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ABSTRACT 

The thesis studies the grounding behavior of double bottom tankers and 
proposes a simplified model for the rapid prediction of bottom damage. The 
model is intended for risk analyses studies where a large number of grounding 
scenarios are simulated. 
 Simplified equations were developed on the basis of a regression analysis of 
the results of a series of numerical grounding simulations conducted with 
tankers of different lengths for different ground topologies and penetration 
depths. First, the simplified equations were derived to calculate the grounding 
resistance. The longitudinal length of the damage was evaluated based on the 
resistance and the kinetic energy of the ship. The damage opening widths in the 
outer and inner bottom were given as a function of the penetration depth and the 
parameters describing the rock size and the ship size. To improve the prediction 
of the onset of the inner bottom failure, a critical relative penetration depth 
required for the breaching of the inner hull was derived. 
 The influence of the longitudinal and transverse bulkheads was analyzed via 
an additional set of numerical simulations conducted with the tanker models 
including the bulkheads. Our analysis showed that the presence of the 
longitudinal bulkhead increases the average grounding force substantially, while 
the effect of the transverse bulkheads is less significant. A term which depends 
on the penetration depth was added to the grounding resistance to take into 
account the contribution from the longitudinal bulkhead. The damage opening 
formulas were updated to account for the bulkheads. 
 The relevancy of the mathematical models in the bottom shape description 
was investigated. Grounding response in terms of dissipated energy was 
evaluated for a real rock and for four mathematical approximations. It was 
revealed that the mathematical representation of the bottom topology is of great 
importance in the grounding response. It was shown that the parabolic rock 
model used in this thesis yields to sufficiently accurate predictions for the 
grounding response and thus is applicable for the risk analysis studies. 
 To exemplify practical application of the damage assessment model, it was 
combined with the oil spill model, the spill propagation model and the 
environmental consequence assessment model. To demonstrate the performance 
of the integrated model, geographic site- and date-specific grounding accidents 
were simulated: evaluating the size of damage opening, oil spill amount and 
duration, spill propagation trajectory and resulting environmental consequences.  
In conclusion, this thesis presents a set of simplified equations for the 
calculation of the grounding resistance, the longitudinal damage extent and the 
opening widths in the double bottom structure of a tanker. Since only a limited 
number of parameters are required to define the grounding scenarios, the 
simplified equations are easily applicable in the risk analysis studies. 
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KOKKUVÕTE 

Käesolevas doktoritöös on uuritud topeltpõhjaliste tankerite karilesõidul 
tekkivaid vigastusi ja on välja töötatud lihtsustatud mudel vigastuste kiireks 
hindamiseks. Mudel on mõeldud rakendamiseks riskianalüüsides, kus 
analüüsitakse suurt hulka karilesõidu stsenaariume. 
 Mudel põhineb erineva suurusega tankerite karilesõidu simulatsioonidel 
kasutades lõplike elementide meetodit. Algul vaadati ilma vaheseinteta 
tankereid ja eri suurusega karisid. Andes ette kari sissetungisügavuse laeva, 
arvutati kontaktjõud, vigastuse laiused ja dissipeerunud energiad plaadistutes. 
Füüsikaliste parameetrite vaheliste seoste saamiseks on kasutatud 
regressioonanalüüsi. 
 Algul on tuletatatud lihtsustatud seosed horisontaalse kontaktjõu hindmiseks 
tankeri kokkupõrkel kariga. Vigastuse pikkuse saamiseks on võrdsustatud 
kontaktjõu töö ja laeva kineetiline energia. Laeva topeltpõhja välimise ja 
sisemise plaadistu vigastuse laius on avaldatud sissetungisügavuse ning laeva ja 
kivi iseloomustavate parameetrite funktsioonina. Tankeri sisepõhja purunemise 
täpsemaks hindamiseks on välja töötatud kriteerium, mis määrab siseplaadistiku 
purunemise kriitilise sissetungisügavuse. 
 Tankeri piki- ja põikivaheseinte mõju uurimiseks on arvutatud karilesõidul 
tekkivad vigastused vaheseinu sisaldavate laevade korral. Analüüsidest selgus, 
et pikivaheseinte olemasolu korral vigastuste tekkimiseks vajalik kontaktjõud 
suureneb märkimisväärselt, samas põikivaheseinte mõju vigastuste tekkimisele 
on vähene. Seetõttu kontaktjõu avaldis on korrutatud läbi korrektsioonteguriga, 
mis võtab arvesse pikivaheseina mõju. Vigastuse laiuse hindamisel on arvesse 
võetud vaheseinte mõju. 
 Töös on uuritud ka kari mudelite mõju tankeri vigastustele. Selleks arvutati 
karilesõidul tekkiv dissipeerunud deformatsioonienergia nelja reaalse 
(mõõdetud) kujuga kari (kivi) ja nende ligikaudsete approksimatsioonide korral. 
Selgus, et karilesõidul tekkiv dissipeerunud energia ja kontaktjõud oli tundlik 
aproksimatsioonide suhtes. Osutus, et väljatöötatud mudelis kasutatud 
paraboloidne kari mudel võimaldab piisavalt täpselt hinnata karilesõidul 
tekkivaid nähtusi. 
 Demonstreerimaks välja töötatud vigastuste hindamise mudeli praktilisust, 
seoti see mudelitega, mis hindavad õli väljavoolamist vigastatud laevast, sellele 
järgnevat õli levikut ja vastavaid keskkonna kahjustusi. Integreeritud mudelit on 
demonstreeritud juhtumi analüüsiga, milles simuleeriti õlitankeri karilesõitu 
reaalses kohas, reaalsetel ilmastikutingimustel kindlal kuupäeval. 
 Kokkuvõtteks, käesolevas doktoritöös on välja töötatud lihtsustatud seosed, 
mis võimaldavad hinnata kontaktjõudu, vigastuse pikkust ja selle laiust karile 
sõitnud õlitankeri topeltpõhjas. Kuna mudel vajab karilesõidu stsenaariumi 
kirjeldamiseks vähe sisendparameetreid ja on seostatav õli väljavoolu mudeliga 
(Sergejeva et. al., 2013), seetõttu on sobiv kasutamiseks riskianalüüsides. 
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ORIGINAL FEATURES 

In the risk analyses, large numbers of accidental grounding scenarios are 
studied. To be able to evaluate consequences within reasonable time and with 
limited input data, a fast damage assessment tool is needed. The existing models 
require either too detailed information or are too time consuming. This thesis 
presents a set of practical simplified equations for the calculation of the 
grounding resistance and the damage extent in a double bottom structure of a 
tanker. Since only a limited number of parameters are required to define the 
grounding scenarios, the simplified equations are easily applicable in the risk 
analyses studies. 
The following features of this thesis are believed to be original: 

1. In P1, an approach for the evaluation of the grounding resistance and 
the extent of structural damage based on a limited number of 
parameters is proposed. In the resistance formula, the influence of the 
rock size and the ship size on the grounding force is given in separate 
functions so their contribution is separated. Ship’s characteristic 
resistance to the grounding is defined via single constant – a structural 
resistance coefficient.  

2. In P2, the ship structural resistance coefficient is presented as a function 
of ship length. In P3, a procedure based on deformed steel volume is 
presented to account for the ship’s structural configuration in the 
resistance coefficient. 

3. In P3, a term that depends on the rock penetration depth was added to 
the grounding resistance formula to take into account the contribution 
from the bulkheads.  

