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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.



KOKKUVOTE

Kéesolevas doktoritods on uuritud topeltpohjaliste tankerite karilesdidul
tekkivaid vigastusi ja on vélja tootatud lihtsustatud mudel vigastuste kiireks
hindamiseks. Mudel on moeldud rakendamiseks riskianaliilisides, kus
analiiiisitakse suurt hulka karilesdidu stsenaariume.

Mudel pohineb erineva suurusega tankerite karilesdidu simulatsioonidel
kasutades 10plike elementide meetodit. Algul vaadati ilma vaheseinteta
tankereid ja eri suurusega karisid. Andes ette kari sissetungisiigavuse laeva,
arvutati kontaktjoud, vigastuse laiused ja dissipeerunud energiad plaadistutes.
Fiitisikaliste  parameetrite  vaheliste seoste saamiseks on kasutatud
regressioonanaliiiisi.

Algul on tuletatatud lihtsustatud seosed horisontaalse kontaktjou hindmiseks
tankeri kokkupdrkel kariga. Vigastuse pikkuse saamiseks on vordsustatud
kontaktjou t66 ja laeva kineetiline energia. Laeva topeltpdhja vilimise ja
sisemise plaadistu vigastuse laius on avaldatud sissetungisiigavuse ning laeva ja
kivi iseloomustavate parameetrite funktsioonina. Tankeri sisepdhja purunemise
tdpsemaks hindamiseks on vélja toStatud kriteerium, mis méadrab siseplaadistiku
purunemise kriitilise sissetungisiigavuse.

Tankeri piki- ja pdikivaheseinte mdju uurimiseks on arvutatud karilesdidul
tekkivad vigastused vaheseinu sisaldavate laevade korral. Analiitisidest selgus,
et pikivaheseinte olemasolu korral vigastuste tekkimiseks vajalik kontaktjoud
suureneb markimisvéarselt, samas poikivaheseinte moju vigastuste tekkimisele
on véhene. Seetottu kontaktjou avaldis on korrutatud 1ébi korrektsioonteguriga,
mis votab arvesse pikivaheseina mdju. Vigastuse laiuse hindamisel on arvesse
voetud vaheseinte mdju.

T66s on uuritud ka kari mudelite moju tankeri vigastustele. Selleks arvutati
karilesdidul tekkiv dissipeerunud deformatsioonienergia nelja reaalse
(moddetud) kujuga kari (kivi) ja nende ligikaudsete approksimatsioonide korral.
Selgus, et karilesdidul tekkiv dissipeerunud energia ja kontaktjoud oli tundlik
aproksimatsioonide suhtes. Osutus, et viljatootatud mudelis kasutatud
paraboloidne kari mudel vdimaldab piisavalt tipselt hinnata karilesdidul
tekkivaid néhtusi.

Demonstreerimaks vélja tootatud vigastuste hindamise mudeli praktilisust,
seoti see mudelitega, mis hindavad dli vdljavoolamist vigastatud laevast, sellele
jargnevat 0li levikut ja vastavaid keskkonna kahjustusi. Integreeritud mudelit on
demonstreeritud juhtumi analiilisiga, milles simuleeriti olitankeri karilesditu
reaalses kohas, reaalsetel ilmastikutingimustel kindlal kuupaeval.

Kokkuvdtteks, kidesolevas doktoritdds on vélja tdotatud lihtsustatud seosed,
mis voimaldavad hinnata kontaktjoudu, vigastuse pikkust ja selle laiust karile
soitnud Olitankeri topeltpohjas. Kuna mudel vajab karilesdidu stsenaariumi
kirjeldamiseks vidhe sisendparameetreid ja on seostatav 0li véljavoolu mudeliga
(Sergejeva et. al., 2013), seetdttu on sobiv kasutamiseks riskianaliiiisides.
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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.

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.

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.

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.

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 PS5, 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
Storgard (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) Korgesaar and Romanoff (2014), and Kdrgesaar (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:

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

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

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

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

e 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. Pl
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.

Validation of the

Development of the simplified

Model application bottom topology

;_;rounding model model
(P1) (P3) P4 P5)
- Grounding - Effect of the - The developed - Relevancy of the
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Figure 1. Outline of the investigation.
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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.

PS5 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:

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.
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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:

F(L; a, 6’ hdb) =P-A= fCT(L) ' p(a) ! A(al 6; hdb)
~—— S~—————
contact pressure P contact area A

2

where the function f (L) characterizes the structural resistance level of the ship

as a function of its length L, P(a) is the normalized ship size-independent
contact pressure as a function of the rock size a and A(a, §, hyp) is the contact
area between the rock and the double-bottom structure. For the sake of
simplicity, the contact area A4 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 /44, see Egs.
(4)-(5) in P1.

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

The concept of normalized contact pressure P(a) 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 P(a) 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 Fy with the contact area 4:

F,
p(a,8,hgpy) = 7” )
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This operation removes the double bottom height /4 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 P'(a) (superscript i denotes the ship and i=T120, T190 or
T260), each presenting the contact pressure for a certain tanker 7 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 S' 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 P(a), see Figure 4b
and P1:

P(a) =(1.8-1073a%? —74-10"2%a + 1.2) 4)
a) Pressure polynomials b) Normalized pressure polynomials
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Figure 4. Contact pressure polynomials and structural resistance coefficients.

