment wa

ed numerica
asures. Single
ng, which wa
uble precision

perimental and
odel. Although
ly accurate in
concluded tha

Figure 7 and
mesh_100 and
ntal results
E FEM and

or both mesh

ts 

ults 

ps 
 

2 

s 
al 
s 
s 

 

al 
e 

as 
n 

d 
h 
n 
at 
d 
d 
s, 
d 
h 

 

 



Figure 8:Test mo

The c
refinement. S
mesh_150 w
mesh_100 mo
should be not
using mesh_
velocity peak
parameter in
0.67, as recom

Numerical an
By tak

complete S1_
Figure 9. S1_
with 8kg of w
and the light
centre of grav
filled with air
the test mode

Figure 9:S1_V7 

The m
plane in the 
model was a
that at the mo
m/s.  
At t=0s collis
in the x-y p
otherwise. Th
by imposing t
gravity of the
is presented in

Figure 10:S1_V

odel Mesh_150 C

alculation tim
Since no ob

were noticed, 
odel was used
ted that numer
_150 density 
ks. This was c
n *CONTROL
mmended by L

nalysis of slos
king into acco
_v7 model c
_V7 model c

water, the fore
tship mass of
vity. The rem
r. Material pa
l. 

model Mass dist

motion of the 
similar man

accelerated fir
oment of coll

sion occurs an
plane. Sloshi
he contact wit
the measured 

e ship. The tim
n Figure 10.  

7 model Prescrib

Comparison of re

me increased 
bvious advan

the referenc
d in the subseq
rical instabiliti

in a form 
ontrolled by s
L_TIMESTEP
LS-DYNA sup

shing interac
ount the test m
configuration 
consists of the
e tank filled w
f 22.1kg loca

maining part o
arameters were

tribution 

model was r
nner as the t
rst by prescri
lision it had a

nd the model 
ing in tanks 
th the struck s
contact force

me-history of t

bed force 

sults 

with the me
ntages of usi
e resolution 

quent analysis
ies were notic
of non-realis
setting TSSFA
P command 
pport.  

ction 
model analysis

was generate
e aft tank fill

with 5kg of wa
ated in the sh
of the tanks w
e the same as

restricted to x
est model. T
bed velocity 

a velocity of 0

is free to mo
is not limit

ship is simulat
e to the centre 
the contact for

5th In

 

esh 
ing 
of 

. It 
ced 
stic 
AC 

to 

s, a 
ed, 
led 

ater 
hip 

was 
 in 

 

x-y 
The 

so 
0.7 

ove 
ted 
ted 
of 

rce 

 

Fi
ex
pr
Fi

Fi
res

Fi
res
 

ag
bo
15
in
on
ha
al
Th
m
so
be
ex
th
lo
A
pr
rig
sim
en
nu
in

nternational Con

igures 11 and 
xperimental 
resented for fo
igure 12. 

igure 11:S1_V7 m
sults, fore tank 

igure 12: S1_V7 
sults, aft tank 

A comp
greement of n
oth fore and a
5% may be n
nitial, and hig
ne measured b
aving more w
lmost perfectly
he sloshing p

most of the p
omewhat high
ehaviour is 
xperimental re
he numerically
onger compare

A comparison 
resented on F
gid body v
mulation, ind
nergy in th
umerically ev
n phase.  

nference on Co

12 present co
results. Wat

fore tank in Fi

model Compariso

model Comparis

parison of the
numerical an
aft tank. The 
noticed in th
ghest, sloshing
by experimen
water inside, m
y.  

period is well 
eaks coincide
her in the f
in very go

esults. As the 
y estimated sl
ed to the exper

of the rigi
Figure 13. A 
velocity is p
icating too hig

he sloshing 
aluated and m

ollision and Gro

omparison of A
ter elevation 
igure 11 and 

on of ALE FEM 

son of ALE FEM

e results show
nd experiment

underestimati
e case of for
g height is lo
t. The aft tank
match experim

estimated nu
e in time. D
fore tank, w
ood correlati
sloshing prog
loshing period
rimental meas
d body surg
certain under

present in th
gh proportion
motion. Ho

measured velo

ounding of Ship

233

ALE FEM and
in time i

for aft tank in

and experimenta

 and experimenta

ws very good
tal results fo
ion of approx
re tank where
ower than the
k calculations
mental result

umerically and
Differences are
while aft tank
ion with the
gresses in time
d gets slightly
surements.  
ge velocity i
restimation o
he numerica

n of the kinetic
owever, both

ocities are wel

ps 
 

3 

d 
s 
n 

 
al 

 
al 

d 
or 
x. 
e 
e 
s, 
s 

d 
e 
k 
e 

e, 
y 

s 
of 
al 
c 
h 
ll 



5th International Conference on Collision and Grounding of Ships 
 

234 

 
Figure 13: S1_V7 model Velocity 
The rigid body surge acceleration is presented in Figure 
14. A small underestimation of the initial peak 
deceleration can be noticed in the numerical result. This 
again indicates that in the numerical simulation the 
striking ship appears too light and there is too much 
energy in the fluid motion.  

 
Figure 14: S1_V7 model Acceleration 
Calculation time was approx. 61 hours on a standard 
dual core PC, using double precision LS-Dyna solver. 
 
Conclusion 

A numerical model to study the sloshing 
interaction in ship collisions has been presented and 
validated experimentally. Numerical simulations were 
conducted exploiting multi-material ALE finite element 
method.  
A numerical model was found to be mesh sensitive so 
proper mesh size needs to be determined considering 
precision/cost ratio. Also, a numerical model needs to 
be verified against numerical instabilities and controlled 
in the case of unrealistic model behaviour.  
Underestimation of approx. 15% in initial sloshing 
height was noticed in the case of fore tank (lower water 
level height), while the overall liquid sloshing was 
captured very well. For the aft tank (higher water level 
height) a comparison of ALE FEM and experimental 
results is excellent. 
The rigid body motion of the ALE FEM model, i.e. 
velocity and acceleration, resembles to the motion 
measured during experiments. Motions are in phase 
while some velocity underestimation of 20% in the 
average is noticed for the ALE FEM model.  
It may be concluded that the ALE finite element method 
is able to capture sloshing in dynamic events such as 
collision with very good precision.  

Based on this findings future research may examine 
sensitivity analysis regarding different water level 
heights (i.e. water masses in tanks) and model speeds. 
The observed underestimation of ALE FEM model 
velocity and corresponding difference in sloshing 
energy should be studied. Finally, a comparison of 
energies for fluid and rigid mass models should be 
evaluated.  
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Abstract: 
More than 30 years have passed since Macduff and Fujii expressed their first ideas about the modeling of ship grounding. The 
probability of ship grounding is usually calculated by multiplying two probabilities named geometrical and causation probabilities. 
Geometrical probability gives the probability of a ship being a grounding candidate, which means a ship that will run aground if no 
evasive action is performed. Consequently, the causation probability will give the probability of a grounding candidate not to do any 
evasive action and then goes aground.Many geometrical models have been presented during these years for estimating the probability 
of grounding. However, after all these years, there is still lack of a well-defined geometrical model for analyzing the probability of ship 
grounding.This paper represents four of the most cited geometrical probability models (the models of T. Macduff, Y. Fujii, P.T. 
Pedersen and B.C. Simonsen) and discusses about their weaknesses and strengths. In the third part of the paper, some improvement for 
Macduff and Fujii’s models are suggested. In the fourth part of the paper, the capability and sensitivity of all four models are assessed 
by calculating the probability of ship grounding with real traffic information from the AIS (Automatic Identification System) data of 
the Gulf of Finland in 2008. 
 
Introduction 

Ship grounding accounts for about one-third of 
commercial ship accidents (Jebsen and 
Papakonstantinou 1997; Kite-Powell et al. 1999). To 
give few examples, about 20% of all tanker losses 
between 1987 and 1991 were due to grounding 
(Amrozowicz et al. 1997). Zhu et al.( Zhu L., James P., 
Zhang S., 2002, Statistics and damage assessment of 
ship grounding, Marine Structure, 15:115-530) [cited in 
(Samuelides et al. 2009)] have reported that the total 
losses of all ships during the period 1995-1998 were 
674 in numbers and 3.26 M in Gross Tonnage (GT), 
where 17% in number and 24% in GT were due to 
grounding. Also more than half of all the accidents in 
the Gulf of Finland are grounding accidents (Kujala et 
al. 2009). Moreover, 47% of all accidents of the Greek 
ships larger than 100 GT all over the world between 
years 1992-2005 were reported as grounding 
(Samuelides et al. 2009). 
Nowadays most of the risk assessments on ship 
grounding are done by the help of Macduff’s (Macduff 
1974) and Fujii’s (Fujii et al. 1974) first ideas. They 
both used the concept of multiplying the number of 
ships being on a grounding course (grounding 
candidate) and the probability of not making evasive 
maneuvers (causation probability) to calculate the 
number or the probability of grounding 
accidents.Grounding candidates are those ships that go 
aground if nothing, internally or externally, changes; it 
means that if nobody onboard does any evasive actions 
or the environmental situation does not change( some 
say that “if the ship navigates blindly”). Some models 
give grounding candidate probability whereas some 
others yield the number of grounding candidates. The 
number of grounding candidates is the number of the 
ships that are grounding candidates through the analysis 
area; and if this number is multiplied by the causation 
probability, it will yield the number of groundings. 
Grounding candidate probability is the probability that 
a ship is a grounding candidate during one passage 
through the analysis area; and if this probability is  
 

 
 
multiplied by the number of vessels in the traffic, it will 
yield the number of grounding candidates. 
Causation probability informs how probable it would 
be that the situation (internally or externally) does not 
change in favor of the ship, in different given scenarios. 
Therefore, according to present knowledge, for finding 
the probability of grounding in a given location or 
scenario, it is needed to have both the number of 
grounding candidates and causation probability. There 
are different internal and external factors that affect 
both probabilities. Internal factors are those that are 
related to the ship, herself; and external factors are 
those that will appear depending on the environmental 
situation related to the location of the ship. 
Different factors like human factors, vessel and route 
characteristics, atmospheric and situational factors 
should be statistically analyzed to get the clear 
contribution of each specific factor affecting the 
causation probability (Mazaheri 2009). However, the 
grounding candidate probability can be obtained via so-
called geometrical model. Although the contributing 
factors in geometrical modeling and also the level of 
models’ precision is still a matter of question (Mazaheri 
2009), there are plenty of useful geometrical models 
available in the literature.  
This paper includes three main parts. In the first part the 
most cited geometrical models in the area of grounding 
probability (models of T. Macduff, Y. Fujii, P.T. 
Pedersen and B.C. Simonsen) have been represented 
and their strengths and weaknesses are discussed. In the 
second part, some improvements are suggested for the 
models of Macduff and Fujii. In the last part the 
discussed models have been used for analyzing the 
grounding probability in a real case in the Gulf of 
Finland (near Sköldvik). At the end, the conclusion is 
presented. 

Dominant Models 
The existing models in the literature can be 

divided into two groups as analytical and statistical 



models (Mazaheri 2009). Analytical models include 
Fujii’s and Macduff’s models together with 
have followed them in their modeling like 
Sørgård 2000) and (Kristiansen 2005). None of them 
use ship traffic distribution, which is the probability 
density function of the lateral position of ships on a 
waterway (see Figure 3). On the other hand, the models 
of Pedersen and his followers like (Simonsen 1997)
(Karlsson et al. 1998), (Otto et al. 2002)
and (Quy et al. 2007) can be called statistical, as the 
ship traffic distribution has been used in the models. On 
the other hand, the existing models deal with two 
different major scenarios as stranding 
(Kristiansen 2005; Mazaheri 2009) “Stranding
event that a ship impacts the shore line and strands on 
the beach or coast. It happens when the track of the ship 
intersects the shoreline by either navigational error or 
drifting. However grounding is the event that the 
bottom of a ship hits the seabed. It happens when a ship 
is navigated through an individual shoal in a fairway 
while her draft exceeds the depth.” (Mazaheri 2009)
 
Analytical Models 
(Macduff 1974) 

Macduff argued that the real probability of 
grounding (PRG) would be the product of geometrical 
probability (PG) and causation probability (P�� � P� � P� 

Then, by the help of Buffon’s needle problem, he 
calculated the geometrical probability of random 
grounding (assuming random navigation through the 
channel) as: 

�� � 4
�� 

where: 
s  is the track length of the ship or stopping 

distance 
C is the width of the channel or waterway

Figure 1: Probability of hitting the wall of the channel according to 
(Macduff 1974). 

Macduff’s model does not consider any shoal in 
the middle of the channel, so it just yields the 
probability of stranding. A matter for consideration in 
Macduff’s model is that the width of the chan
be assumed not to change significantly when moving 
along the channel. Since the number of natural channels 
that meet this criterion is, if not say zero, very few, the 
scope of the formula will be limited to just some 
manmade channels. In addition Macduff’s model does 
not take into consideration the length of the studied 
waterway, which is questionable as logically ships have 
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(Simonsen 1997), 
(Otto et al. 2002), (Gucma 2006) 
can be called statistical, as the 

ship traffic distribution has been used in the models. On 
the other hand, the existing models deal with two 

 and grounding. 
“Stranding is the 

event that a ship impacts the shore line and strands on 
the beach or coast. It happens when the track of the ship 

s the shoreline by either navigational error or 
is the event that the 

bottom of a ship hits the seabed. It happens when a ship 
is navigated through an individual shoal in a fairway 

(Mazaheri 2009). 

Macduff argued that the real probability of 
) would be the product of geometrical 

) and causation probability (PC): 

(1) 

Then, by the help of Buffon’s needle problem, he 
calculated the geometrical probability of random 
grounding (assuming random navigation through the 

(2) 

track length of the ship or stopping 

is the width of the channel or waterway 

 
Probability of hitting the wall of the channel according to 

Macduff’s model does not consider any shoal in 
the middle of the channel, so it just yields the 
probability of stranding. A matter for consideration in 
Macduff’s model is that the width of the channel should 
be assumed not to change significantly when moving 
along the channel. Since the number of natural channels 
that meet this criterion is, if not say zero, very few, the 
scope of the formula will be limited to just some 

n Macduff’s model does 
not take into consideration the length of the studied 
waterway, which is questionable as logically ships have 

more possibilities to run aground in a longer channel 
than in a shorter one.  
Another considerable point about Macduff’s model is 
that he has used Buffon’s needle problem, which is a 
2D model, to find a geometrical probability of stranding 
(hitting walls of a channel). In his model, the ship has 
been considered as a needle or a line
dimensional. When applying this approach, two matters 
need to be considered. First, vessels (unlike needles) are 
not dropped into the channel from the sky, so their 
positions and headings do not fit into the uniform 
distribution (Kunkel 2009). Also one may argue that the 
path of the ship (unlike the needle) is not straight either. 
However it should be noticed that a straight line from 
the starting point to the end point of the path is enough 
as a criterion.  The second matter is that since needles 
(as line), contrary to ships, have one dimension, it could 
be understood that the breadth and the draft of the 
vessel and the depth of the channel have not b
into the attention. However, it can be argued that hitting 
the wall of a channel, itself, means the draft has 
exceeded the depth of the channel; and therefore it can 
be understood that the draft and the depth has been 
taken into account. 