4. In P2, the damage opening widths in the outer and inner bottom were 
expressed as a function of the penetration depth, rock size and ship size. 
A critical relative penetration depth required for the breaching of the 
inner hull was derived as a criterion. The bulkheads effect on the 
damage opening formulas is taken into account in P3. 

5. P4 presents the practical application of the developed formulas. For 
that, the developed formulas are combined with the oil spill model, spill 
propagation model and the environmental consequence assessment 
model. Such integrated simulation environment allows for a rapid 
analysis of a grounding accident and resulting consequences in means 
of the description of the oil spill and the environmental consequences. 
In P5, the relevancy of the mathematical models used to describe the 
bottom shapes is studied. It was revealed that the mathematical 
representation of the bottom topology has a great importance on the 
grounding response. It is shown that the parabolic rock model used in 
this thesis yields to sufficiently accurate predictions for the grounding 
response. 
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1 INTRODUCTION 

1.1 Background 

Increasing cargo flows all over the world have affected the density of marine 
traffic and thus risks for accidents. For example, it was shown by Brunila and 
Storgård (2012) that in the past ten years, the oil transportation in the Gulf of 
Finland has quadrupled, which makes it a region of the highest risk in the 
world. However, the number of collisions and groundings with oil and chemical 
tankers in the mentioned region has stabilized (Kujala et. al., 2009), indicating 
the efficiency of existing measures towards increased safety at seas. 
 As the traffic continues to increase, it is necessary to further improve various 
measures to increase safety at seas. The most severe environmental 
consequences are caused by accidents with oil and chemical tankers, which in 
the worst case can lead to extensive oil spill. Accidents can be prevented and 
their consequences reduced by implementing safety measures that can be 
developed through risk analyses conducted for certain transportation areas. In a 
risk analysis, possible impact on the environment and on human lives, i.e. the 
consequences, can be evaluated for typical accidental scenarios. The 
consequences in terms of oil spill can be determined directly if there is 
information on the damage opening size in the ship bottom. In the risk analyses, 
the severity of a grounding scenario is typically assessed by using a 
combination of reported accidental statistics and expert opinions (Valdez et. al., 
2016). Such risk analyses are sea area specific and large numbers of scenarios 
are considered. Typically, the ships participating in accidents are described only 
by their type and main dimensions, i.e. the information about the ship’s 
structural configuration is not available. With limited available information, 
there are no effective tools or methods to provide damage assessment. Thus, this 
thesis aims to develop a practical model where the damage extent can be 
evaluated for scenarios in which only the ship size and the bottom 
characterization are used as input. 
 Any model development is related to simplifications and thus uncertainties 
with respect to the reality. The grounding process is a complex nonlinear 
process where highly coupled effects, such as large contact forces, large 
structural deformations and hydrodynamic loads, are coupled. To simplify the 
problem, grounding analyses are generally divided into two sub tasks- external 
dynamics and internal mechanics. The external dynamics evaluates the ship 
motions, resulting in the energy to be absorbed by structural deformations, 
while the inner mechanics evaluates the deformations that the structures 
undergo while absorbing that energy. 
 Furthermore, the complexity of a grounding problem depends on whether the 
ship moves horizontally, vertically or is a combination of them with respect to 
the seabed obstruction. If a ship grounds over a sharp rock, then the grounding 
is termed as “bottom raking” and if over blunt “shoal”-type seabed, then the 
term of “bottom sliding” is used (Alsos and Amdahl, 2007). Furthermore, 
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“hard” grounding refers to a grounding with undeformable seabed such as 
rocks, while the “soft” grounding takes place on deformable seabed. These 
different classifications correspond to different structural behaviors of a ship 
bottom, which yield to different failure models. Most of the studies in the field 
of grounding analyses address the inner mechanics in accidental grounding 
scenarios where detailed information for ship structural arrangement is 
commonly required. 

1.2 State of the art 

Assessment of ship grounding consequences has been a subject for a large 
number of research studies. The methods used for the assessment of grounding 
consequences can be divided into four categories: 

1) empirical and statistical models 
2) numerical simulation models 
3) simplified expressions for ship structural elements 
4) analytical and semi-analytical analysis tools for ship grounding 

analysis. 

One of the first empirical models in the field was created by Minorsky (1959) 
who studied actual collision accidents and found that the energy absorbed by 
ship structures is in linear correlation with the deformed steel volume. It was 
shown by Vaughan (1977) that similar linear dependence is also valid for ship 
groundings. To determine the damage extent, both models require rather 
detailed information for ship scantlings. However, these models can be used as 
remote experimental validation for other simplified models. A convenient 
application in terms of risk analysis was adopted in 1995 by the International 
Maritime Organization (IMO, 1995) which was revised in 2003 (IMO, 2003). 
These guidelines present a probabilistic procedure for assessing the damage 
extent and oil outflow performance of an oil tanker design in collision and 
grounding. The guidelines are based on the damage density distributions which 
were derived from the actual damage data of 63 groundings and 52 collision 
accidents of oil tankers, chemical tankers and Ore/Bulk/Oil carriers. It has been 
argued (e.g. by Sirkar et. al., 1997, Rawson et al., 1998, Pedersen and Zhang, 
2000) that a major shortcoming in the IMO guidelines is that grounding and 
collision damages normalized by the main dimensions of the ship have the same 
probability density distributions regardless of a particular structural design and 
ship size. Furthermore, Pedersen (2010) claims that the grounding damage does 
not scale linearly with respect to the ship dimensions, thus questioning the 
approach based on the statistical curves. The probability density functions also 
overlook the size and shape of the bottom topology, i.e. there is no relationship 
between the damage size and the bottom topology. 
Experiments are the most straightforward method to understand structural 
failure mechanisms. In the mid 1990s several large-scale grounding experiments 
at a scale of 1/4 were conducted, as reported by Rodd and Sikora (1995) and 
Vredeveldt and Wevers (1995). In both tests, double bottom structures for 
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tanker models and cone shaped models for intruding rocks were used to provoke 
the tearing failure modes. Due to the high, costs such tests are rare and clearly 
are not an option for analyzing large numbers of grounding scenarios. However, 
these results still provide valuable validation for the analysis models and are 
here considered when developing the criteria for critical penetration depth in P2.  
Due to the rapid evolution of computer capability, the numerical grounding and 
collision simulation models are regarded as the “new experiments”, which allow 
more elaborated studies of the grounding phenomenon. The main challenges in 
such simulations are the proper representation of structural configuration, 
definition of material properties, simulation of the material failure and the 
selection of the element size. Numerous publications presenting the nonlinear 
finite element (NLFE) technique for grounding simulations exist, see among 
others Kitamura (2002), Naar et. al. (2002), Alsos and Amdahl (2007), 
Samuelides et. al (2007), AbuBakar and Dow (2013). The material and failure 
modeling in the NLFE analyses is discussed, for example, in Woelke et. al. 
(2013), Walters (2014) Kõrgesaar and Romanoff (2014), and Kõrgesaar (2015). 
Concerning the complexity of the problem, NLFEA is still expensive because it 
is time- consuming in terms of modeling and computation, and requires detailed 
description of the structural configurations. 
 One alternative to the NLFEA grounding simulations is the simplified 
analytical models where the total response of bottom structure is obtained 
through the summation of the responses of separate structural members. 
Simplified models focusing on the raking-type grounding are contributed by 
Wang et. al. (1997), Wang et. al. (2000), Zhu et. al. (2002), Friis-Hansen and 
Simonsen (2002). One of the primary energy absorbing mechanisms in a 
“raking” is the plate tearing process for which theoretical models have been 
developed among others by Ohtsubo and Wang (1995), Simonsen and 
Wierzbicki (1997), Simonsen (1998), Zhang (2002). Significantly fewer models 
are dedicated to “sliding”-type grounding (with blunt seabed) (Hong and 
Amdahl, 2012, Gao and Hu, 2015). The primary deformation modes for 
individual structural members are sliding deformation of longitudinal girders, 
denting and crushing of transverse members and indentation of bottom plating. 
Simplified models for web girder crushing are proposed by Hong and Amdahl 
(2008), Liu and Soares (2015), Yu et. al. (2015). Based on simplified methods 
for external and internal mechanics, several tools or software packages have 
been made available for collision and grounding analysis, for example, 
DAMAGE (Damage Assessment of Grounding Events) developed by Little et. 
al. (1996) and Simonsen (1999). This tool predicts grounding damages 
assuming a penetrating rock to have a conical shape. It solves the external 
problem uncoupled from internal problem and applies calculated absorbed 
energy to the plastic deformation for response calculations. External problem 
applies the principle of conservation of linear and angular momentum. The 
model for internal mechanics is based on the direct contact deformation of 
super-elements. 
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 Friis-Hansen and Simonsen (2002) developed GRACAT software for ship 
grounding and collision analysis. The software consists of three basic modules: 
accident frequency, damage and consequence. The damage can be evaluated in 
a deterministic or probabilistic mode. Internal mechanics and external dynamics 
are uncoupled in the grounding simulation problem. To evaluate the structural 
deformations, theoretical models for structural elements are considered.  
 These simplified models and software tools that include different theoretical 
models provide very deterministic assessment for the grounding response. The 
theoretical models are highly dependent on the topology of the seabed obstacle 
assumed in the development of the methods. These theoretical models require 
detailed data about ship scantlings, e.g. plate thicknesses, girder and stiffener 
spacing, etc. As such detailed information is not often available, their 
application for risk analysis purposes is difficult. 
 Methods that combine numerical simulations or accidental data or 
experiments with the regression analysis allow developing formulas that 
consider main dependencies between the grounding response and the relevant 
parameters. Simonsen et. al. (2009) developed an empirical damage prediction 
formula, which is based on a combination of full-scale testing and extensive 
non-linear finite element analyses. Curves expressing horizontal force as a 
function of the damage extent were obtained from 12 grounding finite element 
simulations and then tuned to give a best possible fit with the formula. The 
shortage is that the formula is limited only to groundings over sharp rocks 
(raking) where plate tearing is a dominant failure mode. Furthermore, this 
model calculates the damage size, which is not the same as the damage opening, 
thus the output cannot be directly used for the basis of the oil spill calculations. 
A major shortcoming of the existing simplified models and tools is that while 
focusing mainly on determining the resistance force and the dissipated energy, 
they require rather detailed information on the ship structural scantlings. 
Moreover, the existing models do not enable assessment for the size of the 
damage opening, which is essential for the calculation of oil spill. 