The ratio of the areas under the curves P!(a) and P(a) characterizes ship’s
structural resistance. Throughout the thesis it is termed as the ship structural

. . _ i = . = .
resistance coefficient ¢; = S / & where S is the area under P(a). In P2, it was

concluded that the coefficient &% can be approximated with a bilinear function
f e (L), 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 P(a) and f cr (L) 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 fcr (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 c; 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):

ETi Vmatl(a’ 6)

_ =~ >
CTJ _mat} (a, 6)
Vmat] (a,6) PR
. i Vmatl (a’ 5)
where V¢ (a,8) and V5.’ (a,8) are approximations for the steel volume to
be deformed per unit length in a certain grounding scenario defined via the rock

(6))

C_'T] =

size a and the penetration depth & A routine to evaluate V,,,, 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
Vmati values presented in P3 for three different tanker lengths can be used as a
basis to evaluate a c'% value for any ship j once the steel volume Vg’ 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:
FB/2 (or FB/*) — average force over the whole horizontal travel distance

including the effect of the transverse bulkhead, see blue solid line
in the figure;

valfz(or Ff}“) — average force over the reduced horizontal travel distance

excluding the effect of the transverse bulkhead, see blue dashed
line in the figure.

bl e

A

rock at B/4 rock at B/2
(b)

| Higher peaks due to
E transverse bulkhead

I .
5, Py L Mw\
FER L VTR _

;W .
52

horizontal displacement [m]

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 F,ﬁ;z (longitudinal bulkhead

contributes to the grounding resistance) and F‘%‘} (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:
FB/Z
wf
a7 = 0.1056 +1.04 (6)
wf

Thus, when the grounding resistance is given without the longitudinal bulkhead,
ie. mef/‘} calculated by Eq. (2) or obtained from numerical simulations, the
average grounding force under the bulkhead can be approximated as

Eg? = F2/*- (01058 + 1.04) = ¢k - P+ A+ (0.1058 + 1.04). (7
To study the influence of the transverse bulkheads, the ratio FB/* /va}{4 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 FE/2 /F‘fjfz. 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 c and P values in P3.

rock A rock B rock C
...... e oo
1.5
161 (@)
14 - o R
—B/2 1.2 - W =B/4
wa 1 - X FB—/4 1
—B/4 =
Fur 0.8 - o Fuf
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—— = 0.1056 + 1.04
0.4 - 7:%4
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penetration 3[m]
penetration &[m]

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 E per unit length of horizontal rock movement is provided in P3 as
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= {38.11(1.07I7mat + 0.021) + 3.85 [M]/m] for rock at B/4 ®)
38.11(1.26V,,q; — 0.016) + 3.85 [M]/m] for rock at B/2’

where the volume V,,,; of the deformed material was approximated with the

analytical procedure briefly introduced in Section 3.2. The energy per unit

length E 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.
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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 l;,,,, see Figure 9, can be calculated
by equalizing the work done by the grounding force with the kinetic energy of
the ship:

A - v? A-(1+a,)-v? 9

F'ldam=T_)ldam_T:

where A is ship’s displacement, a, 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).

L L " " " I "

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 a/ S;ir (Sgiir 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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D}ye(a,8) = 2Va -6 - [DIFA((S) + <D1FB(6) _ DIFA(5)) (a— aA)]

) ag —ay (10)
for 0.9<a/Sg; < 2.3, ship length 120 m <L<260m,a, = 3,a5 = 6
DIF-(8) — DIFg(6
D!L.(a,8) = 2Va- & — |DIFz(8) + c® 5(5) (a - ag)
ac —ap (11)

for 2.3< a/S;L-r < 4.6, ship length 120 m <L<260m, ag = 6,a, = 12

with pDJF (5)describing the difference between the rock width and the width of
the damage opening:

DIF,(6) = —0.06146° — 0.766 + 2.68, for rock size a = 3(rock A)
DIF(8) = —1.558% + 4.336 + 1.69, for rock size a = 6(rock B) (12)
DIF.(6) = =5.85- 10716% + 4.286 + 2.96,for rock size a = 12(rock C).

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 §=0.75h b Thus, the

width of the damage opening in the inner bottom can be evaluated as
Diln(al 6! hdb) = Ba(a, 6 - 075hdb) —

DIFg(8 = 0.75hg) = DIF,(6 = 0-75hab>> (a- aA)] (13)
aB - aA

[DIFA((S —0.75hy;,) + (
for 0.9< a/Sél-r < 2.3, ship length 120 m <L<260m, a4 = 3,az = 6
D!'(a,8,hgy) = By(a,8 — 0.75hg;) —

DIF;(8 — 0.75hg;) — DIF3(8 — 0.75hgy) (14)
(a—agp)
ac —ag

[DIFB(a —0.75hap) + (

for 2.3< a/S;iT < 4.6, ship length 120 m <L<260m, az = 6,a, = 12

where B, (a, §) is the rock width at the outer plating presented as

B,(a,8) = 2Va-é. (15)

Our analysis revealed that Eqgs. (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 & 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 /44, 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

8¢ = 1.05hy,. (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
Egs. (13) and (14) for the determination of the onset inner bottom failure.

2.5 8¢ a
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]
/
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’
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<1 \ |
> Rock is under the | 8 = 1.05hay |
0.5 intersection of inner bottom no innE er
floor and girder failure bottom failure
0 T T T 1
0 0.2 0.4 0.6 0.8

a/B

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 6§ = b - hy, = 0.75 - hy,, with respect to that of the outer bottom.
Thus, the opening widths in the outer and inner bottom are as follows:

2Va-6-[1.66 —0.8] for 8<1[m]
Dout(av 6) =
0.8:-2Va-éd for 6>1[m] (17)
for 150 [m] <L<260 [m],3<a < 12
Din(a, 8, hyy) =

3 {2,/a(6 — 0.75hy,)[1.6(8 — 0.75h,;,) — 0.8] for <1 [m] (18)

0.8 - 2/a(8 — 0.75hy,) , for 8 > 1[m]
for 150 [m] <L<260 [m], 3 <a < 12.
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):

5
< —0.75= +117—>5f_(075 +1.17) hgp. (19)
hdb

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.
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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.
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Figure 13. Opening width in the inner and the outer bottom: FE simulations vs.
equations.
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S 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%.
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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
Erin 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 / 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 o 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.

damaged area A
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vertical
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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)).