(Fujii et al. 1974) 
Fujii’s model together with Macduff’s was one 

of the earliest geometrical models designed for 
grounding risk modeling, and most of the researches in 
this area have been done based on their works.
Fujii has argued that the approximate number of ships 
going aground in a waterway would be:
 � ���� �
where: 
V is the average speed of the traffic flow
ρ is the average density of the traffic flow
D is the linear cross

shallower than the [
B is the [average] ship width
D+B is the effective width of the obstacle or shoal
PC is the probability of mismaneuvering or 

causation probability
Fujii brought into attention that since 
larger than B, B can be ignored. 
 � �����
Also he has mentioned that when 
W, width of the route, the formula can be rewritten as:
 � ��
where: 
Q  is the traffic volume and is equal to 
W is the width of the channel
However, the question is how possibly 
larger than W? The only possibility is when the ship 
omits a turn in vicinity of a shoal and grounds on the 
shoal; otherwise D could be maximally equal to 
in this case all ships would be grounding 
candidates.Although Fujii has showed that he has taken 
the draft into consideration by mentioning that “
obstacle shallower than the draft
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more possibilities to run aground in a longer channel 

Another considerable point about Macduff’s model is 
that he has used Buffon’s needle problem, which is a 
2D model, to find a geometrical probability of stranding 
(hitting walls of a channel). In his model, the ship has 
been considered as a needle or a line, which is one 
dimensional. When applying this approach, two matters 
need to be considered. First, vessels (unlike needles) are 
not dropped into the channel from the sky, so their 
positions and headings do not fit into the uniform 

. Also one may argue that the 
path of the ship (unlike the needle) is not straight either. 
However it should be noticed that a straight line from 

nt to the end point of the path is enough 
as a criterion.  The second matter is that since needles 
(as line), contrary to ships, have one dimension, it could 
be understood that the breadth and the draft of the 
vessel and the depth of the channel have not been taken 
into the attention. However, it can be argued that hitting 
the wall of a channel, itself, means the draft has 
exceeded the depth of the channel; and therefore it can 
be understood that the draft and the depth has been 

Fujii’s model together with Macduff’s was one 
geometrical models designed for 

grounding risk modeling, and most of the researches in 
this area have been done based on their works. 
Fujii has argued that the approximate number of ships 
going aground in a waterway would be: � � ���� (3) 

is the average speed of the traffic flow 
is the average density of the traffic flow 
is the linear cross-section of the obstacle 
shallower than the [average] draft  

] ship width 
is the effective width of the obstacle or shoal 
is the probability of mismaneuvering or 
causation probability 

Fujii brought into attention that since D is usually much 
can be ignored.  ��� (4) 

Also he has mentioned that when D is much larger than 
rmula can be rewritten as: 

�� (5) 

is the traffic volume and is equal to ρWV 
is the width of the channel 

However, the question is how possibly D could be 
? The only possibility is when the ship 

omits a turn in vicinity of a shoal and grounds on the 
could be maximally equal to W and 

in this case all ships would be grounding 
candidates.Although Fujii has showed that he has taken 

nto consideration by mentioning that “… 
obstacle shallower than the draft”, like Macduff’s 



model, the channel’s depth and the vessels’ drafts have 
not been considered directly for calculating the 
grounding candidates. In addition, Fujii’s grounding 
model is similar to his model on collision with fixed 
object (Fujii 1983). Therefore, contrary to Macduff, he 
has not considered the probability of hitting the wall 
the waterway, and his model just yields the probability 
of grounding and not stranding. On the other hand, 
Fujii, like Macduff, did not take the length of the 
waterway into account. 
 
Statistical Models 
(Pedersen 1995; Simonsen 1997) 

Pedersen’s model is the most used geometrical 
grounding model in recent years. Simonsen’s model is 
actually a revised version of Pedersen’s work. Their  
models have been used in two recent risk analysi
software [GRACAT (Hansen et al. 2000; Hansen and 
Simonsen 2001) and GRISK (Ravn et al. 2008)
currently called as IWRAP Mk2 (2009)
grounding and collision probabilities. 
Pedersen has defined an imaginary route with a bend in 
the navigation route around an area where ships with a 
draft above a certain level may ground 
Again, does it mean that he has considered the ship’s 
draft and the depth of the channel in his model? Like 
what has been posed, do we really need to think about 
how these factors (draft and depth) can affect the 
model; or going aground, by its own, means that those 
factors have been considered into the model?
Pedersen and Simonsen have categorized the grounding 
scenarios into 4 different categories (Pedersen 1995; 
Simonsen 1997), and the estimated frequencies of 
grounding on the shoal can be obtained as a sum of the 
four different accident categories. The thir
categories are about grounding due to evasive 
maneuvers and drifting ships; and they are not 
represented here in this paper.   
In category I, ships follow the ordinary and direct route 
at normal speed. The accidents are due to human error 
and unexpected problems with the propulsion/steering 
system which occur in the vicinity of a shoal. The 
simplified expression of this category, according to 
Pedersen is: 

����.� � � �����
�  !�""

#$�%  !�"" �&� ' (��)
and according to Simonsen is: 

����.� � � ��,���#$�%  !�"",� ' (��+,-.
+,/0

The simplified expression for the category of ships 
which fail to change course at a given turning point near 
the obstacle (category II), according to Pedersen 
 

����.1 � � ������2�34�/� �/⁄�  !�""
#$�%  !�"" �&� ' ()

and according to Simonsen is: 
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model, the channel’s depth and the vessels’ drafts have 
not been considered directly for calculating the 
grounding candidates. In addition, Fujii’s grounding 

s similar to his model on collision with fixed 
. Therefore, contrary to Macduff, he 

has not considered the probability of hitting the wall of 
the waterway, and his model just yields the probability 
of grounding and not stranding. On the other hand, 
Fujii, like Macduff, did not take the length of the 

Pedersen’s model is the most used geometrical 
grounding model in recent years. Simonsen’s model is 
actually a revised version of Pedersen’s work. Their  
models have been used in two recent risk analysis 

(Hansen et al. 2000; Hansen and 
(Ravn et al. 2008), 
(2009)] for analyzing 

oute with a bend in 
the navigation route around an area where ships with a 
draft above a certain level may ground (Figure 2). 
Again, does it mean that he has considered the ship’s 
draft and the depth of the channel in his model? Like 

o we really need to think about 
how these factors (draft and depth) can affect the 
model; or going aground, by its own, means that those 
factors have been considered into the model? 
Pedersen and Simonsen have categorized the grounding 

(Pedersen 1995; 
, and the estimated frequencies of 

grounding on the shoal can be obtained as a sum of the 
four different accident categories. The third and forth 
categories are about grounding due to evasive 
maneuvers and drifting ships; and they are not 

In category I, ships follow the ordinary and direct route 
at normal speed. The accidents are due to human error 

nexpected problems with the propulsion/steering 
system which occur in the vicinity of a shoal. The 
simplified expression of this category, according to 

��6
 (6) 

�7�67 (7) 

The simplified expression for the category of ships 
which fail to change course at a given turning point near  
the obstacle (category II), according to Pedersen is: 

(���6
 
(8) 

����.1 � � ��,���843
#$�%  !�"",�

where: 
FCat is expected number of 
i is the index for ship class, categorized by 

vessel type and dead weight or length
Pci is the causation probability, i.e. ratio between 

[actual] ship groundings and ships on a 
grounding course 

Qi is the number of movements per year of
class (i) in the considered lane

L is the total width of the considered area 
perpendicular to the ship traffic

Bi is the collision indication function, which is 
one when the ship strikes the structure or shoal 
and zero when the candidate colliding 
does not hit the obstacle, that is, passes safely 
or grounds prior to collision or grounding on 
the considered shoal.

P0 is the probability of omission to check the 
position of the ship 

d is the distance from obstacle to the bend in the 
navigation route, varying with the lateral 
position of the ship 

ai is the average length between position checks 
by the navigator 

z is the coordinate in the direction perpendicular 
to the route 

(zmin,zmax) are the transverse coordinates for an obstacle
fi or fi(z) is ship track distribution

Figure 2: Distribution of ship traffic on a navigation route [source 
(Pedersen 1995)]. 

As is seen, Simonsen has replaced the Pedersen’s 
factor by integration boundaries 
factor or integration boundaries let us to consider those 
ships that are in grounding or collision courses only 
(Figure 3). 

Figure 3: Grounding candidates for ships on straight route [adapted 
(Rambøll 2006)]. 

Pedersen’s and Simonsen’s models include the 
parameter ai, average distance between position checks 
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  (9) 

is expected number of groundings per year 
is the index for ship class, categorized by 
vessel type and dead weight or length  
is the causation probability, i.e. ratio between 

] ship groundings and ships on a 

is the number of movements per year of vessel 
) in the considered lane 

is the total width of the considered area 
perpendicular to the ship traffic 
is the collision indication function, which is 
one when the ship strikes the structure or shoal 
and zero when the candidate colliding ship 
does not hit the obstacle, that is, passes safely 
or grounds prior to collision or grounding on 
the considered shoal. 
is the probability of omission to check the 

 
is the distance from obstacle to the bend in the 

te, varying with the lateral 
 

is the average length between position checks 

is the coordinate in the direction perpendicular 

are the transverse coordinates for an obstacle 
ship track distribution 

 
Distribution of ship traffic on a navigation route [source 

As is seen, Simonsen has replaced the Pedersen’s B 
factor by integration boundaries ZMax and ZMin. Either B 
factor or integration boundaries let us to consider those 
ships that are in grounding or collision courses only 

 
Grounding candidates for ships on straight route [adapted 

Pedersen’s and Simonsen’s models include the 
, average distance between position checks 



by the navigator. The parameter depends on 
navigational environment and ship characteristics as
type and size. It should be estimated separately for 
every location and ship group. To get indicative results, 
some global values can be used. Nonetheless, the 
mentions of numerical values of ai are very rare in the 
literature.  
Simonsen has assumed the event of checking the 
position of the ship is a Poisson process; thus he 
replaced P0 in Pedersen’s equation 
exponential function Eq.(9) This has made Simonsen’s 
model less sensitive to the values of ai

shown later. Simonsen has mentioned that the 
theoretical result achieved by the model is quite 
sensitive to both the causation probability, 
distance between each position checking, 
The most important advantage of their model
instead of traffic volume and traffic densities, which 
have still some vagueness in their definitions, Pedersen 
and Simonsen used traffic distribution. Since the traffic 
distribution also shows the location of the vessels in the 
waterway, it is more precise than traffic volume or 
density for estimating the grounding candidates. In 
addition, it has made their models suitable for analyzing 
both grounding and stranding accidents. However, the 
main issue in using the traffic distribution is that in 
practice it needs a complete AIS database about the 
traffic to be precise; otherwise it is just traffic 
estimation, which decreases the accuracy of the method.
 
Improvements 
Suggested Improvements for Macduff’s Model

The probability should always be less tha
equal to 1, and it is so for geometrical probability of 
grounding (PG). Therefore it is obtained from Eq.
Macduff’s model that  

"� 9 :; ; which is not always the 

case. 
By reconsidering the Macduff’s first idea about using 
Buffon’s problem and also by applying the Buffon’s 
needle problem’s criteria differently, the authors 
suggest the geometrical probability of hitting the wall of 
a channel (stranding) to be estimated by Eq.
equations are inspired from the presented solution for 
Buffon’s problem by Wolfram MathWorld. The angle 
should be presented in Radian.: 

�� �
<=>
=? 2
��                                                                  (AB 
� 9

2� � C
� � cos4� G�
H I JK
�L1 I 1N        (AB 
� O
 
The Buffon’s problem is defined and solved for a 
needle laying down on just one line, while for 
grounding it should be solved for two parallel lines. 
Also it is not important if the needle intersects the line 
with its tail or head, while the direction of t
another important matter for grounding event. 
Nevertheless, by assuming that ships always move 
forward (hitting with bow) and also in a channel (two 
parallel lines), the Buffon’s equations Eq.
be applied for grounding event without any changes.
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by the navigator. The parameter depends on 
navigational environment and ship characteristics as 
type and size. It should be estimated separately for 
every location and ship group. To get indicative results, 
some global values can be used. Nonetheless, the 

are very rare in the 

vent of checking the 
position of the ship is a Poisson process; thus he 

in Pedersen’s equation Eq.(8) by an 
This has made Simonsen’s 

i, which will be 
shown later. Simonsen has mentioned that the 
theoretical result achieved by the model is quite 
sensitive to both the causation probability, PC, and the 
distance between each position checking, ai. 
The most important advantage of their models is that 
instead of traffic volume and traffic densities, which 
have still some vagueness in their definitions, Pedersen 
and Simonsen used traffic distribution. Since the traffic 
distribution also shows the location of the vessels in the 

ore precise than traffic volume or 
density for estimating the grounding candidates. In 
addition, it has made their models suitable for analyzing 
both grounding and stranding accidents. However, the 
main issue in using the traffic distribution is that in 

actice it needs a complete AIS database about the 
traffic to be precise; otherwise it is just traffic 
estimation, which decreases the accuracy of the method. 

Suggested Improvements for Macduff’s Model 
The probability should always be less than or 

equal to 1, and it is so for geometrical probability of 
). Therefore it is obtained from Eq.(2) of 

; which is not always the 

By reconsidering the Macduff’s first idea about using 
lso by applying the Buffon’s 

needle problem’s criteria differently, the authors 
suggest the geometrical probability of hitting the wall of 
a channel (stranding) to be estimated by Eq.(10). The 
equations are inspired from the presented solution for 

problem by Wolfram MathWorld. The angle 

9 1
O 1    P=Q

=R
 (10) 

The Buffon’s problem is defined and solved for a 
needle laying down on just one line, while for 
grounding it should be solved for two parallel lines. 
Also it is not important if the needle intersects the line 
with its tail or head, while the direction of the hitting is 
another important matter for grounding event. 
Nevertheless, by assuming that ships always move 
forward (hitting with bow) and also in a channel (two 

Eq.(10) still can 
out any changes. 

According to Figure 4, which is based on 
almost equal to 1 for  

"� O
mentioned that “it is estimated that ships are capable of 
stopping within a distance equal to 20 times their 
length”, s is equal to 20L, where 
ship. Therefore by accepting Macduff’s definition, ships 
are certainly grounding candidates for cases that  S O 1.5 �. 

Figure 4: Probability of Grounding v.s.  

As has been mentioned, the geometrical model 
should present the candidate ships for grounding. In 
other words, it should present the probability of ships 
running aground while they are navigating in blind 
situation. Blind situation or blind navigation means not 
to do any action to avoid grounding; or in oth
not to adjust the course and speed over ground during 
the voyage in the channel. If it is so, does the stopping 
distance (s) has any meaning in blind navigation? The 
ship is supposed not to do any evasive action to avoid 
grounding; while stopping
somebody on board has did some efforts to stop the ship 
before going aground. Moreover, the grounding can be 
avoided not only by stopping but also by changing the 
course. For instance, in high speed (usually more than 
12 knots) the accident can be avoided more readily by 
turning than by stopping (Mandel 1967)
On the other hand, navigating under blind situation 
cannot be well defined; always there would be the risk 
of going aground in blind navigation, even in safe 
routes. For instance in Figure 5
risk of grounding for a ship navigating under blind 
situation, even for ships navigating between two region 
1s (safe transit channel). However, in reality those ships 
that have entered the region 1 are those who are 
candidates for going aground; if they
they will survive. Still for some reasons with different 
probabilities, all of them will not be able to avoid 
entering region 2. Most probably those ships that have 
entered region 2 will run aground, because the 
maneuvering ability of the ship to avoid grounding will 
be decreased (Amrozowicz et al. 1997)
the regions 1 and 2 are dependent on different 
parameters such as vessel’s characteristics and 
environmental conditions. 
Macduff’s model can be modified by the help of
5. If C is considered as the width of the safe transit 
channel (Figure 5), then Macduff’s 
probability of being a grounding candidate. In this case 
a new definition for s is needed, which with the help of 
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, which is based on Eq.(10), PG is O 30. Since Macduff has 

it is estimated that ships are capable of 
stopping within a distance equal to 20 times their 

, where L is the length of the 
ship. Therefore by accepting Macduff’s definition, ships 
are certainly grounding candidates for cases that 

 
Probability of Grounding v.s.  