1.3 Objective of the Thesis 

The objective of this thesis is to develop a simplified model suitable to assess 
the damage of double bottom tankers for hard grounding accidents where only 
limited information regarding the ship is available. Therefore, the thesis has the 
following objectives: 

 To develop simplified formulas for the grounding resistance as a 
function of main input parameters: – rock penetration depth, rock size 
and the ship size; 

 To develop simplified formulas for the damage opening width in the 
outer and inner plating of a double bottom tanker; 

 To develop a criterion for the onset of failure in the inner bottom; 
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 To develop simple relationships to characterize ship’s structural 
resistance based in its length or, if available, based on its structural 
configuration; 

 To study the influence of the mathematical approximation of the bottom 
shapes; 

 To integrate the damage assessment model into a combined simulation 
tool, allowing us to evaluate the description of the damage opening, the 
amount and the duration of the oil spill, spill trajectory in the sea and 
the environmental consequences. 

1.4 Scope of work 

The thesis comprises the method development and the application example (see 
Figure 1). Focus in P1 to P3 is on the development of the simplified formulas 
for the grounding resistance and the damage size. The resistance formula 
consists of functions that express the contribution from the ship size, rock size 
and a contact area in between. Such architecture allows changing each 
component individually. The equations are based on a series of numerical 
grounding simulations conducted with tankers of different lengths. The 
simulations were performed for different bottom topologies and penetration 
depths. 
 In P1, a simplified approach was developed for the evaluation of the 
grounding force and the longitudinal extent of the structural damage. P1 
excludes the contribution of the longitudinal and transverse bulkheads and 
focuses on the relationships between the main parameters such as the rock shape 
and ship’s main dimensions. Here, grounding force is assumed proportional to 
the product of contact pressure and the contact area. A ship’s structural 
resistance was characterized by a single parameter denoted as structural 
resistance coefficient that depends on the ship length. The longitudinal length of 
the damage was evaluated based on the kinetic energy of the ship. 
 P2 addresses the evaluation of the vertical and transverse damage extent. 
The damage opening widths in the outer and inner bottom were given as a 
function of the penetration depth, the rock size and the ship size. To improve the 
prediction of the onset of the inner bottom failure, a critical relative penetration 
depth required for the breaching of the inner hull was derived. 
 P3 studied the influence of the longitudinal and transverse bulkheads on the 
grounding behavior. In total, additional 90 grounding scenarios were 
numerically simulated with the tanker models, including the bulkheads. 
Analysis showed that the presence of the longitudinal bulkhead increases the 
average grounding force substantially, while the effect of transverse bulkheads 
is less significant. An additional term was introduced to the grounding 
resistance formula to take into account the contribution from the longitudinal 
bulkhead. Also, the damage opening formulas were updated to account the 
bulkhead’s effect. P3 also proposes a routine where the ships structural 
resistance coefficient can be approximated based on the steel volume deformed 
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in grounding. Moreover, simulations revealed that a linear relationship exists 
between the steel volume of the deformed material and the energy absorbed in 
ship grounding. This relationship can be used to predict the grounding force if 
detailed data for the ship scantlings are available. 

 
Figure 1. Outline of the investigation. 

 P4 presents the practical application of the developed damage assessment 
model for an accidental scenario. For the analysis, the damage assessment 
model is combined with the oil spill model (Sergejeva et. al., 2013), spill 
propagation model (SMHI, 2012) and the environmental consequence 
assessment model (Aps et. al., 2009), (Aps et. al., 2014). The performance of 
the integrated model was exemplified by simulating a number of grounding 
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accidents and resulting environmental consequences. The study showed the 
possible environmental consequences in terms of spilled shore line lengths and 
the affected Natura and Natura Bird area if a 180 m long tanker grounds close to 
the Port of Muuga, Estonia, in October 2013. 
 P5 investigated the relevancy of the mathematical models used to describe 
the bottom shapes. Four different bottom topologies were studied, each 
described with four mathematical models and with one model following the real 
shape of the rock. Grounding response in terms of dissipated energy was 
evaluated for all the models. It was revealed that the mathematical 
representation of the bottom topology is of great importance in the grounding 
response. It was also shown that the parabolic rock model used in this thesis 
yields to sufficiently accurate predictions for grounding response and thus is 
applicable for the risk analysis studies. 
 In conclusion, this thesis presents a set of simplified equations for the 
calculation of the grounding resistance, the damage extent and the opening 
widths in a double bottom structure of a tanker. Since only a limited number of 
parameters are required to define the grounding scenarios, the simplified 
equations are easily applicable in the risk analysis studies. 
 