Minorsky Vaughan Luukkonen Eq. 2)x/

Shlp E. Eca/c Dif. Ecalc Dif. Eca/c Dif. Ecalc Dif.
length hin from from from from
Ein Ein Ein Etin

(m] [MJ] [MJ] [%] [MJ] [%] [MJ] [%] [MJ] [%]
bulker #1 1592 691 423 39 387 44 324 53 572 -8

Ship type

667 -237
tanker#1 150 208 312 -50 278  -34 233 -12 (75.2) (-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 1424 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 -85 392 -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.

Cone, R?=0.783 Binormal, R?=0.873

Heinvee et al., R?=0.778

Figure 17. Approximated real rock surface and four fitted models (P4).
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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 ond
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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a) Input parameters

b) Visual representation of bottom damage

8 single scenario & struck Ship & Resuts
- Ships
- [
Grounding v Ship name —
T200 ! J—
Rock size [m] .
: ot 1% I T T .
200 1 ([ L 1 1 1 ]
Penetration [m]
Ship type
Oil Tanker v -
c_t_scale |
1 Service speed [m/s] . E I i T T ] D
8
Rock location in longitudinal
: Service speed [knots] —_—mm
15.55
Rock location in transverse
1 Level 2 parameters 938
¢) Grounding scenario report
Ship parameters
Name T200 Block coefficient 0,77
Type Oil Tanker Mass [kg] 61615,32
Length [m] 200,00 Tanks (longitudinal) 7/
Service speed [m/s] 8,00 Tanks (transverse) 2
Service speed [knots] 15,60 Tanks total 14
Breadth [m] 32,93 Double bottom height [m] 2,00
Draft (fully loaded) [m] 12,15 Breadth of double hull [m] 2,00
Depth [m] 17,40 Cargo type Crude oil
Deadweight [t] 51807,96 Cargo density 865,00
Scenario
Rock size [m] 4,00 Rock location (longitudinal)  -1,00
Penetration [m] 3,00 Rock location (transverse) -1,00
c_t_scale -1,00
Damage Oil spill
Length [m] 93,83 Volume (m?) 3126163,52
Inner width [m] 6,42 Duration 2175,64
Outer width [m] 8,02

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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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 cr 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 - hyy
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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A simplified approach to predict the bottom damage in tanker
grounding
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ABSTRACT: A simplified formula to evaluate the grounding force and the longitudinal extent of structural
damage in tanker groundings is derived in the paper. The formula is derived based on numerical simulations.
First, a set of grounding accidents are simulated numerically for tankers of different dimensions- 120, 190 and
260 m in length. The simulations are conducted for five different penetration depths and for several
rock/ground topology. Thus, the numerical simulations provide a response of different structural configura-
tions to different combinations of penetration depth and bottom topology. Average horizontal grounding force
is analysed and presented through the pressure acting on the contact surface between the rock and the ship’s
double-bottom. It is shown in the paper, that this pressure can be described as a function of rock size and a
constant depending on the ship size. Simplified equations are derived for the average contact force and the
longitudinal length of the penetration. Comparison to numerical simulations reveals that such a simplified
equation is capable of describing the grounding force for penetration depths larger than 0.5 m i.e. for the sce-

narios, where significant structural damage occurs.

1 INTRODUCTION

The paper seeks for a simple formula for a rapid
prediction of grounding damage of double hull tank-
ers. Such simplified formulation could be used in
risk analysis studies where there are no specific in-
formation regarding the structural arrangement of
ships and the main available parameters are the main
dimensions of the ships.

Several simplified models have been developed
to describe a ship grounding accidents. The models
either base on a simplified closed form expressions
(Simonsen et al, 2009; Hong & Amdahl, 2012) or on
numerical simulations (Alsos & Amdahl, 2007).
Precise numerical simulations hardly suit to risk
analysis studies as the simulation of a single scenario
will take several hours. On the other hand, simplified
models are often limited to a certain sea bottom to-
pology or to ship’s structural configuration. Moreo-
ver, often the methods require that to some extent
the damage mechanics are prescribed: for example,
the description of contact energy is based on the
fracture propagation in the bottom plating.

Paper aims to derive a simple formulation based
on small number of parameters that describe the
structural resistance of a tanker in a grounding acci-

dent. The principle of the simplified approach is pre-
sented in Figure 1. The approach is similar to Ehlers
& Tabri (2012), where such combined approach was
presented for the analysis of ship collisions. The
simplified formula is derived based on a number of
numerical grounding simulations. Three double-
bottom tankers of different length are included in the
analysis- 120, 190 and 260 m in length. Each tanker
is analyzed for five different penetration depths and
for four different rock sizes. First, numerical simula-
tions are conducted in displacement controlled man-
ner as the aim of the numerical analysis is to study
structural resistance alone. Analyses provide the
contact force time-history for each grounding scenar-
io. As here our aim is to evaluate the extent of dam-
age, we concentrate on the horizontal grounding
force as a main energy absorbing mechanism. Based
on these time histories the average horizontal contact
force is evaluated. Evaluating the average horizontal
grounding forces for all the scenarios for a certain
ship gives as a result a set of curves that describe the
dependency of the average grounding force as a
function of penetration depths and the rock size.

Other grounding simulation models such as
GRACAT for example, are not included in the anal-
ysis as they require rather detailed presentation of
the ship structure.
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Figure 1. Principle of the simplified approach.