WX 

As has been mentioned, the geometrical model 
present the candidate ships for grounding. In 

other words, it should present the probability of ships 
running aground while they are navigating in blind 
situation. Blind situation or blind navigation means not 
to do any action to avoid grounding; or in other words, 
not to adjust the course and speed over ground during 
the voyage in the channel. If it is so, does the stopping 

) has any meaning in blind navigation? The 
ship is supposed not to do any evasive action to avoid 
grounding; while stopping distance means that 
somebody on board has did some efforts to stop the ship 
before going aground. Moreover, the grounding can be 
avoided not only by stopping but also by changing the 
course. For instance, in high speed (usually more than 

ident can be avoided more readily by 
(Mandel 1967).  

On the other hand, navigating under blind situation 
cannot be well defined; always there would be the risk 
of going aground in blind navigation, even in safe 

Figure 5, there would always be 
risk of grounding for a ship navigating under blind 
situation, even for ships navigating between two region 
1s (safe transit channel). However, in reality those ships 
that have entered the region 1 are those who are 
candidates for going aground; if they do evasive action, 
they will survive. Still for some reasons with different 
probabilities, all of them will not be able to avoid 
entering region 2. Most probably those ships that have 
entered region 2 will run aground, because the 

he ship to avoid grounding will 
(Amrozowicz et al. 1997). The widths of 

the regions 1 and 2 are dependent on different 
parameters such as vessel’s characteristics and 

Macduff’s model can be modified by the help of Figure 
is considered as the width of the safe transit 

), then Macduff’s PG would be the 
probability of being a grounding candidate. In this case 

is needed, which with the help of 



Simonsen idea (assuming as a Poisson process) can be 
defines as: 


 � S � 8K 4�Y��L 
where: 
V  is the (average) speed of the ship(s)
a is the (average) time between each position 

checking by the navigator(s) 
L is the (average) length of the ship(s)
C is the (average) width of the channel

Figure 5: Hypothetical waterway [adapted (Amrozowicz et al. 
1997)]. 
Since the probability in Macduff’s improved model is 
very sensitive to the changes of 

"� where 

(Figure 4), it is very sensitive to any changes of 
shows the need of having a reasonable definition for 
A question still remains whether s 
stopping distance or something else like Eq.
A better method for describing the situation (for both 
grounding and stranding accidents) could be ship 
domain, as demonstrated in Figure 6. If the vessel does 
not turn before the region 1 of the domain hits the 
channel’s wall or a shoal, the vessel will be a grounding 
candidate. However, she still can survive if an evasive 
action takes place. If the evasive action is not performed 
and the region 2 of the domain hits the wall or shoal, 
most probably the ship will go aground. 
 

Figure 6: An example of hypothetical ship domain for grounding.
 

According to (Zhu et al. 2001) the ship domain 
should be defined according to the navigator’s sense of 
safety. The fact is that in the case of grounding, the safe 
area cannot be separated from the dangerous area by a 
simple line; so that passing the line would mean the ship 
is in danger, and not passing would mean she is safe. 
Thus, to improve the above idea, an interesting tool 
could be fuzzy theory by Zadeh ( Zadeh L. A., Fuzzy 
sets (1965), Information and control, No. 8, 338). By 
applying fuzzy logic method on different affecting 
factors, the above theory can be modified in order to 
give a better estimation of grounding probability. 
method can be applied for every single factor affecting 
the size and the shape of the ship domain. The resul
domain is fuzzy ship domain (Figure 7)
boundary for ship domain is proposed by 
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Simonsen idea (assuming as a Poisson process) can be 

(11) 

is the (average) speed of the ship(s) 
is the (average) time between each position 

is the (average) length of the ship(s) 
is the (average) width of the channel 

 
(Amrozowicz et al. 

Since the probability in Macduff’s improved model is 
where 0 Z "� Z 5 

), it is very sensitive to any changes of s. This 
shows the need of having a reasonable definition for s. 

 should be the 
like Eq.(11)? 

A better method for describing the situation (for both 
grounding and stranding accidents) could be ship 

If the vessel does 
not turn before the region 1 of the domain hits the 

will be a grounding 
candidate. However, she still can survive if an evasive 
action takes place. If the evasive action is not performed 
and the region 2 of the domain hits the wall or shoal, 

 

 
hypothetical ship domain for grounding. 

the ship domain 
should be defined according to the navigator’s sense of 
safety. The fact is that in the case of grounding, the safe 
area cannot be separated from the dangerous area by a 

the line would mean the ship 
is in danger, and not passing would mean she is safe. 
Thus, to improve the above idea, an interesting tool 

Zadeh L. A., Fuzzy 
sets (1965), Information and control, No. 8, 338). By 

y logic method on different affecting 
factors, the above theory can be modified in order to 
give a better estimation of grounding probability. This 
method can be applied for every single factor affecting 
the size and the shape of the ship domain. The resulted 

(Figure 7). Using fuzzy 
boundary for ship domain is proposed by (Zhao et al. 

1993) and is developed by 
2009) for ship-ship collision; however it has never been 
used for ship grounding. 

Figure 7: An example of fuzzy ship domain
 
The main issue here is to define and calculate the 

shape and the size of the domain’s regions. They are 
related to many factors such as size and the speed of the 
vessel and topography of the sea bed. Also a suitable 
ship domain for grounding is
domain does not work properly for grounding.
The fuzzy ship domain is suitable for both geometrical 
probability modeling and also for real time grounding 
probability analysis of an individual ship, which could 
be useful for Decision Support Systems (DSS) on board 
the ships or at VTS (Vessel Traffic Service) centers 
[Cited in (Pietrzykowski 2002)
geometrical models are just practical for analyzing the 
whole traffic in a specific area, which is useful for 
predicting future risks and precautionary plans.
 
Comments on Fujii’s Model

Referring to Eq.(3)
grounding (N) has an inherent time factor

dimension is 
[\]^_` ab �$_ "$c

dimension of the density of the traffic flow according to 
(Fujii et al. 1974) would be gained as:

d�e �  
fgh8B A(�S
if 2: 
[N]  = Number of the ships / T
[D] and [B] = L 
[V] = L / T 
[PC] = Dimensionless 
If it is so, referring to Eq.(5)
volume (Q) would be gained as:

d�e � d�edied�e � 
fgh8B
Fujii has mentioned that “
equal to the traffic volume per unit width of waterway
(Fujii et al. 1974), which makes the authors t
the conclusion that the traffic volume (
equal to the product of the traffic flow density (
width of the waterway (W): 

� � � � i j d�e � 
fgh8B
                                        

1 The number of groundings or grounding candidates should 
always be accompanied by the term of “
would be confusing. 

2 Square brackets are used to show the dimension of an element
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and is developed by (Pietrzykowski and Uriasz 
ship collision; however it has never been 

 
An example of fuzzy ship domain for grounding. 

The main issue here is to define and calculate the 
shape and the size of the domain’s regions. They are 
related to many factors such as size and the speed of the 
vessel and topography of the sea bed. Also a suitable 
ship domain for grounding is a 3D domain; and a 2D 
domain does not work properly for grounding. 
The fuzzy ship domain is suitable for both geometrical 
probability modeling and also for real time grounding 
probability analysis of an individual ship, which could 

Support Systems (DSS) on board 
the ships or at VTS (Vessel Traffic Service) centers 

(Pietrzykowski 2002)]. However, the 
geometrical models are just practical for analyzing the 
whole traffic in a specific area, which is useful for 
predicting future risks and precautionary plans. 

Comments on Fujii’s Model 
(3), since the number of 

grounding (N) has an inherent time factor1, its $�%"
. By this definition, the 

dimension of the density of the traffic flow according to 
would be gained as: A( kl8 
lmn
�S�1   (12) 

= Number of the ships / T 

(5), the dimension of traffic 
) would be gained as: 
fgh8B A( kl8 
lmn
o   (13) 

Fujii has mentioned that “the traffic flow density is 
volume per unit width of waterway” 

, which makes the authors to reach to 
the conclusion that the traffic volume (Q) should be 
equal to the product of the traffic flow density (ρ) and 


fgh8B A( kl8 
lmn
S  (14) 

                                                 
The number of groundings or grounding candidates should 

always be accompanied by the term of “per time unit”; otherwise it 

Square brackets are used to show the dimension of an element 
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On the other hand, Fujii has mentioned another 
definition for traffic volume in his paper as “the product 
of the traffic density and the average speed” (Fujii et al. 
1974).  Therefore: 

� � � � � j d�e � 
fgh8B A( kl8 
lmn
So  (15) 

As is showed, three different dimensions for traffic 
volume could been extracted from his paper, while he 
has actually mentioned the dimension for traffic volume 
as “the number of the ships per km2” (Fujii et al. 1974) 
or   

d�e � 
fgh8B A( kl8 
lmn
�S�1  (16) 

which does not match none of them above, and also is 
similar to what is extracted for traffic density. As is 
seen, there is no clear definition neither for traffic 
volume nor for traffic density according to (Fujii et al. 
1974). 
 
Suggested Improvements for Fujii’s Model 

In authors’ opinion, the traffic density should be 
defined as the number of ships per unit area of the 
waterway. However, there are two points that should be 
considered:  
1. Since the traffic is compressible and is not 
stationary, the time is an inherent factor for traffic 
density. Thus the time window has to always be 
considered when defining the traffic density. To 
overcome this barrier, the length of the area, within 
which the traffic density is going to be defined, will be 
connected to the desired time window. It means that the 
length of the studied area is equal to the distance that 
the traffic (ships) travels within the desired time 
window.  
2. Since traffic of, for instance two small boats 
differs from traffic of two VLCCs (Very Large Crude 
Carrier), the dimensions of the vessels also should be 
considered in traffic density definition. Therefore a 
dimensionless parameter, size factor, should affect the 
traffic density. 
Thus the authors recommend defining the traffic density 
as: 

� � 
fgh8B A( kl8 
lmn
�i � Sp�q��_`r�s � t�∑�S � ���Y_""_!"�i � Sp�q��_`r�svwxxxxxyxxxxxz#�{_ |� �a`
 (17) 

where 
L* is the distance that traffic travels within desired time 

window 
As a result the dimension of the traffic density would be 
the same as what is extracted from (Fujii et al. 1974) 
and then, with the help of mass flow rate concept in 
fluid dynamic, the traffic flow rate could be defined as: � � �i� (18) 

where V and W are the average velocity of the vessels 
and the width of the waterway, respectively. 
If it is so, the dimension for the traffic flow rate would 
be gained as: 

d�e � d�edied�e � 
fgh8B A( kl8 
lmn
o   (19) 

(Kristiansen 2005) named this traffic flow rate (Q) as 
the “arrival frequency of meeting ships”, when he was 
analyzing the expected number of head-on collisions in 
his book. General believe about the traffic volume is the 
number of the vehicles passing an imaginary line during 
a specific period of time (Jacobson 2007). Therefore, 
regarding to Eq.(19) the traffic flow rate cannot be 
taken as traffic volume. However, can traffic volume be 
compared with a fluid dynamic concept so-called flux? 
If it is so, traffic volume (or traffic flux) could be 
defined as the number of vessels navigating through a 
unit line per unit time; or the product of the traffic 
density and the average speed Eq.(20), which is similar 
to one of the Fujii’s definitions for traffic volume. 

} � �� j d}e � 
fgh8B A( kl8 
lmn
So    (20) 

Since the used density in this formula has been 
redefined by Eq.(17), the size of the vessels also affects 
the traffic volume.  

In this regard, the traffic flow of ships towards a shoal 
with the effective width of D+B and average speed of V 
can be defined as: 

~ � ' ���� � ��6kc�&c
c�&2 � }�� � ��o    (21) 

where: 
T  is the time window in which the traffic flow is 

desired to be calculated  
Thus, the number of grounding candidates per time unit 
would be calculated as:  


� � ~o � }�� � �� ������  
� � }�  (22) 

As a result, the number of groundings (N) per time unit 
could be calculated by using the probability of 
mismaneuvering (causation probability): 


 � }� � ��    (23) 

As is seen, the result is similar to what Fujii presented 
in his paper, but with changes in the definitions of 
traffic density and traffic volume. Without those 
changes, the yielded annual number of groundings 
would be different if different time windows were used. 
It should be borne in mind that the traffic density has 
been considered constant during the time window for 
calculating the traffic flow. If the average traffic density 
is not used, or the time window is not small enough so 
that the traffic density could be considered constant in 
it, then traffic density (ρ) should be defined as a 
function of time: 

~ � ' ��k���� � ��6kc�
c�  (24) 

The question is that how easily the traffic density can be 
defined as a function of time? There are many factors 



that should be considered, like the season, day time, 
weather condition, economic situation, and some of 
them are hard to predict. However, even if the traffic 
density can be defined as a function of time, still using 
traffic density in geometrical modeling of grounding 
means that the traffic has been considered uniformly 
distributed. Thus, it may unnecessarily decrease the 
accuracy of the yielded results. This could be 
considered as the main disadvantage of using traffic 
density (analytical models) instead of actual ship traffic 
distribution (statistical models) in geometrical modeling 
of grounding. 

Application of Dominant Models 
For calculation of grounding frequency, a 

waterway on the way to Sköldvik (Figure 8
chosen. Two locations have been indicated from the
area for two different types of calculations. First type of 
calculation is about Pedersen’s category I of 
groundings; and the chosen location for this purpose is 
the waterway between islands on the way to Sköldvik 
(Location 1 inFigure 8,Figure 9). For this type of 
calculation, the models of Macduff, Fujii and Pedersen 
are used. It should be noted that for type I calcul
the models of Pedersen and Simonsen do not differ. The 
second type is about Pedersen’s category II of 
groundings (Location 2 in Figure 8,Figure 12
second type of calculation, just the models of Pedersen 
and Simonsen are used, as other models do not consider 
the scenario of omitting a turn in vicinity of a shoal.

Figure 8: Waterway on the way to Sköldvik. 
Majority of vessels navigating to Sköldvik port 

are tankers, so only tankers are taken into account in the 
calculations. AIS data of year 2008 is used to get traffic 
characteristics as tanker length and draft. 
All the calculations yield either the number 
grounding candidates or the grounding candidate 
probability. It means that the causation probability does 
not affect the calculations or in other words, 
been considered as equal to 1.  
 
Type I Calculations 

The number of tankers that navigated nor
along the waterway, for the location 1, was 1176 in 
2008. The longest tankers on the waterway were 277 m 
long. The average length of tankers was approximately 
147 m and the average breadth was 22.9 m. The studied 
channel was approximately 900 m wide
long. The ship distribution on the waterway was 
combined normal (66 %) and uniform (34 %) 
distribution. 
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). For this type of 
calculation, the models of Macduff, Fujii and Pedersen 
are used. It should be noted that for type I calculation 
the models of Pedersen and Simonsen do not differ. The 
second type is about Pedersen’s category II of 

Figure 12). For the 
second type of calculation, just the models of Pedersen 

s do not consider 
the scenario of omitting a turn in vicinity of a shoal. 