1.5 Limitations 

This thesis proposes a simplified model that allows quantifying the grounding 
response and the damage size. The simplicity of the model is achieved by 
considering only main dependencies. Thus, the following simplifications were 
made: 

a) The thesis focuses on the hard grounding while deformable seabed is 
not considered. 

b) The developed simplified formulas are applicable only for tankers with 
double bottom structures. 

c) The aim of the numerical simulations was to analyze how the ship 
particulars and the rock size influence the grounding resistance and the 
extent of the damage at a given penetration depth. Therefore, as a 
simplification, actual grounding dynamics was neglected, penetration 
was assumed constant and the numerical simulations were conducted in 
a displacement-controlled manner. 

d) The seabed topology is described with a parabolic function. 
e) The developed simplified formulas depend on the material and 

structural configuration used in the numerical grounding simulations. 
Ships used in the analysis satisfy the requirements of Harmonized 
Common Structural Rules for Oil Tankers (HCSR-OT) by IACS 
(2014). 
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2 NUMERICAL GROUNDING SIMULATIONS 

In total, 150 numerical grounding simulations were conducted to study the 
grounding response of the double- bottom tankers. The aim of the numerical 
simulations was to analyze how the ship particulars and the rock size influence 
the grounding resistance and the extent of the damage at a given penetration 
depth. Four double bottom tankers of different lengths were studied to cover the 
range from 120 m to 260 m in length. Each tanker was analyzed for different 
penetration depths and for different rock sizes. 
 In P1 and P2, the grounding resistance and the damage size was studied 
without including the bulkheads since the focus was on the double -bottom 
structures as the main contributor to the grounding resistance. Such 
simplification was considered to reveal a relationship that is more apparent 
between the main input parameters, grounding resistance and the damage 
extent. For each tanker, only part of the midship region was modelled. The 
length of the model was selected to provide sufficiently long data series for the 
evaluation of the grounding force and the damage size. Moreover, the length of 
the models was chosen such that the influence from the boundary conditions is 
minimal. Numerical simulations were conducted with four different rock sizes 
covering the range from sharp rock to blunt “shoal”-type rock. The shapes of all 
the rocks were given with the parabolic equations where a single parameter a 
defines the rock size: 

 

a

y
z

2
 , (1) 

where z and y denote the vertical and horizontal coordinate. The following 
rocks sizes and notations were used in the analysis and the development of 
simplified formulas: a=3 (rock A), a=6 (rock B), a=12 (rock C) and a=24 (rock 
D). 
 As the focus was on the determination of the structural resistance and the 
damage size at a given penetration depth, the rigid body ship motions were 
restricted. The numerical simulations were conducted in a displacement-
controlled manner, where the rigid rock first moved to a required penetration 
depth and continued to move at the constant penetration depth along the ship at 
a constant velocity of 10 m/s.  
 In P3, additional 90 grounding simulations were conducted to study the 
influence of the longitudinal and transverse bulkheads. FE models of double- 
bottom tankers with bulkhead structures were generated using GL Poseidon 
software. Tankers with the lengths of 150, 190 and 260 m were included in the 
analysis. In order to investigate the effect of the bulkheads on the grounding 
resistance and the damage size, the grounding simulations were done for two 
transverse rock locations: (i) between the longitudinal bulkhead and the ship 
side, i.e. at B/4 and (ii) directly under the central longitudinal bulkhead, i.e. at 
B/2, see Figure 6a. 
 Each numerical simulation provided (i) horizontal grounding force-time 
history, (ii) average damage widths in the outer and inner bottom, (iii) volume 
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of the deformed elements, (iv) deformation energy (see Figure 2) and critical 
penetration depth required for the inner bottom failure. These outputs formed 
the basis for the derivation of simplified formulas for the grounding resistance, 
damage size and the criterion for estimating inner bottom failure. In order to 
present the force outcome of each numerical simulation via single value, an 
average grounding force was evaluated over each force time-history. 
 
 

 
Figure 2. Output from numerical simulations. 
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3 GROUNDING FORCE 

In P1, the simplified formula was developed for the average grounding force as 
a function of penetration depth and the parameters describing the rock size and 
the ship size. In P3, an additional term taking into account of the bulkheads was 
introduced to the equations. To derive the universal equations for different rock 
and ships sizes, the grounding resistance was evaluated as a function of contact 
pressure and the contact area.  

3.1 Contact force and pressure 

As a result of numerical simulations, the average grounding force was obtained 
for each combination of ship length, penetration depth and rock size. The aim in 
P1 was to derive a single universal equation describing these dependencies. This 
was achieved by presenting the horizontal contact force F as a product of the 
contact pressure and the contact area: 

,ܮሺܨ  ܽ, ,ߜ ݄ௗሻ ൌ ܲ ∙ ܣ ൌ ݂ሺܮሻ ∙ തܲሺܽሻᇣᇧᇧᇧᇤᇧᇧᇧᇥ
௧௧ ௦௦௨ 

∙ ,ሺܽܣ ,ߜ ݄ௗሻᇣᇧᇧᇤᇧᇧᇥ
௧௧  

 
(2) 

where the function ݂ሺܮሻ characterizes the structural resistance level of the ship 
as a function of its length L, തܲሺܽሻ is the normalized ship size-independent 
contact pressure as a function of the rock size a and 	ܣሺܽ, ,ߜ ݄ௗሻ is the contact 
area between the rock and the double-bottom structure. For the sake of 
simplicity, the contact area A is defined as a projection of the contact surface to 
YZ plane, see the hatched area in Figure 3. The contact area is a function of the 
penetration depth , the rock size a and the double bottom height hdb, see Eqs. 
(4)-(5) in P1. 

 
Figure 3. Contact area between the rock and the ship. 

The concept of normalized contact pressure ഥܲሺܽሻ was found useful in P1 to 
separate the dependency of the ship parameters and the penetration depth from 
that of the rock size a. The normalized contact pressure polynomial ഥܲሺܽሻ was 
derived with the help of the regression analysis as follows. From the numerical 
analysis, the contact pressure was obtained for each simulation by dividing the 
numerically obtained average grounding force FH with the contact area A: 

 
,ሺܽ , ݄ௗሻ ൌ

ுܨ
ܣ

 (3) 
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This operation removes the double bottom height hdb from the pressure 
equations. The pressure values obtained with Eq. (3) are presented in Figure 4a 
with markers. Fitting a polynomial trendline through the pressure values results 
in three polynomials Pi(a) (superscript i denotes the ship and i=T120, T190 or 
T260), each presenting the contact pressure for a certain tanker i as a function of 
the rock size a. Since the shape of polynomials is similar but the magnitude 
differs, the polynomials were normalized with respect to the area Si under the 
corresponding polynomial i. The normalized polynomials are gathered to Figure 
4b. Due to practically identical shape of the normalized polynomials, they can 
be presented via the single uniform pressure polynomial തܲሺܽሻ, see Figure 4b 
and P1: 

 തܲሺܽሻ ൌ ሺ1.8 ∙ 10ିଷܽଶ െ 7.4 ∙ 10ିଶܽ  1.2ሻ (4) 
 

 
Figure 4. Contact pressure polynomials and structural resistance coefficients. 