These curves are normalized with respect to the con-
tact area between the rock and ship double-bottom
providing a contact pressure that acts on the rock.
Pressure dependence on the rock size, penetration
depth and ship size is analyzed in the paper. It is
shown in the paper that the pressure as a function of
penetration depth and the rock size is similar for all
the ships, only its magnitude depends on the actual
ship size. Once the pressure acting between the ship
and the rock is know from a simple relation, the hor-
izontal grounding force can be evaluated as a prod-
uct of this pressure and the rock dimensions. Fur-
thermore, knowing the ship mass and the velocity, a
simple equation can be derived for the longitudinal
extent of the damage. It is shown in the paper, that
such a simplified approach can provide a rapid esti-
mation of horizontal structural resistance when com-
pared to the numerical simulations.

2 NUMERICAL GROUNDING SIMULATIONS

This chapter presents an overview of numerical
grounding simulations. The principled of numerical
modeling and the post-processing of the analysis re-
sults is given.
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2.1 FE models of tankers

Three double hull tankers with different dimen-
sions are modeled. The cross-sections with the main
structural dimensions are given in Figure 2 and in
Table 1. Hereinafter we use superscripts T120, T190
and T260 to denote the tankers. If the superscript is
replaced by i, it means that the description is com-
mon to all three ships.

Table 1.Main dimensions and parameters of tankers used in
numerical simulations

Parameter/Tanker T120 TI190 T260
Length [m] 120 190 260
Breadth [m] 16 24 32
Depth [m] 8 16 18
Double-bottom height [m] 0.8 1.2 1.6
Outer plating thick. [mm] 10 13 15
Tank-top thick. [mm] 11 13 15
Girder spacing [m] 2.6 3.0 32
Floor spacing 2.2 3.5 4.0

Typical ship-building steel with yield stress of 235
MPa is used in the analysis. True stress-strain curve
is presented in Figure 4. Only the double bottom
structures are modeled in detail. The longitudinal
and transverse bulkheads are left out from the analy-
sis to maintain the conservative nature of the ap-



proach. The transverse bulkheads would result in
rapid increase of the grounding resistance as could
be seen from the numerical analysis presented by
AbuBakar & Dow (2012), for example.
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Figure 2. Tanker cross-sections

The corresponding finite element models are pre-
sented in Figure 3. The structure is modeled using
quadrilateral Belytschko-Lin-Tsay shell elements
with § integration points through their thickness. The
prevailing element-length in the double-bottom
structure was around 50-75 mm to properly account
for the non-linear structural deformations.

Standard LS-DYNA hourglass control and auto-
matic single surface contact (friction coefficient of
0.3) is used for the displacement controlled ground-
ing simulations. The rigid rock first moves to a re-
quired penetration depth and continues to move at
constant penetration depth along the ship at a con-
stant velocity of 10 m/s. The nodes at the forward
and aft end of the models are fixed.

E |
Figure 3. Finite element model of a tanker.
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Figure 4. True stress-strain curve for S235 steel

The possible material failure is modeled using the
thru thickness criteria, often referred to as German-
ischer Lloyd criteria (Lehmann et al, 2001). This cri-
terion establishes an element thickness and dimen-
sion dependent critical thickness strain after which
an element is removed from the simulation. To eval-
uate the critical thru thickness strain at the moment
of fracture, an empirical criterion is presented by
(Lehmann et al, 2001):

gf(lg) =& + & — (1)

where &, is the uniform strain and &, is the necking
strain, ¢ is the plate thickness and /, is the individual
element length. It is commonly recommended that
the ratio /,/¢ is not less than 5 for shell element. The



values of uniform and necking strain achieved from
thickness measurements related to the calculated
stress states given in [3] are 0.056 for the uniform
strain and 0.54 for the necking strain in the case of
shell elements.

2.2 Grounding scenarios

The numerical simulations are conducted for five
different penetration depths & and for several
rock/ground topologies. The penetration depth d is
defined as the relative distance between the tip of the
rock and the ship bottom, see Figure 8. Different
rock sizes are selected with the purpose to determine
rock size effect to structural resistance. 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 are given through a
polynomial equation as

z = (2)
a

where the parameter a defines the actual size of the
rock, which values for different rocks sized are given
in Table 2. The rocks are depicted in Figure 5.

Table 2. Rock size parameters

rock A rock B rock C rock D
a [m] 3 6 12 24
ROCK D{a=24) ROCK B{a=6) ROCK Cla=12)

ROCK A(a=3)

8 - 4 2

0
y [m]
Figure 5. Different rocks used in the simulations.

With each rock, five penetration depths were sim-
ulated — 0.5, 1.0, 1.5, 2.0 and 2.5 m. Thus, the total

number of numerical simulations became to
3x4x5=60.

time [s]
Figure 6. Numerical simulations: horizontal contact force as a
function of time

2.3 Grounding force in numerical simulations

The numerical simulations provide a response of
different structural configurations for different com-
binations of ship draft and bottom topology. Typical
outcome of a simulation is information regarding the
contact force and the description of damage.
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We concentrate on the horizontal grounding force,
which typical time-history is presented in Figure 6.
We use the average horizontal grounding force to
present the outcome of a numerical simulation with a
single output value. This value is obtained as an av-
erage of the grounding force evaluated over the time
where constant penetration depth has been reached;
see the constant horizontal line in Figure 6. For brev-
ity, hereinafter when referring to contact force and
contact pressure the average contact force and aver-
age contact pressure are considered if not stated oth-
erwise.