 

Majority of vessels navigating to Sköldvik port 
are tankers, so only tankers are taken into account in the 
calculations. AIS data of year 2008 is used to get traffic 
characteristics as tanker length and draft.  
All the calculations yield either the number of 
grounding candidates or the grounding candidate 
probability. It means that the causation probability does 
not affect the calculations or in other words, PC has 

The number of tankers that navigated northward 
along the waterway, for the location 1, was 1176 in 
2008. The longest tankers on the waterway were 277 m 
long. The average length of tankers was approximately 
147 m and the average breadth was 22.9 m. The studied 
channel was approximately 900 m wide and 2000 m 
long. The ship distribution on the waterway was 
combined normal (66 %) and uniform (34 %) 

Figure 9: Location 1 (see Figure 8) between islands on the waterway 
to Sköldvik. 

Macduff’s Model 
As it is mentioned before, to apply 

model a waterway has to be approximated as a channel 
of which width is assumed not to change significantly 
when moving along the channel. No such channels exist 
in the Gulf of Finland. However, Macduff himself used 
his model for the Dover strait 
as well; so its width is not constant either.
The modified equation of Macduff’s model 
C=900m, L=147m and s=20
grounding probability of P
grounding candidates, which is a quite high probability. 
However, if the definition of 
definition Eq.(11) and V=11.78 kn and 
probability would be PG 

grounding candidates. The
Macduff’s model Eq.(2) 
grounding probability of P
acceptable. 
As is seen, the probability in Macduff’s model is very 
sensitive to definition of 
attention to be rational. However, since there were no 
registered grounding accidents for the mentioned area 
during the past 12 years (1996
Accident Investigation Board of Finland the new 
definition for s seems more reasonable.
 
Fujii’s Model 

To apply Fujii’s model, it needs to be considered 
that the channel has shoals in the middle of it. For that 
reason, the islands on the western side of the channel 
are considered to be part of the channel. Thus the new 
width of the channel is 1960 m (D=850 m).
According to the new definition 

(ρ) for the mentioned location is 

when the time window is set to one year. Then, 
according to Eq.(20), the traffic volume (104�  #$�%"�]�$. Thus, by the help of 

grounding candidates are obtained for the studied 
location; which would mean one grounding candidate 
every 182 years. 
Pedersen’s and Simonsen’s Models

It is said that the model of Pedersen is 
implemented to the program called IWRAP M
However for the event of checking position of the ships, 
it seems that the theory of Simonsen is used in the 
program. Nevertheless, the following calculations are 
made with IWRAP Mk2. 
Depth curves of 10 m, 6 m, 3 m and 0 m of the area 
were inserted to the program. 
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) between islands on the waterway 

As it is mentioned before, to apply Macduff’s 
model a waterway has to be approximated as a channel 
of which width is assumed not to change significantly 
when moving along the channel. No such channels exist 
in the Gulf of Finland. However, Macduff himself used 
his model for the Dover strait that is a natural channel 
as well; so its width is not constant either. 

ed equation of Macduff’s model Eq(10) with 
=20L gives the geometrical 
PG=0.9018 or 1061 annual 

grounding candidates, which is a quite high probability. 
However, if the definition of s is replaced by the new 

=11.78 kn and a=180s, the 
G = 0.0456 or 54 annual 

grounding candidates. The original equation of 
 gives the geometrical 
PG = 4.16, which is not 

As is seen, the probability in Macduff’s model is very 
sensitive to definition of s, which requests further 

onal. However, since there were no 
registered grounding accidents for the mentioned area 
during the past 12 years (1996-2008) in the database of 
Accident Investigation Board of Finland the new 

seems more reasonable. 

Fujii’s model, it needs to be considered 
that the channel has shoals in the middle of it. For that 
reason, the islands on the western side of the channel 
are considered to be part of the channel. Thus the new 
width of the channel is 1960 m (D=850 m). 

rding to the new definition Eq.(17), traffic density 

) for the mentioned location is 3.32 � 104�  #$�%"�]� , 

when the time window is set to one year. Then, 
, the traffic volume (Ф) is 1.42 �

. Thus, by the help of Eq.(22), 0.0055 annual 

grounding candidates are obtained for the studied 
location; which would mean one grounding candidate 

Pedersen’s and Simonsen’s Models 
It is said that the model of Pedersen is 

implemented to the program called IWRAP Mk2. 
However for the event of checking position of the ships, 
it seems that the theory of Simonsen is used in the 
program. Nevertheless, the following calculations are 

Depth curves of 10 m, 6 m, 3 m and 0 m of the area 
the program. Figure 10 presents the 
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waterway in question as it was defined for calculations 
in IWRAP Mk2, and Figure 11 presents the riskiest 
locations in the area. For the area in question, IWRAP 
Mk2 gave of 0.00544 grounding candidates annually 
when a blackout frequency of 1.75 was assumed and 
0.00233 candidates if the blackout frequency of 0.75 
was assumed. All grounding candidates are drift 
grounding candidates. Drift speed was assumed to be 1 
knot. Interestingly, the first mentioned result is similar 
to what comes out from Fujii’s improved model. 
However, it should be borne in mind that Fujii’s 
presents just the annual grounding candidates, while 
IWRAP Mk2 presents both the annual grounding and 
stranding candidates together. 

 
Figure 10: Location 1 as defined in IWRAP Mk2: grounds in black, 
10 m depth curve in light gray, 6 m depth in medium gray, and 3 m 
depth curve in dark gray.  

 
Figure 11. Results of grounding frequency calculation of IWRAP 
Mk2. The depth curves are shown white here for more clarity. A scale 
from light gray to dark gray is used to illustrate the grounding 
probability for different locations: dark gray signifies the highest 
number of grounding candidates in the analyzed area. 

Type II Calculations 
For type II calculations, an example location on 

the way to Sköldvik was chosen (Location 2 in Figure 
8,Figure 12). Ships have to turn or they will run 
aground on an island about 1000 m after they have 
omitted to turn. On this waterway, 893 tankers 
navigated northwards in 2008. The largest tankers 
heading to Sköldvik cannot use the waterway in 
question and thus the length of all tankers is less than 
175 m and the most common length group of tankers is 
125-150 m. The average speed of the tankers 
approaching the island is 19.2 knots.  

 
Figure 12: Location 2 on the waterway to Sköldvik (grounding 
scenario is marked with black ellipse). 

Table 1 presents the number of annual grounding 
candidates in the studied waterway according to 
Pedersen’s and Simonsen’s models for different mean 
times between position checking, which results different 
values of ai. From Table 1, it is obvious that Pedersen’s 
model is very sensitive to the value of ai. Simonsen has 
assumed the event of checking the position of the ship 
to be a Poisson process, and this made his model less 
sensitive to ai compared to Pedersen’s model. Still, 
Simonsen has claimed that his model is also sensitive to 
the value of ai. However, the sensitivity of Simonsen’s 
model will decrease when the larger values are used for 
ai; which was predictable as he uses Poisson process. 
As a conclusion, it should be noted that hardly even 
professional navigators can estimate ai so exactly that it 
would not give a large uncertainty to the results. 
(Ylitalo et al. 2008) 
Table 1:Number of type II grounding candidates with different time 
interval of checking the position. 

 
Conclusion and Further Research 

Calculations of type I have showed that four 
used models give different results for the number of 
annual grounding candidates. Since, for the studied 
area, there are no available databases about the near-
missed cases and no registered actual groundings in the 
database of Accident Investigation Board of Finland for 
years 1996-2008, it is hard to say which model gives 
more accurate results than the others. In general, it 
seems that the chosen location is not a high risk area for 
grounding accident. Thus low probability for grounding 
candidates seems more sensible. 
Calculations of type II show Pedersen’s approach gives 
more grounding candidates than the actual traffic (893 
tankers) for mean times between position-checking 
longer than 100 s. Although it is hard to define an exact 
value for mean time between position-checking, using 
larger values than 100 s is not rare; for instance IWRAP 
Mk2 uses 180 s as its default value. In addition, 
Simonsen’s model is less sensitive to the values of ai. 
Thus Simonsen’s approach is more rational than 
Pedersen’s. 
The main issue in analyzing the risk of grounding is that 
by today’s knowledge, a holistic and precise model 
which could describe the reality, if not say impossible, 
is at least a really hard goal to achieve. Although 
Macduff and Fujii were the pioneers in the geometrical 
analysis of the grounding probability, it is shown in this 
paper that their methods have some weaknesses. So far, 
it can be said that Simonsen’s model, which is based on 
Pedersen’s first idea, is a more rational and completed 
geometrical model than other mentioned models. 
Simonsen considers (like Pedersen) not only the class, 
dimensions and velocity of the vessels, but also the 
distance between position-checking, which is more or 
less a human factor in navigation. One another 

Mean time between position 
checking 30 s 60 s 90 s 120 s 150 s 180 s 210 s 
Annual grounding candidates 
according to Pedersen's model 0.02 37.68 502.38 1834.37 3989.88 6697.94 9697.12 
Annual grounding candidates 
according to Simonsen's model 30.57 165.21 289.94 384.10 454.7 508.84 551.41 
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important issue is that geometrical probability and 
causation probability are closely linked to each other 
when calculating the grounding probability. When 
estimating causation probability, the used geometrical 
model has to be taken into consideration. The simplest 
way to calculate the causation probability is to divide 
the number of actual groundings by the number of 
grounding candidates, like what (Macduff 1974) and 
(Fujii et al. 1974) did. Thus, the causation probability 
includes a close link to the used geometrical model. 
Therefore, the causation probability cannot be directly 
used with other geometrical models. Nor can it be 
compared with other causation probabilities without 
paying attention to the geometrical models they are 
made to be used with.  
It seems there is no place for more improvement in 
Macduff’s and Fujii’s models, based on their first 
theories. Thus, in order to find a better model for 
estimating the ship grounding probability, either 
Simonsen’s model should be improved or another 
method, for instance using fuzzy ship domain, should be 
introduced. Introducing a 3D fuzzy ship domain, with 
proper shape and size, for ship grounding probability 
analysis is the idea that authors consider as their next 
step in their researches. 
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SAFGOF a cross-disciplinary modelling approach to minimizing 
the ecological risks of maritime oil transportation in the Gulf of 
Finland  
Annukka Lehikoinen  
University of Helsinki, Department of Environmental Sciences, Fisheries and Environmental Management group (FEM) 
 
Abstract: 
The maritime traffic in the Gulf of Finland (GoF) is predicted to rapidly grow in the near future, which increases environmental risks 
through both direct environmental effects and by increasing the accident risk. This paper describes a multidisciplinary oil accident risk 
modeling approach which is under development in the EU funded project SAFGOF. Based on varying growth predictions, three 
alternative scenarios concerning maritime traffic of the GoF in year 2015 have been produced by the project and the probability for a 
major oil accident and its likely effects on the ecosystem in the light of spatial biodiversity are under modeling. In the future, this 
model can be conditioned to selected management actions which provides for comparing their effects on the accident probabilities and 
total ecosystem risk. In the modeling work, Bayesian belief networks (BBNs) are applied. The approach will produce unique 
information on the environmental oil accident risks separately for most accident-prone areas in the GoF, which would enable efficient 
local risk control actions to be analyzed by the decision makers e.g. to decrease the probability of accidents. 

Introduction 
Environmental issues are typically 

multidisciplinary by nature, dealing with natural 
interactions as well as societal and economic issues 
(Burgman, 2005). Thus, when evaluating the 
environmental risks aroused by human society, we 
operate with very complex and multidimensional 
system. Cause-effect chains beginning from the human 
needs (“drivers”) to business that harms or has a 
potential to harm the ecosystem (“pressures”) and 
further on, to their actual impacts on the ecosystem 
“state”, is long and complicated. Each part of the chain 
is related to either stochasticity (aleatory uncertainty) or 
knowledge-based (epistemic) uncertainty in many cases 
both of them. Decision-makers should still be able to 
manage and evaluate these huge entities and make 
justifiable decisions despite the uncertainty. They 
should also assess the cost-effectiveness of different 
management actions (“responses”) as well as the costs 
(“impacts”) for the kind of ecosystem elements that are 
somewhat impossible to put a price on. A common 
problem in environmental management is that decisions 
should be made based on fragmented data sets and 
models, or possibly competing expert opinions 
(Burgman, 2005). Decision-makers are typically faced 
with a flood of information, in which the comparability 
of results is poor and uncertainties high. An optimal 
solution based on point estimates of the state of nature 
may not be the safest one when compared with an 
optimal solution based on the best expected utility, 
taking the total uncertainty into account. The expected 
utilities of various options are uncertain; thus, choosing 
the “best” action is not self-evident (Burgman 2005). 
Often, a “one-answer” scenario is not enough, and a 
conclusion based on “many answers” derived from a 
series of decision support models is more realistic 
(Power and McCarty 2000). 

Decision analyses and decision support systems 
are terms for methods that provide a quantitative means 
to study alternative decisions in the presence of multiple 
aims (e.g. Clemen, 1996). They ease the work of 

decision-makers by helping them to make consistent 
and justifiable choices. As more and more complicated 
and multifaceted evaluation problems arise in the field 
of environmental issues, it is essential to develop 
operational decision support tools that can readily 
support and evaluate “what-if” scenarios by altering 
parameters used in different decision support methods 
(Power & McCarty, 2000). The evaluation of the nature 
and extent of uncertainty should always be included in 
these tools to make the process transparent and to give 
the decision-makers a realistic picture of the uncertainty 
and the range of the possible outcomes of the 
management actions (Burgman, 2005; Power and 
McCarty, 2006). Modeling aims at finding out optimal 
decisions; when and where these investments on the 
future state of our environment are most effective?  

The purpose of this paper is to present a risk 
assessment and decision support tool that is under 
construction in the EU funded project (2008-2010) 
“SAFGOF Evaluation of the traffic increase in the Gulf 
of Finland during the years 2007-2015 and the effect of 
the increase on the environment and traffic chain 
activities”. From the viewpoint of maritime accident 
research, the point of this presentation is to describe an 
idea how ship accident modeling can - and should - be 
exploited when evaluating the environmental risks 
towards marine ecosystems caused by human activities. 
It also describes an idea how probabilistic Bayesian 
networks can be used as helpful tools when integrating 
different types of models and multidisciplinary 
knowledge. 
 
Problem description: environmental risks arising 
from the oil transportations in the Gulf of Finland 
(GoF) 

The Gulf of Finland (GoF), a large basin of the 
brackish Baltic Sea, is one of the world’s most stressed 
sea areas with substantial nutrient loading and intensive 
maritime traffic that is predicted to strongly increase in 
the near future (see Klemola et al., 2009; Kuronen et al. 
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2008). The increasing amount of oil transport in 
addition to the increase of ships navigating in the GoF, 
will inevitably lead to a raised probability of a large 
scale oil accident. The International Maritime 
Organization (IMO) has designated the Baltic Sea, 
including the Gulf of Finland, as a Particular Sensitive 
Sea Area (PSSA) needing special protection (IMO, 
2005). Since many organisms and communities are 
negatively affected by other anthropogenic activities, 
the ecosystem effects of an oil tanker accident and a 
resulting oil spill would most probably be serious, 
especially on rare and endangered species (Ihaksi et al.; 
2007; Juntunen et al., 2005; Kokkonen et al., 2010). 
The need for comprehensive, sub-regional risk 
assessment tools and evaluation methodology targeting 
the minimization of the oil accident probability and the 
negative effects of them in the Baltic Sea is commonly 
recognized (e.g. HELCOM, 2007; Steiner, 2004). Such 
tools would be of great aid in trying to reach 
international consensus of the best ways to manage the 
risks. So far, the oil spill risk management work in the 
Baltic Sea and GoF has focused mainly on the 
minimization of the negative impacts through efficient 
oil recovery organization. In addition, it is still essential 
to assess alternative precautionary strategies. The 
unfinished modeling approach described here is 
designed to help in investigation of the overall 
probability for an oil accident and its ecosystem-level 
consequences as well as the efficiency of different 
management policies under alternative (uncertain) 
future scenarios. Commercial software Hugin Expert ® 
(Madsen et al., 2005) is used to build a probabilistic 
meta-model structure that integrates latest maritime 
traffic statistics, predictions based on alternative growth 
scenarios, modern accident modelling techniques, 
ecosystem models and a spatial map-based valuation 
interface. This paper focuses on describing the 
methodology and techniques used for the integration of 
this kind of multidisciplinary information and the 
information flow between multiple sub-models. As the 
work is still going on, the actual end results gained with 
the model are not reported here. 
 