The ratio of the areas under the curves ܲሺܽሻ and തܲሺܽሻ characterizes ship’s 
structural resistance. Throughout the thesis it is termed as the ship structural 

resistance coefficient ்ܿ̅ ൌ ܵ
ܵ̅
ൗ , where ܵ̅ is the area under തܲሺܽሻ. In P2, it was 

concluded that the coefficient ்ܿ̅  can be approximated with a bilinear function 
݂ܿܶሺܮሻ, which depends only on the ship length L, see Figure 5 and Eq. (7) in P2.  

In P3, the tankers with the longitudinal and transverse bulkheads were analyzed. 
The tankers were designed according to the HCSR-OT rules using GL Poseidon 
software. Using the above approach, the functions ഥܲሺܽሻ and ݂ܶܥሺܮሻ were 

updated to account the bulkhead effects, see Section 3.3. 
 Given the formulations for the structural resistance coefficient ்ܿ̅ , for the 
pressure polynomials and for the contact area, the average horizontal grounding 
force for a scenario where a ship i runs over a rock a at the penetration depth  
can be calculated using Eq. (2). 
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Figure 5. Functions fCT (L) for the structural resistance coefficient ்ܿ̅ : (a) based on 
tankers used in P1 and P2 and (b) based on tankers (with the bulkheads) used in P3. 

3.2 Structural resistance coefficient as a function of material 
volume 

Previous section presented the structural resistance coefficient ்ܿ as a function 
of the ship length. However, if information about the ship structural 
configuration is given, it might be desirable to evaluate the ்ܿ value 
corresponding to this configuration. In P3, an analytical procedure was used a 
more ship-specific estimate of the coefficient through the approximation of the 
volume of the deformed material. It was shown in P3 that the ratio between the 
resistance coefficients is roughly equal to the ratio between the deformed steel 
volume (superscripts i and j denote different ships): 

 ்ܿ̅ 

்ܿ
ൌ

തܸ௧
ሺܽ, ሻߜ

തܸ௧
 ሺܽ, ሻߜ

→ 

்ܿ̅  ൌ
തܸ௧

ሺܽ, ሻߜ

തܸ௧
 ሺܽ, ሻߜ

்ܿ̅ , 

(5) 

where തܸ௧
ሺܽ, ሻ and തܸ௧ߜ


	ሺܽ,  ሻ are approximations for the steel volume toߜ

be deformed per unit length in a certain grounding scenario defined via the rock 

size a and the penetration depth . A routine to evaluate തܸ௧  values is 
presented in the appendix of P3. Only the parts of the structural members which 
are in direct contact with the rock contribute to the steel volume. The ்ܿ̅  and 

ܸ௧
	values presented in P3 for three different tanker lengths can be used as a 

basis to evaluate a ்ܿ̅  value for any ship j once the steel volume ܸ௧
 is 

determined. 

3.3 Effect of the longitudinal and transverse bulkheads 

In P3, the effect of the bulkheads on the grounding resistance was studied. Two 
transverse locations of the penetrating rock were analyzed: one directly under 
the longitudinal bulkhead (position B/2) and the other in between the 
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longitudinal bulkhead and the ship side (position B/4), see Figure 6a. Four 
average grounding force values were calculated: 

 ൯ – average force over the whole horizontal travel distance	ത/ସܨ	ݎ൫	ത/ଶܨ
including the effect of the transverse bulkhead, see blue solid line 
in the figure; 

ത௪ܨ	
/ଶ൫ݎ	ܨത௪

/ସ൯ – average force over the reduced horizontal travel distance 
excluding the effect of the transverse bulkhead, see blue dashed 
line in the figure. 

 
Figure 6. The effect of longitudinal bulkhead on the average grounding force: the ratio 
between average forces calculated at B/2 and B/4. 

The influence of the longitudinal bulkhead on the grounding force was 

determined by comparison of the average forces ܨത௪
 ଶ⁄  (longitudinal bulkhead 

contributes to the grounding resistance) and ܨത௪
 ସ⁄  (no resistance contribution 
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from the longitudinal bulkhead), see Figure 6. For the calculated scenarios, the 
ratios are presented in the left graph of Figure 7 as a function of the penetration 
depth. Observed linear relationship is presented as: 

ത௪ܨ 
/ଶ

ത௪ܨ
/ସ ൌ ߜ0.105  1.04. (6) 

Thus, when the grounding resistance is given without the longitudinal bulkhead, 

i.e. ܨത௪
/ସ calculated by Eq. (2) or obtained from numerical simulations, the 

average grounding force under the bulkhead can be approximated as 

ത௪ܨ 
/ଶ ൌ ത௪ܨ

/ସ ∙ ሺ0.105ߜ  1.04ሻ ൌ ்ܿ̅ ∙ തܲ ∙ ܣ ∙ ሺ0.105ߜ  1.04ሻ. (7) 

To study the influence of the transverse bulkheads, the ratio ܨത/ସ	/ܨത௪
/ସ was 

evaluated, presented in the right graph of Figure 7 for tanker T150. The 
behavior is similar to other tankers. The ratios remain almost constant as a 
function of the penetration depth and is approximately equal to 1. Similar 

behavior of the ratio was observed also for ܨത/ଶ	/ܨത௪
/ଶ. This means that the 

transverse bulkhead has only small influence on the average grounding force. 
Thus, its contribution is not explicitly included in the simplified formulation, 
but is explicitly included in the updated ்ܿ and തܲ	values in P3. 

 
Figure 7. Influence of longitudinal (left) and transverse (right) bulkhead on the average 
force. 

3.4 Grounding force as a function of the deformed material volume 

In P3, it was shown that the average grounding force can be alternatively 
calculated based on the linear relationship between the dissipated energy and 
the volume of the deformed material. Deformation energies and damaged 
material volumes during the horizontal travel of the rock were obtained from the 
numerical simulations. Linear relationship similar to the formula proposed for 
collisions by Minorsky (1959) was obtained, see Figure 8. The formula for the 
energy ܧത per unit length of horizontal rock movement is provided in P3 as 
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തܧ ൌ ൜

38.11ሺ1.07 തܸ௧  0.021ሻ  3.85 ሾMJ m⁄ ሿ for rock at 4/ܤ
38.11ሺ1.26 തܸ௧ െ 0.016ሻ  3.85 ሾMJ m⁄ ሿ for rock at 2/ܤ

, (8) 

 
where the volume തܸ௧ of the deformed material was approximated with the 
analytical procedure briefly introduced in Section 3.2. The energy per unit 
length ܧത has the unit of force [N] and thus Eq. (8) predicts the average 
grounding force. 
 Depending on the available information for the grounding scenario, either 
Eq. (2), Eq. (7) or Eq. (8) can be used for the calculation of the average 
grounding force. If the ship scantlings are available, then Eq. (8) can be used to 
take into account the resistance of the specific ship. However, if such detailed 
data for the ship is not available, then Eq. (2) or Eq. (7) can be employed. 
 

 
Figure 8. Averaged energy vs volume of deformed material per unit damage length. 
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4 DAMAGE OPENING SIZE  

The damage opening size is defined with the length and the widths of the 
damage openings in the outer and inner bottom of the ship’s double-bottom. 
The formulas for the opening size were developed in P2 and P3. This chapter 
gives an overview of the formulas and their derivation. 

4.1 Damage opening length 

Damage opening length is measured along the longitudinal direction of the ship. 
For simplicity, it is assumed that the opening lengths in the outer and in the 
inner bottom are equal. The damage length ݈ௗ, see Figure 9, can be calculated 
by equalizing the work done by the grounding force with the kinetic energy of 
the ship: 

 
ܨ ∙ ݈ௗ ൌ

∆ ∙ ଶݒ

2
→ ݈ௗ ൌ

∆ ∙ ሺ1  ܽ௫ሻ ∙ ଶݒ

ܨ2
, 

(9) 

where  is ship’s displacement, ax is non-dimensional surge added mass and v is 
ship’s velocity. Here, F is to be calculated with Eq. (2), Eq. (7) or Eq. (8). 
 