These average force values are presented as a

function on penetration depths in Figure 7 with the
ship and the rock size as variables. As expected,
larger ships result in higher contact force. The rocks
A and B cause parabolic force increase for tankers
T120 and T190, while forces induced by rocks C and
D increase linearly. For largest tanker T260, hori-
zontal force increases linearly with all the rocks as
the inner hull is penetrated later.
The grounding force decreases as the bottom plating
is thorn open. As the height of the double-bottom in-
creases with ship length, the inner hull fractures later
for larger ships resulting in more linear behavior for
the average force. Since the double-bottom is highest
in the case of tanker T260, then the inner is thorn
later and the force-penetration curve remains linear
for high penetration depths. However, it can be con-
cluded that the contact force can be considered pro-
portional to the penetration depth in all the simulated
scenarios.

3 CONTACT PRESSURE AS A FUNCTION OF
ROCK AND SHIP SIZE

To be able to express the grounding resistance
conveniently it should be expressed with minimum
number of variables. Average horizontal grounding
force presented in Figure 7 includes the contribution
from ship structural configuration, rock size and
penetration depth. To reduce the number of un-
knowns, it is more convenient to express the re-
sistance through pressure rather than force.

Therefore, here the aim is to derive an equation
that gives pressure acting on a contact surface by in-
cluding rock and ship sizes as independent variables.
Such equation would make it possible to find pres-
sure and thereby also the corresponding horizontal
contact force with minimal effort. Furthermore, if
the contact force is known, the longitudinal extent of
the bottom damage can be evaluated. Figure 7 re-
vealed that the relation between the contact force
and the penetration depth is nearly linear. Moreover,
for most of the scenarios the contact force increases
together with the rock size. To study these depend-

encies and to be able to separate the effects of the
structural configuration from those of the increasing
contact area, we divide the contact force with the
contact area i.e. evaluate the contact pressure. Direct
contact between the rock and the bottom structure is
within the height 44 of the double bottom. For the
sake of simplicity, we define the contact area 4 as a
projection of the contact surface to YZ plane, see
Figure 8. With the shape of the rock defined with
eq.(2) the contact area 4 within the double- bottom
can be evaluated as

A(S,h,,a)= _[2 Na-z-dz (3)
O=hy,
For 0 < h,,, eq. (3) can be rewritten to

= ;l\/g . 5(Ej when 6. <h,, (4)
and for 6 > h,,

A= :J; 56) —(5—hdb)@J when

o>h

db

(5)

The contact pressure can now be evaluated from

F
p(a’57hdb):7H (6)

Figure 8. Cross-section of a ship during grounding

Applying eq. (6) on the force values presented on
Figure 7 gives the discrete pressure values p as a
function of the penetration depth and the rock size.
These pressures are presented on Figure 9. On each
graph, four pressure-penetration curves are drawn,
each corresponding to a certain rock. Two patterns
can clearly be recognized from pressure distribu-
tions. With lower penetration depths the pressure
value is significantly higher compared to larger
depths. With the penetration depths larger than 1.0 m
the pressures remain almost constant.

This pattern becomes even more obvious when
presenting the pressure as a function of rock size pa-
rameter a, see Figure 10. The figure reveals that
when disregarding penetration depth 0.5 m the pres-
sure value is almost constant with respect to the pen-
etration depth and depends only on the rock size pa-
rameter a. For these higher penetration depths the
pressure as a function of rock size can be approxi-
mated with a polynomial. Moreover, the shape of the



polynomial appears to be similar for all three ships
while its magnitude differs. The function describing
this uniform shape and the parameter describing the
magnitude can now be evaluated.
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Figure 10. Pressure as a function of rock size parameter a[m]

For that we collect all the pressure points p' from
Figure 10, excluding those for 0.5 [m] and present
them in Figure 11a. The polynomial regression lines
P' are drawn for each ship i using these pressure
points. To derive the uniform shape we normalize
the pressures p; and present them in Figure 11b to-
gether with the corresponding regression lines. For
each ship i the normalization pressure p, . is eval-



uated as an average pressure corresponding to the
smallest rock size (a=3) as follows:

4 ; ;
,Z:;‘p (a=3,5j,hdb) )

4

p/iror/n =
where
Zp =P (a =3,0,= I'O’hdb)+

A

pla=3,6,=15"n)+

+p'(a=3,6,=2.0,1, )+ p'(a=3,6,=2.5k,)
and denominator refers to the number of pressure

values and /), is the double-bottom height of the
ship i.
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Figure 11. Pressure (a) and normalized pressure (b)

Since these normalized regression lines in Figure
11b match relatively well, they can be presented via
uniform regression line P that is fitted through all
the normalized pressure values and takes the follow-
ing shape:

P(a)=
1.8:107°a>~7.4-10"a+1.2

To scale the P to proper magnitude correspond-
ing to the actual ship (Figure 11a), it has to be multi-

plied by a coefficient ETi describing the ship’s struc-
tural resistance, thus it becomes:

(8)

P'(a,c;)=¢, P =

| (©)
& -(1.8:107a* =7.4-10a +12)

For each ship, the coefficient E; is evaluated as a ra-
tio between the areas under the curves P'(a) and
P(a), ie.

TPi (a)da
G =3 (10)
[P(a)da

For different ships the ¢, values are presented in Ta-
ble 3.

Table 3. ETi values

—i

Tanker C,

T120 1.42:10°
T190 1.44-10°
T260 1.92-10°

4 SIMPLIFIED GROUNDING DAMAGE
PREDICTION FORMULA FOR DOUBLE-
HULL TANKERS

Given the contact pressure, eq. (9), the response
surface describing the grounding force can now be
presented as a function of penetration depth, ship
and rock size. This formulae can derived as a com-
bination of independent mathematical functions,
each presenting the influence of a certain variable.
These variables are ship main dimensions, ship
mass, velocity, penetration depth and the structural
configuration of the ship. Such simplified formula
can be used to conduct, for example, a risk analysis,
when the ship types, main dimensions and the
grounding scenarios are known.