Bayesian Belief Networks (BBN) and Influence 
Diagrams (BID) 

Bayesian belief networks (BBN) are models for 
reasoning under uncertainty through computing our 
updated beliefs about (unobserved) events given 
observations on other events (Kjærulff and Madsen, 
2005).  They were originally developed as a formal 
means of choosing optimal decision strategies under 
uncertainty (Pearl, 1986). Since then, BBNs have been 
successfully exploited in modeling complex 
environmental questions and interactions containing 
significant uncertainties (Borsuk et al., 2004; Marcot et 
al., 2001; Reckhow, 1999) as well as in decision 
analysis under uncertainty (e.g. Kuikka and Varis, 
1997; Uusitalo et al., 2005; Varis et al., 1990).   

A BBN is a probabilistic model in which each 
variable has a particular number of mutually 

exclusionary states of outcome and where its relation to 
the other variables is defined with links (Jensen, 2001; 
Kjærulff and Madsen, 2005). Each random variable 
having incoming links has a conditional probability 
table (CPT). A CPT contains the information on 
conditional probability distributions specifying a 
probability of a variable being in a certain state 
depending on the configuration of its parents. 
Unconditional variables (without parents), in turn, have 
only one prior distribution describing the relative 
credibilities of the states. Divergent ways to produce 
these probability distributions can be used, from 
simulations and data analyses (e.g. Gilks et al., 1994; 
Mäntyniemi, 2006) to interviews of one or more experts 
(e.g. O’Hagan et al., 2006; Uusitalo et al. 2005). 

BBNs enable the combination of data sets of 
different forms and with different precision to a single 
analysis, and the assessment of the origin, type and 
magnitude of the uncertainties related to the cause-
effect relationships and decisions. They provide a 
possibility to integrate qualitative knowledge with 
quantitative data, which makes them extremely useful 
in multidisciplinary questions. BBNs enable the 
incorporation of social values, expert assessments, and 
scientific data or statistics into the same analysis 
(Bromley et al., 2005; Klemola et al. 2009; Marcot et 
al., 2001). Afterwards, the BBN can be used to evaluate 
the functioning of the system by manipulating the state 
of some variables and calculating the effects on others. 
The inference within a BBN follows the rules of 
probability calculus. When one or more of the variables 
are observed, the marginal probability distributions of 
other variables are updated according to the Bayes’ rule 
 
                 P(Θ|X)=P(X|Θ)P(Θ)/P(X)                          (1)              
where P(Θ) is the prior distribution of unobserved 
variables, P(X|Θ) is the CPT of observed variable X 
conditional on unobserved variables Θ,  P(X) is the 
probability of the observed evidence, and P(Θ|X) is the 
result of learning: the conditional distribution of 
unobserved variables given the observed evidence. 
        BBNs augmented with decision variables including 
alternative actions to take, and utility functions 
specifying our preferences concerning the output, are 
called Bayesian Influence Diagrams (BID) (Kjærulff & 
Madsen 2005). The objective of a BID is to identify the 
action di of the decision node D that produces the 
highest expected utility (EU), being calculated as 
 
          ∑=

j
jjii XhPhdUdEU )|(),()(                   (2) 

where hj is a state of the (outcome) variable H, U(di ,hj) 
is the value or utility gained if hj comes true (when 
action di has been taken), and X represents our data or 
evidence. A BID can compute the EUs of all 
combinations of decision options given the state of 
uncertainty at the time of the decision, thus they are 
found to be flexible tools in the construction of different 
kinds of DSS’s (e.g. Borsuk et al., 2004; Marcot et al. 
2001;Varis, 1997). Because of their understandability 
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Discussion and conclusions 
The assessment of the total risk provides for 

summarizing the probabilistic information from 
multiple models and spatial distribution of both oil 
contamination probability and harm into one value. As 
such this value does not tell us much, but it is rather 
meant to be compared with the end results of the other 
scenarios. By comparing the total risks of alternative 
scenarios, it is possible to evaluate the effectiveness of 
different preventative management actions and oil 
recovery design solutions against each other. This can 
be done e.g. by choosing certain future growth scenario 
and / or accident location as starting points for the 
analysis or in the light of overall uncertainty concerning 
the future development and the place where the accident 
happens. This also enables assessing the robustness of 
the ranking order of management actions when the 
uncertainty in certain part of the model is manipulated 
something which can also be utilized for directing the 
further research work most cost-effectively.  

Remarkable uncertainties are related to each of 
the model components: the future development of 
maritime transportations, the effect of the management 
actions, the severity of a possible accident and the 
biological consequences as well as the response of the 
ecosystem. A probabilistic approach enables providing 
a realistic picture of the accuracy of the current 
knowledge. In addition, with BBNs it is possible to 
integrate the best available knowledge of different 
forms. Results can be given in a graphic form that is 
relatively easy to understand. This provides an excellent 
base for planning of future actions, although careful 
orientation to the underlying ideology and discussion on 
the acceptable risk levels are first demanded to avoid 
gratuitous misconceptions. 

As this type of a decision model covers such 
scenarios and states of the system that have never been 
observed but which are possible (and of high interest in 
the future) it cannot be validated with data in a 
traditional sense. Alternative ways to assess the 
goodness of BBN models still exist, e.g. learning from 
additional data, model testing against adaptive 
management, asking third party expert opinion or 
performing sensitivity analyses (see e.g. Barton et al., 
2008). 

The maritime traffic in the Gulf of Finland is 
expected to greatly increase in the future. At the same 
time, the indirect environmental effects of the traffic 
will increase. At the current phase of this ongoing study 
it seems that this kind of cross-disciplinary, 
probabilistic approach could help in creating more 
holistic view of the process and the related risks.  
Efficient risk management actions are in the first place 
typically dependent on the political will prevailing in 
the society. By compiling the existing multi-disciplinary 
knowledge and clearly and realistically showing the 
risks and our potential influence over them as well as 
the possible consequences of passivism, we can not 
only help the decision-makers in their demanding work, 
but also to rise public awareness and discussion on the 

situation. The magnitude of increasing knowledge and 
more holistic understanding on the system should not be 
undervalued either. By integrating accident probability 
modeling and ecological  risk assessment and updating 
them with the latest statistics and forecasts, this model 
while fnalized will enable the evaluation of e.g. 
alternative shipping route plans and logistic re-
organization as well as new legislation from the 
environmental point of view. 
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Abstract: 
In this paper the overall ship-ship collision probabilities for the Gulf of Finland over open water season are estimated. The estimates 
are obtained as a product of the so-called number of collision candidates in head-on, crossing, merging, bending, and overtaking 
encounters on the waterways and causation probabilities describing the probabilities of not making an evasive maneuver in various 
meeting situations. The numbers of collision candidates are estimated based on Automatic Identification System data from the Gulf of 
Finland in the year 2008. Causation probability is modeled with a Bayesian Network. The modelling results in 0.3 ship-ship collisions 
per year, which is well comparable with recent accident statistics from the area. The estimated causation probability values for 
crossing and head-on encounters are of the same order as the probabilities presented in the literature. Most of the collision candidates 
are ships about to collide after omitting a turn in a bending waterway section and ships in an overtaking situation. The most accident-
prone waterway is the main route from the entrance to the Gulf of Finland to St. Petersburg through the whole gulf. Collision 
probability is high especially in the eastern part of the route. 
 
Introduction 

The Gulf of Finland is one of the most heavily 
trafficked sea areas in the world. Marine traffic has 
been continuously increasing in the Gulf of Finland and 
especially the increasing number of oil tankers is raising 
concern in the coastal countries. Moreover, the growth 
of marine traffic is expected to continue within the near 
future (Kuronen et al. 2008). Unfortunately, the 
increasing ship traffic increases the probabilities of 
accidents, which could lead to oil spills. An oil disaster 
would most probably have serious effects on the Gulf of 
Finland ecosystem (Ihaksi et al. 2007), and the Baltic 
Sea, including the Gulf of Finland, has been categorized 
as a Particularly Sensitive Sea Area (PSSA) by the 
International Maritime Organization (IMO 2005).  
18 major and several smaller ports are located on the 
shores of the Gulf of Finland (Kuronen 2008). Figure 1 
presents the marine traffic in the Gulf of Finland on 1st 
and 2nd of July 2008 based on recordings of Automatic 
Information System (AIS) sent by the ships. From 
Figure 1 it can be seen that the busiest route is the 
waterway from the entrance to the Gulf of Finland to 
the eastern ports and back, and that intersecting traffic 
is especially high where the traffic between Helsinki 
and Tallinn crosses the main waterway.  
The approach most commonly applied in mathematical 
estimation of the probability of ship-ship collisions in 
certain location is to calculate the accident frequency as 
a product of  a so-called number of collision candidates 
and a causation probability (e.g., Fujii et al. 1971, 1974; 
Macduff 1974, Pedersen 1995). The number of collision 
candidates describes the number of ships that would 
collide, if no evasive manoeuvres are made, i.e., “blind 
navigation” is assumed. The number of collision 
candidates depends on the properties of ship traffic such 
as the lateral traffic distribution over the studied 
waterways, meeting angle, ship sizes and speeds. The 
causation probability denotes the probability of not 
making evasive manoeuvres while the ships are on a 
collision course, and it is conditional on the blind 
navigation assumption. The causation probability value 
has been estimated based on the difference between 
accident frequencies according to accident statistics and 

the estimated number of collision candidates (Fujii 
1971, 1974; Macduff 1974), or by applying risk 
analysis tools such as fault tree analysis (Pedersen 1995, 
Rosqvist et al. 2002). In 2006, a document submitted by 
the Japanese agency for maritime safety to the IMO 
Maritime Safety Committee (2006) suggested the 
utilization of Bayesian networks in Step 3 of the Formal 
Safety Assessment, definition of risk control measures. 
Bayesian networks are directed acyclic graphs which 
consist of nodes representing variables and arcs 
representing the dependencies between variables (e.g. 
Jensen 2007). Each variable has a finite set of mutually 
exclusive states. For each variable A with parent nodes 
B1, Bn, there exist a conditional probability table P(A | 
B1, Bn). If variable A has no parents, it is linked to 
unconditional probability P(A). More recently, 
Bayesian networks have also been applied in causation 
probability estimation (Friis-Hansen and Simonsen 
2002, Det Norske Veritas 2003, Det Norske Veritas 
2006, Rambøll 2006, Hänninen and Kujala 2009). 
Regardless of the estimation method, causation 
probability values for crossing encounters in the 
literature have varied within 6.83 · 10-5 6.00 ·10-4 
(Macduff 1974, Fujii 1983, Pedersen 1995, Fowler and 
Sørgård 2000, Otto et al. 2002, Rosqvist et al. 2002) 
and for meeting ships within 2.70 · 10-5 6.00 · 10-4 
(Macduff 1974, Fujii 1983, Pedersen 1995, Karlsson et 
al. 1998, Fowler and Sørgård 2000, Rosqvist et al. 
2002). 
According to marine traffic accident statistics, 
groundings and collisions are the dominant accident 
types in the Gulf of Finland. Based on DAMA accident 
database and HELCOM’s accident registrations in the 
Gulf of Finland within 1997-1999 and 2001-2006, there 
had been approximately 12 groundings and 5 ship-ship 
collisions per year (Kujala et al. 2009). Several studies 
on estimating the collision or grounding risks in the 
Gulf of Finland have been published (Hänninen et al. 
2002, Rosqvist et al. 2002, Nikula and Tynkkynen 
2007, Hänninen and Kujala 2009, Kujala et al. 2009), 
but none of these has been examining the overall ship-
ship collision probability based on combining the 
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accident probabilities of all the major waterways in the 
Gulf of Finland. In this study the focus is on collisions, 
but the grounding risk estimation for the Gulf of 
Finland has also begun (Mazaheri and Ylitalo 2010). 
The purpose is to estimate the overall ship-ship 
collision probabilities for the Gulf of Finland during 
open water season.  The calculated collision candidates 
for head-on, crossing, merging, bending, and overtaking 
encounters on the waterways are combined with a 
causation probability model describing the probability 
of not making an evasive maneuver in various meeting 
situations. The resulting accident-prone areas are 
described, and accident databases are examined in order 
to compare the results of the models to the accident 
statistics.  
The study is a part of a cross-disciplinary approach for 
minimising the risks of maritime transport in the Gulf of 
Finland (Klemola et al. 2009). The aim is to model the 
maritime traffic in the Gulf of Finland in the year 2015, 
and evaluate the resulting accident risk, the direct 
environmental effects and the risk of environmental 
accidents. The final aim is to model and compare the 
effects of legislation and other management actions on 
reducing marine traffic risks. 

 
Figure 1. Marine traffic in the Gulf of Finland during on the 1st and 
2nd of July 2008 based on AIS recordings. 
 
Data and models 
Automatic Identification System data 1 

The main data source for estimating the number 
of collision candidates was Automatic Identification 
System (AIS) recordings collected from the studied area 
for the year 2008. According to the studied AIS data, 
39 511 ships had entered or exited the Gulf of Finland 
in 2008 and the most heavily trafficked internal 
waterway in the gulf was located between Helsinki and 
Tallinn. In 2008, 15 965 ships had navigated south or 
north between Helsinki and Tallinn. Seasonal variation 
of traffic volume is significant in the Gulf of Finland. 
The most heavily trafficked month had been July, both 
at the entrance to the Gulf of Finland as well as between 
Helsinki and Tallinn. In both locations, February had 
been the month with the least traffic. On the other hand, 
seasonal variation is more important between Helsinki 
and Tallinn than at the entrance to the Gulf of Finland: 
in February, the traffic volume was only 37 % of the 

                                                 
1 Note: the chapters 2.1-2.3 and the results acquired with the IWRAP 
software are based on a Master’s thesis submitted by the second 
author (Ylitalo 2010). 

 

traffic volume of July. At the entrance to the Gulf of 
Finland, the corresponding percentage was 77. 
The ice season 2007-2008 was exceptional in the Gulf 
of Finland as it was the mildest winter since 1720 – the 
beginning of ice winter statistics gathering (Baltic Sea 
Portal 2008). Ice breaking was not needed at all. Thus, 
the AIS data of the year 2008 does not provide 
information concerning navigating in ice and does not 
help in estimating how winter affects traffic and 
accident probability. Therefore, in this study the winter 
time 2008 was treated as if it was a prolonged autumn.  
 
Example Data of One Analyzed Waterway 

As an example of the data applied in the 
analysis, the data of one waterway is presented here. 
The chosen waterway is located at the east side of 
Gogland and it is part of the route through the Gulf of 
Finland. Figure 2 presents histograms of lateral 
positions of ships on the waterway in question during 
the year 2008 (2a), and the applied fitted distributions 
(2b). The numbers and types of ships on the waterway 
are presented in Table 1. For the analysis, the ship type 
groups were divided further into size groups by ship 
length. 