 
Figure 9. Length of the damage opening. 

4.2 Opening width in the outer and in the inner bottom 

In P2, the formulas for the calculation of the damage opening widths in the 
double bottom and a criterion for the inner bottom failure were developed based 
on the numerical simulations described in Chapter 2. The formulas were 
developed based on the following observations: 

i. Numerical simulations showed that the relative rock size ܽ ܵ
⁄  ( ܵ

 	is 
the girder spacing) determines the deformation mode, which leads either 
to wide (rocks A and B) or narrow damage openings (rock C). Rock D 
did not result in the damage opening, but in the very wide global 
deformation of the whole bottom structure. Thus, the damage opening in 
the outer plating is given separately for these two ranges: 
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௨௧ூܦ ሺܽ, ሻߜ ൌ 2√ܽ ∙ ߜ െ ቈܨܫܦሺߜሻ  ቆ
ሻߜሺܨܫܦ െ ሻߜሺܨܫܦ

ܽ െ ܽ
ቇ ሺܽ െ ܽሻ

for	0.9ܽ ܵ
  2.3,	ship	length	120	m	L260	m,	ܽ ൌ 3, ܽ ൌ 6⁄  

(10) 

௨௧ூூܦ ሺܽ, ሻߜ ൌ 2√ܽ ∙ ߜ െ ቈܨܫܦሺߜሻ  ቆ
ሻߜሺܨܫܦ െ ሻߜሺܨܫܦ

ܽ െ ܽ
ቇ ሺܽ െ ܽሻ 

for	2.3ܽ ܵ
  4.6,	ship	length	120	m	L260	m,	ܽ ൌ 6, ܽ ൌ 12⁄  

(11) 

 

with )(DIF describing the difference between the rock width and the width of 
the damage opening: 

ሻߜሺܨܫܦ ൌ െ0.06142ߜ െ ߜ0.76  2.68, for	rock	size	ܽ ൌ 3ሺrock	Aሻ 
ሻߜሺܨܫܦ (12) ൌ െ1.552ߜ  ߜ4.33  1.69, for	rock	size	ܽ ൌ 6ሺrock	Bሻ 

ሻߜሺܨܫܦ ൌ െ5.85 ∙ 10െ12ߜ  ߜ4.28  2.96,for	rock	size	ܽ ൌ 12ሺrock	Cሻ. 

ii. The opening width in the inner bottom behaves similar to the opening 
width in the outer bottom, i.e. the curves are of similar shape. In terms of 
the penetration depth, the onset of failure in the inner bottom is delayed 

with respect to the onset in the outer plating by 
dbh75.0 . Thus, the 

width of the damage opening in the inner bottom can be evaluated as  

ܦ
ூ ሺܽ, ,ߜ ݄ௗሻ ൌ ,ሺܽܤ ߜ െ 0.75݄ௗሻ െ 

 

ቈܨܫܦሺߜ െ 0.75݄ௗሻ  ቆ
ߜሺܨܫܦ െ 0.75݄ௗሻ െ ߜሺܨܫܦ െ 0.75݄ௗሻ

ܽ െ ܽ
ቇ ሺܽ െ ܽሻ 

 

for	0.9ܽ ܵ
  2.3,	ship	length	120	m	L260	m,	ܽ ൌ 3, ܽ ൌ 6⁄  

(13) 

 
ܦ
ூூ ሺܽ, ,ߜ ݄ௗሻ ൌ ,ሺܽܤ ߜ െ 0.75݄ௗሻ െ 

 

ቈܨܫܦሺߜ െ 0.75݄ௗሻ  ቆ
ߜሺܨܫܦ െ 0.75݄ௗሻ െ ߜሺܨܫܦ െ 0.75݄ௗሻ

ܽ െ ܽ
ቇ ሺܽ െ ܽሻ 

 

for	2.3ܽ ܵ
  4.6,	ship	length	120	m	L260	m,	ܽ ൌ 6, ܽ ൌ 12⁄  

(14) 

where ܤሺܽ,   ሻ is the rock width at the outer plating presented asߜ

,ሺܽܤ  ሻߜ ൌ 2√ܽ ∙  (15) .ߜ

 Our analysis revealed that Eqs. (13) and (14) predict a premature onset of 
inner bottom failure, i.e. the failure occurs at too low penetration depths. Thus, 
in P2, an additional criterion was developed based on numerical simulations, 
giving a critical penetration depth f that corresponds to the onset of inner 
bottom failure. Only vertical penetration was considered, i.e. there was no 
longitudinal movement of the rock. It was revealed in P2 that the critical 
penetration depth depends on whether the rock is between the floors or under 
the intersection of the floor and the girder, see Figure 10. It was shown that if 
the rock is between the floors, the critical penetration depth depends on the ship 
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double bottom height hdb, relative rock size a/B, where a is the rock parameter 
and B is the ship breath. This gave the upper bound for the criterion (less 
conservative assessment), see sloped curve in Figure 10. However, if the rock is 
positioned under the intersection of the floor and the girder, the criterion 
depends only on the double bottom height 

   1.05݄ௗ. (16) 

This lower bound is obviously a more conservative assessment as it predicts the 
onset of the inner bottom failure at the penetration depth approximately equal to 
ship’s double-bottom height. The criterion is to be used in conjunction with 
Eqs. (13) and (14) for the determination of the onset inner bottom failure. 

 
Figure 10. Fracture criterion for the inner bottom. 

4.3 Influence of the bulkheads on the damage size 

In P3, the effect of the bulkheads on the opening size was studied and damage 
opening formulas were updated. The numerical simulations showed that the 
grounding damages with respect to the ship size were relatively local and 
concentrated to the vicinity of the intruding rock, see Figure 11b. Thus, the 
presence of the transverse and longitudinal bulkheads contributes to the 
localization of the damage. In the simulations without the bulkheads (P2), the 
stiffness of the double bottom was lower and, especially in the case of larger 
rocks, the resulting damage was global deformation of the whole double 
bottom, see Figure 11a. When the bulkheads are included, the dominating 
deformation mode is a combination of local tearing and global crushing in the 
case of all three rocks, see Figure 11b. 
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Figure 11. Comparison of bottom damages: (a) tanker without the bulkheads in P2 (b) 
tanker with bulkheads in P3. 

Due to the changed deformation mode and the damage localization, the opening 
formulas are simplified as the second term in the opening formulas in P2 
diminishes. Analysis in P3 revealed that within the range of penetration depths 
the behavior of the opening width in the outer bottom generally follows the rock 
width. Furthermore, the opening width in the inner bottom grows similar to the 
opening width in the outer bottom. The onset of the inner bottom failure is 
delayed by ߜ ൌ തܾ ∙ ݄ௗ ൌ 0.75 ∙ ݄ௗ with respect to that of the outer bottom. 
Thus, the opening widths in the outer and inner bottom are as follows: 

 
,௨௧ሺܽܦ ሻߜ ൌ ቊ

2√ܽ ∙ ߜ ∙ ሾ1.6ߜ െ 0.8ሿ   for δ≤1[m]

0.8 ∙ 2√ܽ ∙ for δ>1[m]                      ߜ
 

 
for 150 [m] ≤L≤260 [m], 3 ≤ ܽ  12 

(17) 

,ሺܽܦ  ,ߜ ݄ܾ݀ሻ ൌ 

ൌ ቊ
2ඥܽሺߜ െ 0.75݄ܾ݀ሻሾ1.6ሺߜ െ 0.75݄ܾ݀ሻ െ 0.8ሿ for δ≤1 [m]

0.8 ∙ 2ඥܽሺߜ െ 0.75݄ܾ݀ሻ , for δ > 1[m]
 

for 150 [m] ≤L≤260 [m], 3 ≤ ܽ  12. 