First, the expression is derived for horizontal
grounding force F), which depends on the pressure
P acting on contact area 4 as follows

F[-; = Pi(é"hdb’a)A(é"hdb’a) (11)



where functions 4 and P’ are given with eqgs.(4), (5)
and (9). Substituting these into the eq. (11), takes
horizontal force F), to the following form

Fi,=PA=
ci(1.8:107a* ~7.4-107a+1.2)- 4

In grounding analysis one of the main aims is to
evaluate the length of bottom damage. For simplicity
the ship motions except the surge are ignored and the
kinetic energy of the ship is transformed to the work
done by the grounding force. Comparing this work
to the kinetic energy of the tanker, the length of
damage /,  can be evaluated as:

(12)

2 2
Fi :Aiv:(l+ax)Av N

H"dam 2 2
_(l+a, )V (13)
dam 2F[f1
where A is ship’s displacement, a is non-

dimensional surge added mass and vis ship’s speed.
Replacing eq.(12) into eq. (13), we can derive a for-
mula for the damage length as a function of rock size
parameter a, ship’s double-bottom height /,,, pa-
rameter C,, rock penetration depth O, surge added
mass a_and ship’s speed Vv as

(1+a,)Av
ltlam :271'( -3 2 -2
ci(1.8-10°a> -7.4-102a+1.2)4

(14)

5 VALIDATION OF SIMPLE FORMULA

In order to assess the applicability of eq. (9) and
(12), horizontal force F is here calculated with eq.
(12) and compared to the numerical simulations. The
comparison is shown in Figure 12 where in each
graph Fy is presented for a certain rock size. It re-
veals that Fp is under-predicted for penetration
depths smaller than 1.0 m and slightly over-
predicted for penetrations higher or equal to 1.0 m.
Obviously this is caused by previous exclusion of
pressure values at penetration depths of 0.5 m. How-
ever, as it can be seen from the figures that for pene-
trations O > 1.0m eq.(12) predicts Fy; with good ac-
curacy and thus can be applied to eq.(13) for
evaluation of grounding damage length.
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Figure 12. Comparison of horizontal forces



6 CONCLUSIONS

Simplified formulas to evaluate the grounding
force and the longitudinal extent of structural dam-
age in tanker groundings were derived in the paper.
The formulas were derived based on the contact
pressure acting on a grounding ship. The contact
pressure as a function of penetration depth, rock and
ship size were derived based on numerical simula-
tions.

Comparison to the numerical simulations showed
that derived simplified approach describes horizontal
grounding force well for penetration depths above
0.5 m. For smaller penetration depths the force is
under predicted. Therefore, the approach should be
further developed to account for the mechanisms as-
sociated with smaller penetration depths, such as
tearing of the bottom plating. Furthermore, a simpli-
fied criterion has to be derived to predict the size of
the damage opening. For example, this would allow
to provide the input for the assessment of oil out-
flow.

To increase usability of derived simplified formu-
las for practical use the following improvements are
still to be made. The parameter cr that characterizes
ship structure and thus it’s structural resistance is
evaluated only for three ships analysed in the paper,
which limits the application of the derived formulas.
Therefore, in order to evaluate cr for any similar type
of ship, a function is to be developed that would al-
low to evaluate cr based on few main parameters de-
fining the ship structure. Furthermore, the formulas
are derived without any transverse or longitudinal
bulkheads, thus presenting a lowest possible contact
force level. This would assure conservative ap-
proach, but for more precise evaluation of contact
force, the effect of the bulkheads is to be included.
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This paper presents a set of analytical expressions for the calcu-
lation of damage opening sizes in tanker groundings. The simpli-
fied formulas were given for the grounding force, longitudinal
structural damage and the opening width in the inner and outer
plating of a tanker's double bottom. The simplified formulas
derived are based on a set of numerical simulations conducted
with tankers of different dimensions- 120, 190 and 260 m in
length. The simulations were performed for five penetration
depths and for several rock/ground topologies.

The formula for the horizontal grounding force was derived pro-
vided the grounding force is proportional to the contact area and
the contact pressure. By use of regression analysis it was shown
that the contact pressure for any combination of ship and rock size
can be expressed with a single normalized polynomial. The actual
contact pressure was found by scaling the normalized pressure
with the structural resistance coefficient. Given the formulation for
the normalized contact pressure, the actual contact force for a ship
can be found as a product of average contact pressure and the
contact area.

The longitudinal length of the damage was evaluated based on the
average contact force and the kinetic energy of the ship. The damage
opening widths in the outer and inner bottom of the ship were
derived separately for two ranges of relative rock sizes as they have
strong influence on the deformation mode. The damage widths
were given as a function of rock size, penetration depth and double
bottom height. To improve the prediction of the onset of the inner
bottom failure, a critical relative penetration depth as a function of
the ratio of the rock size and the ship breadth was established.
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Comparison to the numerical simulations showed that the derived
simplified approach describes the horizontal grounding force and
the damage length well for the penetration depths above 0.5 m.
For the range of specified relative rock sizes, the damage width in
the inner and outer bottom deviates from numerical simulations
approximately up to 25%, which was considered sufficient for the
analyses where rapid damage assessment is needed. Comparison
was also made to real accidental damage data and to the results of
several simplified formulas.

© 2015 Elsevier Ltd. All rights reserved.