(a)                                                       (b) 

   
Figure 2. (a) Histograms of the lateral position of ships on the 
waterway at east side of Gogland; dark beams represent traffic to 
northeast and light beams traffic to southwest. (b) Distributions fitted 
to lateral position of ships on the waterway at east side of Gogland. 
 
Table 1:Ship types and volumes in the waterway at east side of 
Gogland in 2008. 

 
 
Collision candidates 

The number of geometrical collision candidates 
was estimated with IWRAP Mk II software, which is 
recommended for evaluating grounding and collision 
probabilities by International Association of Marine 
Aids to Navigation and Lighthouse Authorities (IALA) 
(IALA 2009). IWRAP utilizes collision probability 
model presented by Pedersen (1995) (Friis-Hansen 
2008). The most important waterways in the Gulf of 
Finland were modelled into IWRAP based on a density 
plot of traffic as presented in Figure 4. Areas within the 

Ship type Northeastbound Southwestbound Total 
General cargo ship 3127 3108 6235 
Container ship 2480 2455 4935 
Oil products tanker 1005 1008 2013 
Crude oil tanker 704 709 1413 
Ro-Ro cargo ship 622 622 1244 
Bulk carrier 533 541 1074 
Passenger ship 426 390 816 
Support ship 131 135 266 
Chemical tanker 26 25 51 
Pleasure boat 23 24 47 
Fishing ship 19 20 39 
Fast ferry 6 1 7 
Gas tanker 0 0 0 
Other ship 265 296 561 
Total 9367 9334 18701 
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vicinity of ports were not included in this study. 
Similarly to the example waterway presented in chapter 
2.2, traffic volume and lateral traffic distributions as 
well as traffic characteristics such as ship types and 
lengths were analysed for each waterway segment. The 
number of ships continuing to different directions was 
considered for each waypoint.  
In IWRAP the collision frequencies are provided 
separately for head-on, overtaking, merging, crossing, 
and bend collisions. Head-on and overtaking collisions 
occur at waterway segments, whereas merging, 
crossing, and bend collisions occur near waypoints. The 
relative risk of each waterway and waypoint is marked 
on the result map (Figure 4). The scale is from light to 
dark where dark represents the areas of the highest 
probability of a collision. It is also possible to examine 
collision frequencies at certain waterway or waypoint. 
Although IWRAP includes default values for causation 
probabilities of various collision types, more detailed 
evaluation of suitable causation probabilities is left to 
the software user. In this study the causation 
probabilities were modelled separately, and the 
causation probability estimates for the various collision 
types were then inserted into IWRAP in order to obtain 
the final collision frequency estimates. Causation 
probability modelling is described in the following 
subchapter. 
 
Causation probability 

For acquiring the collision frequency estimates, 
the number of collision candidates was multiplied with 
causation probability, i.e. the probability of not making 
evasive maneuvers. The causation probability for the 
Gulf of Finland was estimated with a Bayesian network 
model. The model was based on fragments of a 
collision model network in the Formal Safety 
Assessment of large passenger ships (Det Norske 
Veritas 2003) and a grounding model in the FSA of 
ECDIS chart system (Det Norske Veritas 2006).  
Network variables were related to navigational aids, 
conditions, safety culture, personnel factors, 
management factors, other vigilance, and technical 
reliability. The network structure can be seen in Figure 
3. 
In the model a collision occurs, if the ships are on a 
collision course, at least one of them has lost control 
due to human or technical failure, and none of the ships 
makes evasive maneuvers. The loss of control resulting 
because of OOW’s wrong action in a meeting situation 
depends on the correctness of OOW’s situation 
assessment, his/her performance level, and possible 
danger detection by others such as the 2nd officer, pilot 
or VTS operator. Variables “time of year”, and 
“collision type” were added to the network in order to 
be able to examine certain season or collision type 
alone. Because the network applied to the analysis 
included multiple ship types, “Own ship type” node was 
added. “Location” was added because of technical 
reasons: it was impossible to obtain ship type 
distributions based on all AIS recordings in the Gulf of 

Finland. Because the majority of ship traffic not exiting 
the Gulf of Finland consisted of the passenger vessels 
and high speed crafts navigating between Helsinki and 
Tallinn, ship type distributions were constructed for the 
ships entering and exiting the Gulf of Finland as well as 
for a location between Helsinki and Tallinn, and weight 
factors of 0.8 and 0.2 were assigned to these 
distributions, respectively.  
The majority of the probability values of the Bayesian 
network node states were derived from the original 
DNV models (2003, 2006). They had mainly been 
based on expert judgment. Ship type and length 
distributions were obtained from AIS-data described in 
chapter 2.1. The probabilities of “Weather” states were 
based on Finnish Meteorological Institute’s statistics on 
the average number fog days at Isosaari in 1961-2000, 
the average number of storm days at Finnish sea areas 
in 1990-2008 thinned by the average portion of storm 
observations from the Gulf of Finland in 2006-2007, 
and the average number of strong wind days at Isosaari 
in 1961-2000 (Finnish Meteorological Institute 2008). 
The daylight distributions describing the probabilities of 
a ship navigating in the dark for the times of year were 
based on AIS information and sunrise and sunset times 
outside Helsinki at 15.1.2008, 15.4.2008, 15.7.2008, 
and 15.10.2008.  The probability of state “yes” of the 
node “VTS” was set to 1.0 because it was assumed that 
all the waterways belong to Vessel Traffic Service 
monitoring areas or to the Mandatory Ship Reporting 
System in the Gulf of Finland (GOFREP) area. The 
distribution of collision types (head-on, crossing and 
merging, overtaking) in the node “Collision type” was 
based on the number of collision candidates calculated 
with IWRAP as mentioned in chapter 2.3 but using 
causation probability value of 1.0. It should be noted 
that the collisions caused by omitting a turn in a 
bending waterway segment were not considered in the 
network. 
The overall causation probability for the Gulf of 
Finland was derived when there was no other evidence 
on collision type except the distribution of collision 
candidate types estimated with IWRAP in the node 
“Collision type”. The separate causation probabilities 
for crossing, head-on, and overtaking encounter types 
were achieved by instantiating “Collision type”, i.e., 
setting the probability of the state describing the 
encounter type in question to 1.0. The network was built 
and the probability calculations were performed with 
Bayesian network software Hugin Researcher. 
 
Accident statistics 
Accident statistics were studied for validating the 
modeling results.  As in the analysis, the focus was to 
consider the number of collisions in the Gulf of Finland 
not been caused by ice conditions or otherwise not 
related to navigating in ice channels and which had not 
been occurred in the vicinity of ports. The ship-ship 
collision registrations from DAMA accident database 
and accident registrations acquired from the Baltic 
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Figure 3. The applied Bayesian network model for causation probability estimation. 

 
Marine Environment Protection Commission HELCOM 
(Helsinki Commission) in the Gulf of Finland within 
1997-1999 and 2001-2006 were examined. DAMA 
database consists of marine casualty reports given to the 
Finnish Maritime Administration (FMA), and 
HELCOM registrations also include the accidents 
occurred in Russian and Estonian waters. Additionally, 
accident descriptions (Heiskanen 2001, Laiho 2007) 
were studied for those accidents for which DAMA 
database or HELCOM data did not include enough 
information on the causes and/or location.  
 
Results of the analysis 

In total, the number of collision candidates in the 
Gulf of Finland was estimated to be 1890. The applied 
causation probability model did not include collisions 
occurring because omitting a turn in a bending 
waterway location. If this collision type was omitted, an 
overall causation probability value of 6.12 · 10-5 was 
obtained for the Gulf of Finland. However, if bend 
collision candidates were included in the causation 
probability model as additional crossing candidates, the 
overall value was 1.39 · 10-4. This difference describes 
how the distribution of collision types weights the 
overall causation probability.  
Separate causation probabilities, collision candidates, 
and the estimated number of collisions for the various 
encounter types are presented in Table 2. From Table 2 
it can be seen that the models estimated approximately 
0.26 collisions per year. Figure 4 presents the relative 
number of collisions of each waterway as well as of 
each bend, merging and crossing point. According to 

the accident statistics and descriptions, there had been 
two collisions within the eight years i.e., 0.25 collisions 
per year which were not caused by ice conditions or 
otherwise related to navigating in ice channels or which 
had not occurred in the vicinity of ports. Both of the 
collisions had occurred in the eastern part of the gulf. 
According to the analysis, the most collision-prone 
waterway was the waterway at east side of Gogland 
(number 2 in Figure 4). The second probable waterway 
for collisions was the waterway to St. Petersburg 
(number 5 in Figure 4). The most collision-prone 
waypoint was where the waterway from Primorsk 
merges to the main route through the Gulf of Finland 
(point 4 in Figure 4). The collision probability per year 
of that waypoint was 15.5 % of the collision probability 
of the analyzed area in the Gulf of Finland. The 
collision probability of the most collision-prone 
waterway was 1.6 % of the overall collision probability. 
Collision probability values of the waterways and 
waypoints with the highest collision probabilities are 
presented in Tables 3 and 4.  
 
Table 2. The estimated values of causation probability, the number of 
collision candidates, and the number of collisions per year for the 
studied encounter types in the Gulf of Finland.  *For merging and 
bend encounters, the causation probability of crossing encounters was 
applied. 

 

Encounter type Causation  
probability 

Collision  
candidates Collisions 

Bend* 2,56E-04 757,76 1,94E-01
Overtaking 5,62E-05 629,79 3,54E-02
Crossing 2,56E-04 72,95 1,87E-02
Merging* 2,56E-04 43,61 1,12E-02
Head-on 1,01E-05 385,93 3,89E-03

Total 2,63E-01
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Table 3. The collision probabilities of the two most risky waterways. 

 

Table 4. The collision probabilities of the three most collision-prone 
bending, merging and crossing points 

 
 

 
Figure 4. Indication of more and less collision-prone waterways and 
bend, merging and crossing points based on modeling results. The 
legs and points with the darkest colour are areas of the highest 
collision probability. 
 
Conclusions 

The collision probability estimated with IWRAP 
and the Bayesian network model was 0.26 collisions per 
year, which is reasonable when compared to the 0.25 
collisions per year derived from the accident statistics. 
However, it should be noted that it is difficult to 
compare the results to statistics since analyzed time 
interval should be long but the traffic would have to 
remain constant. Traffic in the Gulf of Finland has 
increased significantly after the beginning of the studied 
accident statistics period. Thus, it is reasonable that the 
modeling estimates higher collision probability than 
what is obtained from statistics. Further, the studied 
area in the Gulf of Finland did not cover the whole gulf, 
which suggests the actual number of collision 
candidates in the gulf being larger than the number 
obtained from this analysis. However, area limitations 
were taken into account when studying accident 
statistics. 
As can be seen from Table 4, bend collision probability 
is 75 % of the overall collision probability. However, 
the bend collision model used in IWRAP assumes that 1 
% of ships arriving to a bend of a waterway do not turn 
as they should and thus become collision candidates 
(Friis-Hansen 2008). The authors have not found any 
reasoning for the assumption of 1 % of the ships 
omitting a turn at a bend. The probability of not to turn 
is, for example, considerably larger than causation 
probability although its reasons seem to be similar. 
Overall, the route from the entrance to the Gulf of 
Finland to St. Petersburg through the whole gulf seems 
the most risky waterway. This route gets narrower 
towards east, which can be easily seen from Figure 1.  

Ships navigate closer to each other and thus the route 
segments are more dangerous in the eastern part of the 
gulf than in the western part even though the traffic 
volume is higher in western part. Likewise, the 
registered non-ice related collisions had also occurred in 
the eastern part. Surprisingly, the crossing area between 
Helsinki and Tallinn does not seem to be particularly 
prone to accidents. It is one limited area, whereas the 
route through the gulf is long and its importance results 
from its length and from the number of ships navigating 
all the way along it. However, if the most important 
consequences are considered to be lost human lives, 
then the relative risk is higher in the crossing area 
between Helsinki and Tallinn. A large number of 
passenger vessels and high speed crafts with many 
passengers is navigating in the area, as opposed to only 
a few passenger vessels navigating in the eastern Gulf 
of Finland. 
In 2009, IWRAP is the best available tool for the 
analysis of collision candidates or collision frequency in 
the Gulf of Finland, but it still has weaknesses: Daytime 
and time of year are assumed not to influence traffic 
volumes, which is not realistic for the Gulf of Finland. 
IWRAP also uses lateral traffic distributions without 
distinguishing individual ships for estimating the 
number of collision candidates, which can produce 
situations in where a ship colliding with herself will be 
interpreted as a collision candidate. This is relevant 
especially for passenger ships making frequent passages 
in a waterway. Additionally, in IWRAP ice season can 
be included in the calculations only through causation 
probability. 
The estimates of the causation probability derived with 
the Bayesian network were reasonable when compared 
to the values presented in the literature. However, it 
should be noted that the model depends heavily on the 
network parameters. In an ongoing research project the 
network model will be developed further and validated 
with expert judgment. This way the special 
characteristics of the traffic in the Gulf of Finland can 
be taken into account. It should also be noted that this 
study included only open water season. According to 
accident statistics, many of the ship-ship collisions 
occur in winter navigation, and wintertime traffic 
should be included in the modeling in the future.  
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Waterway location 
Number 
in Figure 

4 

Overtaking 
collision 

probability 

Head-on 
collision 

probability 

Overall 
collision 

probability 
East side of Gogland 2 4.73E-03 2.41E-09 4.73E-03 
To St. Petersburg 5 3.54E-03 1.10E-06 3.54E-03 

Number 
in Figure 
4 

Bend  
collision 

probability 

Merging  
collision 

probability 

Crossing  
collision 

probability 

Overall  
collision 

probability 
1 3.74E-02 0 0 3.74E-02 
3 3.78E-02 0 0 3.78E-02 
4 4.33E-02 3.40E-03 1.26E-04 4.68E-02 
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The effectiveness of maritime safety policy system in prevention of 
groundings, collisions and other maritime incidents  
Jenni Kuronen and Ulla Tapaninen  
University of Turku - Centre for Maritime Studies/Kotka office, Finland 
 
Abstract: 
The topic of the paper is policy instruments, which are or could be used to prevent groundings and collisions. Various international, 
regional and national policy instruments aim at minimizing the risks of accidents.  
This paper presents the current situation and future sights of maritime policy. The maritime policy instruments include administrative 
(e.g. regulation on the structure and operation of ships, supervision of ship conditions, ship reporting systems and routeing), economic 
(e.g. waterway dues, marine insurances, liability and compensation issues) and information guidance instruments (e.g. voluntary 
training). The maritime safety regulation is to great extend international, the most important actor being International Maritime 
Organisation (IMO). However, the European Union has shown increasing interests to regulate maritime safety, and there are also other 
international actors in the field such as HELCOM. In addition, some of maritime safety related matters belong to the sphere of national 
regulation, for example piloting.  
This paper addresses the following questions: what are the criteria for effective policy,  what are the strengths and weaknesses of the 
maritime safety policy system, how effective is the maritime safety policy system,what could be the alternatives for the current 
system.  
 