(18) 

In P3, the failure criterion to predict the onset of inner bottom failure was 
derived similar to that in P2 and is given as follows (see also Figure 12): 

ߜ 
݄ௗ

ൌ 0.75
ܽ
ܤ
 1.17 → ߜ ൌ ቀ0.75

ܽ
ܤ
 1.17ቁ ݄ௗ. (19) 

This criterion corresponds to a situation where the rock is under the floors, i.e. it 
presents the upper bound of the critical penetration. For the lower bound, i.e. 
when the rock is under the intersection between the floor and the girder, Eq. 
(15) hold. Smaller slope of the upper bound as compared to Figure 10 indicates 
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the higher stiffness of double bottom structures and thus, more local 
deformations. 

 
Figure 12. Fracture criterion for the inner bottom. 

 
Figure 13 shows the performance of the developed formulas for damage 
openings. The filled markers are the outer widths and the empty markers are the 
inner widths from the numerical simulations. The lines represent the 
corresponding formulas. The figure shows that without the criterion, the inner 
width is significantly overestimated at lower penetration depths. Using the 
criteria by Eq. (19) improves the prediction significantly. 
 

 
Figure 13. Opening width in the inner and the outer bottom: FE simulations vs. 
equations. 
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5 VALIDATION  

5.1 Grounding force and energy 

In P3, the average grounding forces were calculated with Eq. (2) and Eq. (8) 
and then compared to the numerical simulations, see Figure 14. In the figure, 
empty circles present the average grounding force from numerical simulations, 
filled circles show the energy per unit length from the numerical simulations, 
solid lines present Eq. (2) and dashed lines Eq. (8). Good correlation exists 
between the equations and the numerical simulations, except for Eq. (8) and 
tanker T260, where the deviation is about 15-20%. 
 

 
Figure 14. Comparison of average forces. 

 
In order to obtain the comparison to real accidents, the results provided by the 
derived equations were compared to real accidental data in P2, which were 
presented in Luukkonen (1999). Based on the ship velocities registered for 18 
grounding accidents, Luukkonen (1999) calculated the loss of the kinetic energy 
Ekin and compared it with the deformation energy evaluated with the simplified 
models given by Minorsky (1959), Vaughan (1977) and Luukkonen (1999). To 
compare Eq. (2) to these results, the deformation energy was evaluated as a 
product of the damage length l and the grounding force F, given by Eq. (2). As 
the report did not include the description for the bottom topology, the rock size 
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parameter for Eq. (2) was derived using the reported data for the damaged area, 
see Figure 15. Furthermore, the report gave the vertical extent of the damaged 
material (Figure 15), which was not necessarily equal to the rock penetration 
depth used in Eq. (2). Furthermore, as seen in Figure 15, the penetration depth 
varies along the damaged length. Thus, for precise evaluation of damage 
pattern, the ship motion dynamics should be included. 
 The results of the comparison are provided in Table 1(Table 3 in P2). The 
results showed that the energy was often over predicted with Eq. (2), indicating 
that the actual penetration depth  and the rock size are smaller than 
approximated, based on the registered maximum vertical extent of damage. 
Approximately similar level of accuracy was obtained compared to other 
simplified formulas analyzed in the paper. It can concluded that the level of 
reporting the accidental damage and the interpretation of accidental damage 
data have a substantial influence on the accuracy of the energy predictions. 
 

 
Figure 15. Detailed bottom damage layout of a tanker #1 (Luukkonen, 1999). 
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Table 1. Comparison between the grounding energies (Table 3 in P2 based on the data 
adapted form Luukkonen (1999)). 

Ship type 
Ship 

length 
Ekin

Minorsky  Vaughan Luukkonen Eq. (2)×l 
Ecalc Dif. 

from 
Ekin

 Ecalc Dif. 
from 
Ekin

Ecalc Dif. 
from 
Ekin

Ecalc Dif. 
from 
Ekin 

 [m] [MJ] [MJ] [%]  [MJ] [%] [MJ] [%] [MJ] [%] 

bulker #1 159,2 691 423 39  387 44 324 53 572 -18 

tanker#1 150 208 312 -50
 

278 -34 233 -12
667 

(75,2) 
-237 
(-64) 

RoRo#2 130 86,9 59 32  27 69 23 74 60,8 38 

RoRo#3 130 3,2 49 -1424  17 -425 15 -353 10,8 -237 

RoRo#4 146 342 837 -144  798 -133 662 -93 897 -400 

bulker #2 180,5 43,6 94 -115  61 -41 52 -20 131 -183 

ferry#1 142,4 57,8 150 -159  116 -102 99 -71 61,8 -7 

ferry#2 139,8 487 825 -69  786 -61 653 -34 512 -19 

RoRo#5 118,5 116 96 17  63 45 54 54 72,6 37 

RoRo#6 171,6 144 171 -18  137 5 116 19 104 28 

RoRo#7 146 174 246 -41  212 -22 178 -2 514 -244 

tanker#3 126,5 53,9 53 2  20 62 18 67 43,2 24 

bulker #3 134,3 300 351 -17  317 -5 265 12 475 -58 

RoRo#8 128,8 245 333 -36  298 -22 250 -2 394 -61 

bulker #4 130 24,5 86 -250  53 -117 45 -85 39,2 -42 

 

5.2 Damage opening width 

The performance of the derived formulas for the outer and the inner opening 
widths were analyzed in P2 and in P3. The calculated opening widths were 
compared to the numerical simulations. 
 In P2, it was shown that the derived equations estimate the opening widths in 
the outer and inner bottom with relatively good accuracy and the maximum 
deviation from the numerical simulations was up to 25%. As the inner bottom 
failure is dependent on the deformation of the outer bottom, clearly, the opening 
width is estimated better for the outer bottom than for the inner bottom. 
 Similar correspondence to the FE simulations was also obtained with the 
updated formulas in P3 for the tankers with bulkheads, see Figure 16. The 
figure shows that the outer width is slightly underestimated, especially in the 
case of larger penetration depths. The deviation is about 20%. For the inner 
plating opening, the width for lower penetration depths is often over-estimated 
while at higher penetrations, the estimations are reasonable. 
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Figure 16. Opening widths compared with numerical simulations in P3. 

5.3 Modelling of the rock: mathematical approximation versus real 
bottom topology 

P5 studied the relevancy of the mathematical models used to describe the 
bottom shapes. Four different bottom topologies were analyzed, each described 
with four mathematical models and with one model following the real shape of 
the rock, see Figure 17 (only one of four bottom topologies is shown here). 
Grounding response in terms of dissipated energy was evaluated for each 
mathematical and real model. It was revealed that the mathematical 
representation of the bottom topology is of great importance in grounding force 
and energy, see Figure 18. The projection area of the contact surface was found 
to have the strongest correlation with the grounding response and thus, it is the 
main characteristic to assess the quality of the mathematical bottom model. It 
was also revealed that the actual surface roughness of real ground shape may 
trigger deformation mechanisms, which cannot be captured with simple 
mathematical models. However, a detailed bottom topology is hardly available 
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for grounding studies. It can be concluded that the parabolic rock model used in 
this thesis yields to reasonable predictions for the grounding response. 
 