Nomenclature

a rock size parameter

A contact area between the rock and the ship

Bq rock width

cr parameter describing the ship structural resistance

0 vertical penetration depth

Din opening width in the inner bottom plating

Doyt opening width in the outer bottom plating

din inner opening width obtained from numerical simulation
dout outer opening width obtained from numerical simulation
Fy average grounding force

dif, difference between rock width and numerical value (outer opening width)
DIF, difference polynomial for rock a

hap ship's double bottom height

L ship length

p value of contact pressure

P function of contact pressure for a ship i

P(a) function of normalized contact pressure

Sgir ship girder spacing

a/Sgir relative rock size

1. Introduction

Increasing cargo flows all over the world have affected the density of marine traffic and thus risks
for accidents. For example, in the Gulf of Finland oil transportation has quadrupled in the past ten years
[1], 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 [2], 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 keep the current safety level.

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
human lives can be evaluated for typical accidental scenarios. To develop and test the safety measures,
large numbers of accidental scenarios are to be analyzed. Thus, fast and sufficiently accurate tools are
needed.
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When analyzing a tanker grounding accident, it is desirable to evaluate also the amount and
duration of the oil spill, which requires the size of the damage opening to be evaluated. It is shown in
Ref. 3] that the size of the damage opening in the inner bottom of the tanker strongly influences the
duration of the oil spill. Most of the studies describing ship grounding accidents focus on the evaluation
of the grounding force and the deformation energy. A simple formula was developed by Minorsky [4]
who used accidental statistics and found that the dissipated energy is proportional to the volume of the
damaged material. Inspired by this approach, Simonsen [5] used rock width, assumed equal to the
damage width, and equivalent plate thickness to evaluate the grounding force and damage. The
opening width was not explicitly discussed.

Another group of simplified models allows calculation of the structural response (collapse load or
deformation energy) for the individual structural members — plates, cruciforms, stiffeners [6—10]. The
total response of the assembly is obtained through the summation of the responses of all structural
members [10—13]. Typically, even such simplified models require too much input information, which
makes their use difficult. On the other hand, precise numerical simulations hardly suit in the risk
analyses, as the simulation of a single scenario will take several hours [14—16].

The aim in this paper is to find simple formulas for rapid prediction of the grounding resistance and
the size of the damage opening of double hull tankers. Such simplified formulation could be used in the
risk analysis studies in case of lack of specific information regarding the structural arrangement of
ships and where the main dimensions of the ships are the only parameters available.

The principle scheme of the derivation of the simplified approach is presented in Fig. 1. The
simplified formulas were derived based on a set of numerical grounding simulations. Three double-
bottom tankers of different length were included in the analysis - 120, 190 and 260 m. Each tanker
was analysed for five different penetration depths ¢ and for four different rock sizes a. The aim of the
numerical simulations was to analyse 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 were neglected, penetration was assumed constant and the
numerical simulations were conducted in a displacement controlled manner.

Based on the grounding simulations presented in Refs. [5] and [15] it can be concluded that the
transverse bulkheads increase the average horizontal grounding force level approximately 15%. This
contribution was omitted in the present study and the focus was on the double-bottom structures as
the main contributor to the grounding resistance. Furthermore, such simplification was considered to
reveal more apparent relationships between the main input parameters, grounding resistance and
damage extent.

Numerical analyses provide the contact force time-history for each grounding scenario. Focus is on
the horizontal grounding force as a main energy absorbing mechanism. To present the force outcome of
each numerical simulation via single value, an average grounding force was evaluated over each force
time-history. Evaluation of the average horizontal grounding forces for all the scenarios gave the
grounding force as a function of ship parameters, penetration depth and rock size. To remove the
dependency on the ship parameters and the penetration depth, the normalized contact pressure P(a)
that depends only on the rock size a was derived using the regression analysis, as described in Ref. [17].
Given the formulation for the normalized contact pressure, P(a), the actual contact force F was found as
a product of pressure P and contact area A:

F(L7 a, 67 hdb) =P-A= fCT (L)I_)(a) ) A(a7 67 hdb) )

SN——r SN——
contact pressure P contact area A

where f..(L) is a function scaling the normalized pressure P(a) for the actual ship with length L;
A(a, 6, hgp) is a function describing the contact area between the rock and the ship; ¢ is the penetration
depth and hgp is the double bottom height of the ship.

In Section 2, the equations for the size of damage opening were derived. For each numerically
simulated grounding scenario, an average damage opening width was determined in the outer and
inner bottom. The damage width in the outer bottom D,,; was expressed via rock size and penetration
depth, while for the inner bottom damage D;, also the double bottom height was included:
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Fig. 1. Principle of the simplified approach for the derivation of grounding force.

Dout = Dout(a, 6),
Dj, = Din(a, 6, hgp).

25

Due to the observed different relations between the deformation mode and the relative rock size,
the above formulas were presented separately for two ranges of rock sizes. Furthermore, a failure
criterion for the inner bottom tearing in the form of critical penetration depth was proposed.
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The derived formulas are used in Interreg IV A project MIMIC (Minimizing risks of maritime oil
transport by holistic safety strategies) for a holistic approach to risks related to maritime oil trans-
portation in the Baltic Sea.

2. Numerical grounding simulations

Simplified equations were developed based on the observations from the numerical simulations.
Numerical simulations were conducted for three tankers varying in size. The effects of rock size,
penetration depth and ship size were studied. In total, 60 grounding scenarios were simulated. Contact
force and the size of damage recorded for each simulation form the foundation for deriving simplified
equations.

2.1. FE models of tankers

Three double hull tankers with lengths 120 m, 190 m and 260 m were studied. The cross-sections
and the main dimensions are given in Fig. 2 and in Table 1. Hereinafter superscripts T120, T190 and
T260 are used to denote the different tankers. If the superscript is replaced by i, it means that the
description is common to all three ships.