Introduction 

Accidents at sea and increasing amount of 
maritime traffic, especially the transportation of 
dangerous cargoes, have awakened the growing 
awareness about the safety of maritime traffic. 
International and national maritime safety regulation 
has a long history and regulation is revised and 
developed further continuously in numerous maritime 
safety related issues by numerous actors. Instead of 
looking at the single policies it is sometimes important 
to think about the system as a whole. Does it achieve 
the goals it is meant to achieve, is it effective, should it 
be changed? 
This paper presents criteria for effective policy 
instruments and it evaluates the current maritime safety 
policy system as a whole in the light of those criteria. 
The paper includes the review of the maritime safety 
policy system and the critique of it. The paper is based 
on literary sources, largely on the articles published in 
the academic journals. The structure of the paper is as 
follows. First, the criteria for effective policy 
instruments are presented. Second, the regulatory 
bodies of maritime safety and maritime safety policy 
instruments are reviewed. After that, the critique and 
the weak points of the system are looked through. In the 
end, the maritime safety policy system is evaluated 
against the criteria for effective policy and the findings 
of the study are discussed. Also an alternative for the 
current system is presented.1 
 
Effectiveness of policy instruments 

Policy instruments can be grouped to three 
groups: regulatory control (jurisdiction and law based 
decrees, restrictions, licences etc.), economic control 
(taxes, subsidies, fees etc.) and information guidance  

                                                 
1 This research has been done as part of the cross-disciplinary research 

project “SAFGOF - Evaluation of the traffic increase in the Gulf of Finland 
during the years 2007-2015 and the effect of the increase on the environment 
and traffic chain activities” of Kotka Maritime Research Centre 
(http://www.merikotka.fi/uk/SAFGOF.php). 

 
(information, voluntary education, certification, awards 
etc.). Policy instruments can be also viewed from the 
viewpoint of what interests are to be protected: private 
goods (the competitiveness of companies) or public 
goods, which the market would otherwise neglect (the 
maintenance of safety and security in the shipping and 
protection of the environment from the harmful effects 
of shipping). Policy instruments can be either 
preventive measures or sanctions and consequences. 
Both preventive measures and consequences can be 
either private (e.g. insurances) or administrative 
measures (e.g. prohibitions) (Figure 1). 

 
Figure 1. Policy instruments 

Government, financial, administrative and 
community resources are limited and must be deployed 
where they are most likely to have the greatest positive 
impact. It is important to assess the strengths and 
weaknesses of the range of instruments in terms of the 
stated objectives and to identify the circumstances in 
which they are most likely to make a positive 
contribution to the outcome sought. (Greiner et al. 
2000)  
       Vieira et al. (2007) have developed a system to 
assess transport policy instruments where the set of 
policies are evaluated against certain criteria and in 
relation to each other. Also Greiner et al. (2000) has 
had very similar criteria for transport policy evaluation. 
These criteria are presented below. 

• Effectiveness refers to the potential 
improvement in the thing that is trying to be 



5th International Conference on Collision and Grounding of Ships 
 

257 

change. It relates to whether an instrument is 
technically suitable for achieving a goal. 
(Greiner et al. 2000; Vieira et al. 2007) 

• Economic efficiency relates the effectiveness 
to the implementation costs of an instrument 
and to the economic efficiency of an 
instrument in a collective sense, assessing the 
total benefits of the associated change in risk 
minimizing against its total costs. (Greiner et 
al. 2000; Vieira et al. 2007) 

• Acceptability refers to the stakeholders’ level 
of agreement on a new policy instrument, and 
to the political and community acceptability of 
an instrument. Acceptability is a necessary 
condition for the durability of the policy. 
(Greiner et al. 2000; Vieira et al. 2007) 

• Enforcement indicates how effectively a 
policy instrument can be implemented. Some 
instruments can be difficult to implement even 
though they would be probably effective. 
Vieira et al. (2007) presents the following 
types of barriers for implementation: legal and 
institutional (legal or regulatory conflicts, legal 
powers are spread through various institutions 
or organizations), resource or financial (lack of 
financial or physical resources to implement 
an instrument), political and cultural (some 
groups oppose policy) and technological (e.g. 
lack of suitable technology). (Greiner et al. 
2000; Vieira et al. 2007) 

• Lateral effects refer to possible spill over 
effects of an instrument for other sectors (e.g. 
reduce of air emissions can improve the health 
of people, which decreases health care 
expenses). (Vieira et al. 2007) 

• Incentive and innovation effects relate to the 
question whether an instrument encourages 
experimentation and change and provides an 
ongoing incentive for improvement. (Greiner 
et al. 2000) 

In comparison with regulatory and economic 
instruments, regulatory instruments are very effective 
and easy to enforce, because they are, by their nature, 
compulsory. The weaknesses of regulatory instruments 
can be their economic efficiency and public acceptance, 
and their enactment and implementation can be 
expensive, difficult or practically impossible. (Vieira et 
al. 2007) Regulatory policy instruments may not 
promote changes or innovations because there is no 
economic incentive (Klemmensen et al. 2007). 

Economic instruments can reach environmental 
targets with good economic efficiency from the point of 
view of more social-efficient allocation of resources. 
However, economic instruments often face acceptance 
difficulties because they tend to increase prices. If they 
have lateral effects or in the combination of other 
policies they can be more acceptable if the price 
increase in the first is compensated by the price 
decrease of the other. Recently the popularity of 
economic regulation has been decreasing because it is 

seen to distort market competition and to reduce overall 
economic efficiency. (Vieira et al. 2007) Effective 
policy instruments should be coherent with overall 
policy orientations. Policies should not be evaluated 
separately. Some set of policies can together be more 
effective than any single policy would be. In their study 
on transport policy instruments, Vieira et al. 2007 found 
that most of the studied policy instruments had positive 
synergy effects, i.e. the effectiveness of instruments 
implemented together is potentially bigger than the 
effectiveness of each instrument separately. It is also 
important to look at which current policies might 
provide conflicting incentives and which should be 
removed. Policy instruments should also be reviewed if 
the context of maritime shipping system changes. 
(Greiner et al. 2000; Vieira et al. 2007; Walker 2000) 
One aspect of the effectiveness of jurisdiction based 
policy instruments is what happens in the case of non-
compliance. Non-compliance should result in penalties 
or economic consequences severe enough to minimise 
the temptation of an actor to break the rules. (Greiner et 
al. 2000) 

Regulatory bodies of maritime safety 
Because ships can move around the world 

between different states, it is appropriate to have 
worldwide regulations on maritime safety matters in 
order to avoid the situation where each coastal state 
would have its own rules on issues like ship structure, 
manning etc. (Stopford 2009). Besides international 
level (UN, International Maritime Organisation IMO, 
International Labour Organisation ILO) maritime safety 
regulation is done also in supra-national (EU), in 
national (Finland, Estonia, Russia), and in regional (the 
Gulf of Finland) level (Figure 2). In principle these 
levels work in the so-called nested hierarchy, which 
means that the international level is the outmost circle 
and other levels are within each other in the circle, and 
inner circles should always be consistent with the outer 
levels of the circle. Otherwise the implementation of 
regulation is likely to be ineffectual. (Roe 2008) 
Besides regulatory bodies there are institutions which 
do not have legislative power but which are somehow 
affecting the maritime safety regulation, for example 
environmental organisations like WWF, classification 
societies and marine insurance companies. There are 
also cases where the United States have legislated 
maritime safety nationally and it has had an effect on 
the entire shipping industry, for example the Oil 
Pollution Act of 1990 (OPA 90) (Luoma 2009). 

 
Figure 2. Example of main regulatory bodies of maritime safety the 
Gulf of Finland 
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United Nations has delegated maritime issues 
mainly to two UN agencies: International Maritime 
Organisation (IMO) and International Labour 
Organisation (ILO). IMO is responsible agency for ship 
safety, pollution and security, and ILO for the laws 
governing maritime personnel. The main instrument of 
both agencies is conventions, which become law when 
they are enacted by each member state. IMO and ILO 
also give codes, guidelines or recommended practices 
on important matters not considered suitable for 
regulation by formal treaty instruments. 

The United Nations Convention on the Law of 
the Sea (UNCLOS) establishes the most fundamental 
rules governing all uses of the oceans and their 
resources including the movements of ships. UNCLOS, 
for example, defines the boundaries between sea zones 
and areas in which coastal state legislation is permitted. 
The rights of the port state are defined by dividing the 
sea into maritime zones: the territorial sea zone, the 
contiguous zone, the exclusive economic zone and high 
sea zones. (Stopford 2009) 

In the past decades it was perceived in IMO that 
there was a need for a system which would take into the 
consideration also the local circumstances. As an 
answer to the problem, IMO developed the concept of 
Particularly Sensitive Sea Area (PSSA) in order to 
protect ecologically sensitive sea areas from the hazards 
of shipping Designation of PSSA is not a regulation in 
its own right, but it serves as a basis for the proposal for 
additional protective measures (APMs). (Roberts 2007) 
APMs given on the basis of PSSA status can include 
routeing systems of ships (traffic separation schemes, 
areas to be avoided, no anchoring areas, inshore traffic 
zones, deep water routes, precautionary areas, 
recommended routes), ship reporting systems, and 
discharge and emission control restrictions. (Mäkinen 
2008)  

In the past, the starting point in the European 
Union was that maritime safety matters should be 
negotiated at an international level and EU did not 
engage itself into this policy area. Neverthless, after 
maritime accidents in European waters, for example the 
capsizing of Herald of Free Enterprise, maritime safety 
issues became into the agenda of the EU. (Pallis 2006) 
At the moment there are over 40 Community 
regulations on maritime safety. National authority has 
shifted to the European Union in maritime issues where 
Community legislation exists. (Ministry of Transport 
and Communications 2009). European Union has been 
making attempts to gain full membership in IMO and to 
present all EU countries with one voice which is 
thought to be more effective than individual state 
representations in IMO. (Roe 2009) 

Helsinki Commission’s (HELCOM) aim is to 
protect the marine environment in the Baltic Sea and it 
deals also with pollution from maritime traffic. 
HELCOM gives recommendations to member states, 
which member states can implement although in legal 
sense they are not obliged to do so. In practise member 
states usually follow the recommendations (Karvonen 

et al. 2006). HELCOM has paid attention for example 
to the following shipping issues: proposals for 
additional safety measures (PSSA), decreasing of 
emissions and discharges from shipping, treatment of 
ballast waters, realisation of systematic hydrographical 
surveying in the main waterways, the development of 
electric navigation charts (ENC; Electronic 
Navigational Charts) and the harmonization of accident 
investigation procedures. (HELCOM 2009; Ministry of 
Transport and Communications 2009) 

National policy level focuses on the 
implementation of the policies agreed at international 
and/or supra-national level (Roe 2008). Piloting, vessel 
traffic services, maintenance of waterways and safety 
devices, nautical charting and weather, water level, ice 
services, waterway maintenance related dues and port 
dues are issues that are usually governed nationally 
(Ministry of Transport and Communications 2009). 
 
Maritime safety policy instruments 
Regulatory instruments 

Regulatory instruments include jurisdiction, 
restrictions, licences, permissions and standards (Vieira 
et al. 2007). Also planning systems can be included in 
regulatory instruments (Ekroos et al. 2002). Regulatory 
instruments are the most widely used policy 
instruments, also in the maritime world.  Table 1 
presents how maritime safety is regulated with 
regulatory instruments. 
Table 1. Maritime safety regulatory instruments 

Regulated 
sector 

 Main 
legislator/actors 

Ship 
construction 
and 
equipment 

• construction and 
subdivision 

• stability 
• equipment 
• stowage 
• navigation 
• handling of the cargo 

→ IMO 

Surveillance 
of ship 
conditions 

• flag state control 
• port state control 
• host state control 
• classification 

societies 
• vetting inspections 

→ IMO 
→ IMO, PARIS 
MOU 
→ EU 
→ private 
companies 
→ private 
companies 
 

Mariners • working conditions 
• employment 

conditions 
• manning of ship 
• safety management  

→ IMO, ILO 
 

Navigation • VTS → IMO 
 • ship reporting → IMO, regional  

co-operation 
 • traffic separation 

scheme and routing 
→ IMO, regional  
co-operation 
 

 • traffic 
recommendations 
and restrictions 

→ IMO, regional 
co-operation and 
nations 

 • piloting → nations 
 • waterway safety → IMO, IALA 
 • nautical charts → IMO 
 • information supply 

about weather, water 
level, ice situation 
etc. 

→ IMO 

 • towage services → nations, private 
companies 
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Economic instruments 
The rationale behind economic instruments is to 

make unwanted behaviour more expensive or wanted 
behaviour cheaper so that companies will have 
economic incentive to change their activities in order to 
avoid extra costs. Economic instruments are used in 
society also to cover the costs of providing 
infrastructure, such as waterways, and to prevent the 
exploitation of common resources. Economic 
instruments can be charges, taxes, subsidies or market-
based mechanisms such as emission trading. 
(Klemmensen et al. 2007) It is typical for maritime 
safety related economic instruments that they are set on 
the national level or they are used between private 
actors (Table 2). 
Table 2. Maritime safety economic instruments 

Regulated sector Main legislator/actors 

Dues related to 
maintenance of waterways 
 

→ nations 

Port dues 
 → nations, private companies 

Marine insurance 
 

→ private companies, IMO 
(obligatory insurances) 

P&I Clubs 
 → private companies 

Liability and 
compensation (oil 
pollution) 
 

→ IMO 

Incentives 
→ private companies, e.g. 
GreenAward Certification System, 
nations 

Information guidance 
Information guidance is premised on the idea 

that justified information makes people, communities or 
companies to change their behaviour patterns. 
Information guidance includes, for example, 
information, standardisation, certification or awards. It 
is characteristic of information guidance that it is based 
on voluntary actions. When regulatory or economic 
instruments are in most cases based on legislation and 
there are consequences in the case of non-conformity, 
the effect of information guidance is totally depended 
on the voluntary interests of an actor. Information 
guidance instruments are in use also in maritime safety 
issues, for example besides legally binding conventions 
IMO gives codes, guidelines or recommended practices 
on important matters.  

Future sights 
New policies are developed both at many levels 

and in many issues to improve maritime safety further. 
Especially the development of navigational aids and 
decreasing the effect of the human factor in accident 
causation are issues where changes can be expected. 
Also the wider use of economic instruments to promote 
maritime safety, such as compensation or green port 

dues, seems to be in the interests of legislators. At the 
same time, existing regulation is also developed to be 
more effective and to be more up to date. In regard to 
existing regulation and to what is under development it 
can be concluded that maritime safety risks are at least 
at the political level taken seriously.  
 
Critique of the current system 
Problems of international maritime safety regulation 

Although maritime safety regulation can be 
proven to have improved maritime safety when for 
example looking at the number of casualties and their 
seriousness, there are still unwanted phenomena in the 
shipping industry from the point of view of maritime 
safety. Shipping causes harmful effects, such as 
environmental pollution or accident caused deaths. Sub-
standard or otherwise obscurely managed ships are able 
to sail in the world seas. Inability of international 
regulation to take into consideration local 
circumstances and special needs has lead to different 
kinds of regional arrangements, which erode the 
international legislation system.  

According to Roe (2008, 2009) current policy-
making fails in many ways on many fronts: it fails to 
have desired effect, it is generated by inappropriate 
bodies (national governments rather than international 
authorities), it is diffuse and partial (Port State Control 
and the failure to eliminate sub-standard ships), and 
many times it is unclear where it emerges, what are the 
motives behind it or what is the methodology for its 
application.  