 
 

Figure 17. Approximated real rock surface and four fitted models (P4). 

 
Figure 18.  Deformation energy (excluding friction) absorbed during grounding using 
different rock models (eq4 represent the mathematical model used in this thesis, figure 
from P4).   
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6 APPLICATION EXAMPLE 

P4 presents the practical application of the derived simplified equations. The 
damage assessment model developed in this thesis was combined with the oil 
spill model by Sergejeva et. al. (2013) to form the Accidental Damage and Spill 
Assessment Model (ADSAM). For a practical application, the ADSAM is 
developed into a web-based tool in Figure 19. The web-based tool allows for 
convenient definition of the accidental scenario and provides the report 
including the damage description and the amount and the duration of the oil 
spill, see Figure 19c. 
 To provide even more tangible and crucial information regarding the 
consequences, ADSAM is linked with the oil spill propagation model by SMHI 
(2012) and the environmental consequence assessment model by Aps et. al. 
(2009), Aps et al. (2014). Such integrated simulation environment allows for a 
rapid analysis of a grounding accident and resulting consequences in terms of 
the description of the oil spill amount and the environmental consequences. 
This combined tool can be used in the oil spill recovery exercises or as a tool for 
risk analysis studies to develop the measures and regulations to improve safety 
at seas.  
 The performance of the integrated tool is exemplified in P4 with the case 
study where a number of grounding accidents with 180 m long tanker were 
simulated close to the Port of Muuga, Estonia. As the spill propagation model 
requires actual weather data, it was assumed that the accident takes place on 2nd 
October 2013. The principle scheme of the analysis of the grounding accident is 
shown in Figure 20. First, the grounding scenarios were defined via statistical 
analysis. According to the given scenarios, the ship structural damage, i.e. the 
size of the damage opening (Figure 20a) and the amount and the duration of the 
oil spill were calculated (Figure 20b). Given the accident location, spill amount, 
oil properties and actual weather conditions, the Seatrack Web (SMHI, 2012) 
simulated the oil spill propagation and the sizes of polluted areas (Figure 20c). 
Once the spill movement analysis was complete, the SmartResponse Web 
evaluated of the environmental impact by analyzing the character (e.g. Natura 
area, Natura Bird area) and environmental sensitivity indices of the polluted 
area (see Figure 20d). 
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Figure 19. ADSAM web application for the grounding analysis. a) definition of the 
input parameters, b) the visual representation of the location and the size of the resulting 
damage opening, c) Report including the results of a simulated grounding scenario. 
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Figure 20. Principle scheme of the integrated model. 
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7 CONCLUSIONS 

Simplified formulas were derived for the grounding force, longitudinal 
structural damage and the opening width in the inner and outer plating of a 
tanker's double bottom. The formulas derived are based on the numerical 
simulations conducted with tankers of different dimensions and different rocks 
sizes at various penetration depths and at two rock transverse positions. 
 In the derivations, the effects of ship size and structural resistance were 
separated from those of the rock size and the penetration depth. This allows, for 
example, modifications of the level of ship's structural resistance while leaving 
the effect of rock size unchanged. Formulas for the grounding force and the 
longitudinal extent of structural damage are based on a uniform pressure that 
depends on the rock size alone. This pressure is scaled to the ship level by using 
the structural resistance coefficient cT of the ship and the contact area that 
depends on the rock size and ship's double-bottom height. It was shown that the 
resistance coefficient can be predicted by bilinear a function that depends only 
on the ship length. This behavior was confirmed by a more ship-specific 
approach where the resistance coefficient was evaluated by using approximated 
volume of the deformed material. 
 The analysis of the numerical simulations showed that the longitudinal 
bulkhead increases the average grounding force substantially. If the intruding 
rock is directly under the longitudinal bulkhead, the grounding force can be up 
to 50 % higher compared to the situation when the rock is between the bulkhead 
and the ship side. This influence is included in the simplified formulas via an 
additional term depending on the penetration depth. Analysis also revealed that, 
in general, the transverse bulkhead has small influence on the average 
grounding force and thus its contribution in not explicitly included in the 
equations, while its influence is implicitly included in the structural resistance 
coefficient. The comparison showed good agreement between the average force 
formula and the numerical results. 
 In addition, real accidental damage data and the deformation energy obtained 
with several simplified formulas were compared. The deformation energy 
calculated as a product of the horizontal grounding force and damage length 
was predicted at an accuracy similar to that of other simplified methods. 
However, discrepancies between the simplified formulas and the reported 
energies occur due to the variations in the quality of the reported data. 
Furthermore, real accidental data revealed that the penetration depth varies 
along the damaged length. Thus, for precise evaluation of damage pattern, the 
ship motion dynamics should be included. This can be done by combining the 
grounding force and the damage size opening formulas with the external 
dynamics model such as, for example by Tabri (2010). 
 Moreover, simulations revealed that a linear relationship exists between the 
volume of the deformed material and the energy absorbed in the ship grounding. 
The volume was approximated with a routine. This relationship can be used to 
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predict the grounding resistance if detailed data for the ship scantlings are 
available. 
 The damage opening widths in the outer and inner bottom were given as a 
function of the penetration depth and the parameters describing the rock size 
and the ship size. Our analysis showed that the opening width in the outer 
bottom generally follows the rock width and the opening width in the inner 
bottom grows similar to the opening width in the outer bottom. Furthermore, the 
onset of failure in the inner bottom was delayed by approximately 0.75 ∙ ݄ௗ 
compared to that in the outer bottom. A criterion was included to the inner 
width formula in order to predict the onset of the inner bottom failure more 
accurately. It was shown that the outer width is slightly underestimated by the 
formula especially in the case of larger penetration depths. The deviation is 
about 20%. 
 The relevancy of the mathematical models that were used to describe the 
bottom shapes was studied. Four different bottom topologies were analyzed, 
each described with four mathematical models and with one model following 
the real shape of the rock. Grounding response in terms of dissipated energy 
was evaluated for all the models. It was revealed that the mathematical 
representation of the bottom topology is of great importance in the grounding 
response. It was shown that the parabolic rock model used in this thesis yields 
to sufficiently accurate predictions for the grounding response and thus is 
applicable for the risk analysis studies. 
 To provide practical application for the derived simplified equations 
(damage assessment model), the damage assessment model was combined with 
the oil spill model (Sergejeva et. al., 2013), spill propagation model (SMHI, 
2012) and the environmental consequence assessment model (Aps et. al., 2009), 
(Aps et. al., 2014) to analyze grounding accidents. This integrated model is of 
substantial practical value as grounding accidental scenarios can be analyzed 
within the risk analyses, oil spill recovery operations or exercises. To exemplify 
the performance of the integrated model, a case study was conducted. It showed 
possible environmental consequences in terms of spilled shore line lengths and 
the affected Natura and Natura Bird area if a 180 m long tanker grounds close to 
the Port of Muuga, Estonia, in October 2013. 
 This thesis presents a set of simplified practical equations for the calculation 
of the grounding resistance, the damage extent and the opening widths in a 
double -bottom structure of a tanker. Since only a limited number of parameters 
are required to define the grounding scenarios, the simplified equations are 
easily applicable in risk analysis studies. 
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