International regulation process is not easy. It is 
often slow and the result can become a compromise of 
compromises (Stopford 2009). At the regional level 
there would often be preparedness to react more quickly 
to the deficiencies in the maritime safety system. IMO 
does not support regional decision-making and regional 
systems are problematic from the point of view of 
global shipping industry. An example of such occasion 
where national or supra-national legislation has 
conflicted with the international level is the case of 
double-hull tankers, which were first required by the 
United States and the US Oil Pollution Act. Later in the 
EU the number of member states introduced legislation 
to enforce the use of double-hull oil tankers before it 
was agreed on the EU level and well before the date 
recommended by IMO. (Roe 2008; Roe 2009) The 
contradiction in the current maritime legislation system 
is manifested also in the PSSA system, where the 
principle of freedom of the high seas and uniform 
international legislation is challenged. The designation 
of PSSA area can be seen as an attempt to extend 
national and regional authority in the sea area (Uggla 
2007). In fact, such regional arrangements can be 
regarded as a failure of the international system to make 
effective regulation in maritime industry (Goss 2008; 
Kaps 2004).  

IMO legislation can be considered mostly as 
reactive regulation is revised or tightened after major 
sea accidents and preventive actions are still 
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uncommon. This kind of “post accident” policy is often 
unsuccessful. Policy-making is not very comprehensive 
and one particular risk gets too much attention 
(Goulielmos 2001; Karvonen et al. 2006; Knapp & 
Franses 2009).  

At international level national representatives 
make up the IMO, constructing maritime policies for 
globalized industry from a national perspective. 
Problems arise when national interests conflict with 
supra-national ideas. Failures of shipping policies 
derive from the development of internationalised 
ownership of industrial and capital operation resulting 
from national protectionist regulations. (Roe 2008; Roe 
2009) 

The role of third parties in promotion of maritime 
safety 

Regulation depends also on the enrolment of the 
third parties, both public and private (financial firms, 
insurers, government agencies, auditors, consultants, 
etc.). The third parties have the power to influence the 
behaviour of the companies. They can implement 
incentives or sanctions on other parties, from the 
making or breaking of social and economic relationship 
to concrete financial penalties formalised in legally 
binding contracts. Still, the third parties are still rarely 
exploited in promotion of the public interests. In 
maritime regulation such third party actors such as 
associations of shipowners, cargo owners, insurers, 
classification societies and banks have potential to exert 
an influence over ship safety and environmental 
standards. (Bennett 2000)   

The third parties could be enrolled to assist the 
public policy for instance by holding them liable for 
environmental damage caused by their clients, making 
it a legal requirement that the targets of regulators use 
the machinery of third parties (such as auditors or 
insurers). Governments can also create rights such as 
tradable permits and incentives like the less scrutiny by 
regulatory authors. It should also be discussed what is 
the liability of the cargo owner and the shipper in the 
cases of accidents. (Bennett 2000) 

Hänninen (2007) has observed that the marine 
system is lacking egalitarian stakeholder groups which 
would monitor risks and risk taking behaviour in 
maritime transportation. In other industries, such as in 
the nuclear power production and in the forest industry, 
egalitarian watch and interest groups are common and 
they provide fresh and unconventional views on matters 
of safety thus creating pressures on other groups to pay 
attention and upgrade safety related risk classification 
and regulatory practises. 

All the companies in the shipping industry are 
not the same. There are companies, which buy cheap 
second-hand ships, operate them as cheaply as possibly, 
do not mind on safety measures and when repairs 
become too expensive they abandon the ships and their 
crews in some obscure port. There are also companies, 
which are very active in promoting safe shipping: they 
are willing to test new technologies, act as good 

employers and achieve a high reputation among the 
public. The problem is that good and bad companies are 
competing in the same markets. (Goss 2008) The 
shipper plays a crucial role in the maritime safety. For 
example, in the case of Erika accident, it turned out that 
the ship was chartered because of the affordability of 
offered transportation and the shipper did not have 
much interest on the condition of the ship (Karvonen et 
al. 2006). If a shipper requires from a transporter high 
safety level instead of looking solely at a price of 
transportation, obscure firms are not able to operate in 
the markets and distort fair market competition. 

Human factor and safety culture problem 
recognised, but not solved 

Human factor has been identified as the most 
important cause to the maritime accidents (e.g. 
Hänninen 2008; Karvonen et al. 2006; Trucco et al. 
2008) and in all shipping accidents human factor plays 
some role. The development of technology has lead to 
the reduction of failures in technology, which in turn 
has revealed the underlying level of influence of human 
error in accident causation (Hetherington et al. 2006). 
Also the influence of economic pressure in a strongly 
competitive industry may have added to the human 
factor causing shipping accidents (Trucco et al. 2008). 
If the human factor is seen to be the major cause for the 
accidents, effective policies should take into 
consideration how the effect of the human factor in 
accident causes could be diminished. It seems that in 
the shipping industry there is growing awareness about 
the role of human factor in maritime safety, but it 
appears to be difficult to find good policies, which 
would tackle the human factor. Safety management, 
including inspection and training, are commonly 
thought to be the key means of tackling the human 
factor contribution to the accidents (Trucco et al. 2008). 
Also working conditions, safety culture on board, and 
proper use of technological and other tools have a role 
in preventing the human factor caused accidents 
(Karvonen et al. 2006). 

The human factor related errors can be of two 
kinds: active and latent errors. The active errors are the 
ones made by pilot, control room crew, ship officers or 
other operators. But, the biggest threat to a safety comes 
from latent errors, which are caused by poor design, 
incorrect installation, faulty maintenance, poor 
management decisions etc. The active error made by the 
operator is just a finish touch in human factor based 
error leading to the casualty (Hänninen 2008). In other 
words, the human factor based error can be said to be 
the final act of a long and complex chain of 
organisational and systemic errors. According to 
Hetherington et al. (2006), the fundamental error 
inducing character in shipping lies in the social 
organization, economic pressure and in the structure of 
industry. 

Maritime safety is by its nature very complex 
issue and it is as much related to culture as is anything 
else. Such issues as language, authority and 
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communication are all complex and are determined by 
individual and institutional relationships that may or 
may not be affected by jurisdiction and other policy 
instruments. Successful policies need to reflect the 
complexity of inter-relationships and the multiplicity of 
centres of authority that influence safety and 
environmental standards and the implementation of 
penalties in the shipping industry. (Roe 2009) 
 
 Effectiveness of maritime safety policy system 

In chapter 2 the criteria for the effective 
maritime safety policy system were presented. In this 
chapter, each criterion is looked at in the light of the 
current maritime safety policy system in general – does 
it as a whole fulfil the criteria. Naturally there are 
differences between single policies but here the purpose 
is solely to look at the system as a whole. 
 

Effectiveness - policy instrument must be 
suitable for achieving a desired goal 
Most of the maritime safety policy instruments can be 
considered suitable for their purposes. They address the 
things which are straight connected to the operational 
circumstances of a ship and improvement of them is 
likely to have an impact on the safety of shipping. One 
of the problems is that the international legislation 
seems to lack the capability to take into consideration 
local circumstances and to make fast responses when 
needed. PSSA status system and the activity of the 
European Union to legislate maritime safety are signs 
of this problem. Another problem is that it seems 
difficult to find effective policies which would tackle 
the human factor when the human factor is the main 
cause to the most of the accidents at sea. 

 
Economic efficiency - the benefits versus the 

costs of implementing the policy instrument should be 
at balance 
Economic efficiency varies between different policies 
and it is difficult to estimate as a whole. For sure, some 
people say that safety regulation costs too much for the 
industry, because it is so extensive. Nevertheless, in 
principle the costs of implementing international 
regulation should not be the problem for the industry 
because all actors bear the same costs. However, we 
know that this is not the case in the real world. 
Implementation level varies and regional regulation and 
arrangements like PSSA can alter the costs. Still, 
economic efficiency is very important criteria. 
Resources should be allocated so that maximum benefit 
is obtained. There is no point to make regulation which 
costs a great deal to the industry and which has only a 
little impact. The problem is that costs and benefits are 
in many cases hard to calculate and it seems where is no 
comprehensive information about the cost-effectiveness 
of the maritime safety policy system. This is the area 
which needs further development. 
 
 

Acceptability - policy instrument must be 
accepted by stakeholders and community  
In a way, the slowness of the international regulation 
process reflects that such policy instruments which are 
not accepted by stakeholders cannot be legislated, 
because the slow process is a sign that the stakeholders 
have differing opinions on the matter and it takes long 
to negotiate the result which can be accepted by the 
sufficient number of the stakeholders. When looking at 
the broader community, it seems that it would be 
willing and ready to make tighter policies for maritime 
safety but which are not accepted by the industry or 
they are against the principles of maritime law. For 
example, in many instances it has been proposed that 
VTS system should be reached to the whole Baltic Sea 
area, but at the moment it is not possible due to the 
international legislation, which does not allow a coastal 
state to oblige VTS system in high sea zones. (e.g. 
Karvonen et al. 2006)  

 
Enforcement - policy instrument can be 

implemented effectively  
This seems to be the core problem of the current 
system. International regulation which is based on the 
nation-state implementation is not functioning properly. 
In the global scale, there are too large differences in the 
way of implementation of maritime safety regulation. 
The existence of the flags of convenience is the most 
visible sign of it. 
 

Lateral - effects positive spill over effects of the 
policy instrument to other sectors  
At its best, maritime safety policy has many positive 
spill over effects. Safer shipping means less human 
misery and less polluted seas. These achievements 
affect the further society positively in many ways. 
People are healthier, live and work long. Ecosystems of 
seas are protected which improves the possibilities to 
use sea both for commercial and recreational activities 
although these things depend on many other issues as 
well. Safe transportation also decreases transport 
damages and cargo losses. 
 

Incentive and innovation – good policy 
instrument encourages experimentation and gives 
incentives for improvement  
Maritime safety policy is in many aspects very detailed, 
for example with regard to ship construction and 
equipment. The more detailed is the legislation, the less 
there is room for experimentation and innovations. 
Often economic instruments are thought to be better in 
promoting innovations and they are not much used in 
maritime safety policy (e.g. Mickwitz et al. 2008). 
However, regulatory instruments can encourage 
innovation as well and economic instruments do not 
necessarily do that. For example, ISM Code includes 
the requirement for continuous improvement, but as it 
has been perceived in the study of Lappalainen (2008) 
that the shipping industry often lacks that kind of 
culture which would aim at the continuous 
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improvement of safety culture. In sum, how well 
maritime safety policy instruments encourage 
experimentation and innovation varies from policy to 
policy, but it looks like that more attention has recently 
been paid to make policies to be more innovative and 
encouraging for continuous improvement. 

The current maritime safety policy system is 
effective in many respects but the greatest weaknesses 
are the implementation and cost-effectiveness of 
policies and the failure of the system to diminish the 
role of human factor in accident causation. 
Implementation, which is based on the nation-state 
authorities, has not succeeded in the global scale and 
the problem with cost-effectiveness is that there is not 
reliable and comprehensive data about the costs of 
policies both of single policies and of policies in 
comparison with each other. The system allows 
substandard shipping in many respects: the 
implementation of international legislation has not 
succeeded, other companies and actors agree to co-
operate with obscure shipping companies and 
consequences of substandard shipping for the shipping 
company are not severe enough.  

Multi-level or polycentric governance system 
Roe suggests that the problem of making 

effective policies lies in the failure to understand the 
relationships between jurisdictions operating at 
international, supra-national and national levels, which 
makes it possible for uncaring shipowners to take 
advantage of the failings of current regulation systems, 
and in the failure to incorporate the stakeholder 
interests into the jurisdiction process. (Roe 2008; Roe 
2009) 

New approaches to shipping policy at the 
international level have been proposed, such as multi-
level governance or polycentric governance system. 
Multi-level governance means that central government 
authority is dispersed both vertically to locate at other 
territorial levels and horizontally to non-state actors. 
Multi-level governance is thus characterised by 
overlapping and multiple jurisdictions in contrast to the 
simple hierarchical approach, and it allows the 
integration of state and non-state actors and the 
dispersion of state activity to supra-national, regional 
and local authorities in a way that reflects the shipping 
industry itself.  Polycentric governance systems go one 
step further: it is a more complex policy-making 
framework encompassing a variety of policy-generating 
origins across all types of institutions, both private and 
public (governments, interest groups, political parties, 
commercial companies etc.) International jurisdiction 
gives levels but the concrete measures can be decided 
locally in co-operation with different actors. These 
governance systems may offer a mechanism to reflect 
the actual activities within the maritime sector and the 
priorities of stakeholders involved. (Roe 2008; Roe 
2009) However, such change in international legislation 
seems to be remote. 
 

Summary and conclusions 
Various international, regional and national 

policy instruments aim at minimizing the risks of 
accidents and other harmful effects of maritime traffic. 
This paper has presented a short summary on the 
maritime safety policy and the criteria for effective 
policies. Then, the effectiveness of the maritime safety 
policy system has been evaluated.  

Policy instruments can be grouped to regulatory, 
economic and information guidance instruments. 
Maritime safety is enhanced with all these instrument 
types although most prominently with regulatory 
instruments. Due to the international character of 
shipping industry, the regulation of maritime safety is 
aimed to be done mostly at international level but there 
are also regional and national bodies involved. 

According to literature, effective maritime 
policy instruments should fulfil at least following 
criteria: 1) effectiveness policy instrument must be 
suitable for achieving a desired goal, 2) economic 
efficiency the benefits versus the costs of implementing 
the policy instrument should be in balance, 3) 
acceptability policy instrument must be accepted by 
stakeholders and community, 4) enforcement policy 
instrument can be implemented effectively, 5) lateral 
effects the positive spill over effects of the policy 
instrument for other sectors, and 6) incentive and 
innovation good policy instrument encourages 
experimentation and gives incentives for improvement. 

There is increasing amount of maritime safety 
regulation, and in overall, the number of maritime 
accidents has decreased during past decades. Most of 
the regulation has been effective in preventing accidents 
and incidents. Still accidents and incidents happen at 
sea and the current regulation system can be criticised 
for several points. Making international regulation is 
not easy: regulation processes in IMO tend to be slow 
and the result can become the compromise of 
compromises. Regulation is mostly reactive instead of 
preventive and regulation is revised after accidents. 
Work of IMO is based on the participation of nation-
states and on the implementation of regulation by flag 
states and all flag states do not have the same 
implementation standards. This has lead to the situation 
that there are several inspection systems which aim at 
the eliminating operation of sub-standard ships and still 
sub-standard ships are able to sail in the world seas. The 
failure of IMO to provide fast responses and to take into 
consideration local circumstances in regulation has lead 
to the situation where for example European Union 
gives its own maritime safety legislation and there are 
such arrangements as Particularly Sensitive Sea Areas. 
When comparing the current maritime safety policy 
system as whole with the criteria of effective policies, it 
can be concluded that in many respects the current 
system is effective but the greatest problems are in 
implementation and in cost-effectiveness. The nation-
state based implementation system is not functioning 
properly and the existence of the flags of convenience is 
the clearest sign of that. Cost-effectiveness of policies is 
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hard to calculate, both of single policies and of the 
policies in comparison with each other. This is the area 
which needs further research and better methods. 
Maritime safety regulation is mostly regulatory and 
probably economic instruments could be used more. 
Also third parties, for example shippers, insurers or 
auditors, are an unused resource in the promotion of 
maritime safety. However, there are some inherent 
problems in the system: flag state based 
implementation, the difficulty of making truly global 
and effective regulation which can react fast to needs of 
change, and the problems of safety culture in the 
shipping industry. Before these problems are solved, the 
major improvements of maritime safety cannot be 
expected to happen and ultimately single policies will 
only be band-aid solutions to the problem not 
interfering in the actual causes of bleeding. 
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