Typical ship-building steel with a yield stress of 235 MPa was used for the ship structures. For each
tanker, only part of the midship region was modelled, as shown in Fig. 3. The length of the model was
selected to provide sufficiently long data series for the evaluation of the average grounding force and
the damage size. Moreover, the length of the models was chosen such that the influence from boundary
conditions is minimal. The corresponding model lengths are given in Table 1. The longitudinal and
transverse bulkheads were omitted to maintain the conservative nature of the approach. The trans-
verse bulkheads would result in a local rapid increase of the grounding resistance, while the average
grounding force increases approximately 15%, as for instance, could be seen from the numerical
analysis presented in Ref. [15].

The corresponding finite element models are presented in Fig. 3. The structure was modelled using
quadrilateral Belytschko-Lin-Tsay shell elements with five integration points through their thickness.
As in ship grounding, the deformations are limited to the double-bottom, the finer mesh was used for
the bottom structures. The prevailing element-length in the double-bottom structure was around
50—75 mm to properly account for the non-linear structural deformations. Stiffeners were modelled by
using at least three elements for web and a beam element for flange. The possible material failure was
modelled using the through-thickness criterion, often referred to as the Germanischer Lloyd criterion
[18]. This criterion establishes element thickness and dimension dependent critical thickness strain
after which an element is removed from the simulation. Standard LS-DYNA hourglass control and
automatic single surface contact was used. For the contact between the sea bed and the bottom steel,
the friction coefficient was taken equal to 0.3. Due to the difficulty of determining the actual value for
the coefficient, the commonly implemented friction value is used [5,9,15]. In the development of
simplified equations the friction coefficient was not explicitly included. The effects of friction were
taken into account implicitly through the results of the finite element simulations. The nodes at the
forward and aft end of the model were fixed. The rigid rock was moved first to a required penetration
depth and then continued to move at a constant penetration depth along the ship at a constant velocity
of 10 m/s. The finite element simulations are described in detail in Ref. [17].

2.2. Grounding scenarios
Our simulations were conducted for five different penetration depths ¢ (from 0.5 to 2.5 m) and for

main rock sizes covering the range from sharp rock to blunt “shoal”-type rock. These rocks are
axisymmetric with parabolic shape cross-sections and are defined with parabolic functions

z = L 1)
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Fig. 2. Tanker cross-sections: a) tanker T120; b) tanker T190; c) tanker T260.

where the parameter a defines the actual size of the rock, whereas the values of for different rocks size
are given in Table 2. The rocks are depicted in Fig. 4.

Since the dominating deformation mechanism in ship grounding is plate tearing, the simulation
phase with constant vertical penetration was considered when recording the grounding force.

Table 1

Main dimensions and parameters of tankers used in numerical simulations.
Parameter/Tanker T120 T190 T260
Length [m] 120 190 260
Breadth[m] 16 24 32
Depth [m] 8 16 18
Double-bottom height [m] 0.8 1.2 1.6
Outer plating thick [mm] 10 13 15
Tank-top thick [mm)] 11 13 15
Girder spacing [m] 2.6 3.0 3.2
Floor spacing [m] 22 35 4.0
FE model length [m] 37.4 35 36
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| S

Fig. 3. Finite element model of a tanker.

To evaluate the critical penetration depth for the inner plating failure, a set of numerical simulations
were conducted, using also two additional rock sizes: AB and BC in Table 2. The simulations were
conducted up to the penetration depth of § = 2.5 m.

2.3. Grounding force in numerical simulations

The numerical simulations provide a response of different structural configurations for different
combinations of penetration depth and bottom topology. Typically, the contact force and the
description of damage are the outcomes of the simulation. Focus was on the horizontal grounding
force, the typical time-history of which is presented in Fig. 5. The average grounding force was eval-
uated over the time in which the constant penetration depth was reached, see the constant horizontal
line in Fig. 5. For brevity, hereinafter when referring to the contact force and the contact pressure, the
average contact force and average contact pressure are considered, if not stated otherwise.

Average force values are presented as a function on the penetration depths in Fig. 6 with the rock
size as a variable. As expected, larger ships result in a higher contact force. Rocks A and B cause a
parabolic force increase for tankers T120 and T190, while forces induced by rocks C and D increase
linearly. For the largest tanker T260, horizontal force increases linearly with all the rocks, as the inner
hull is penetrated later. This effect is due to the relative size between the rock and the ship. The slope of
the curve decreases and becomes more parabolic when the bottom plating is torn open. As the height
of the double-bottom increases with the length of the ship, the inner hull fractures later in larger ships,
resulting in a more linear behavior of the average force. However, it was concluded that the contact
force can be considered proportional to the penetration depth in all the simulated scenarios. This is
probably due to the fact that analyzed tankers follow a minimum scantlings approach given by the
rules and their scantlings are thus proportional to their size.

2.4. Damage opening width in numerical simulations

The description of damage size in the outer and inner plating of the double bottom was obtained for
each numerical simulation. Since the width of the damage opening varies along the ship, see Fig. 7, the
average values for the damage opening width in the outer and inner plating are defined and denoted

Table 2
Rock size parameters.
Rock A Rock AB* Rock B Rock BC* Rock C Rock D
a[m] 3 44 6 8.8 12 24

2 Rock sizes AB and BC are used only for the evaluation of the inner bottom failure criterion in Section 3.5.
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Fig. 4. Different rocks used in the simulations.
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Fig. 5. Numerical simulations: horizontal contact force as a function of time.

with d;:n and df,ut, respectively. For brevity, hereinafter the damage opening width in the outer and
inner plating is noted as “outer width” and “inner width”, respectively.

The magnitude of the outer width for rocks A and B differs from that of the much larger rock C. In the
case of rocks A and B, the outer damage width was approximately five times larger than that corre-
sponding to rock C. Due to very local contact in the case of smaller rocks, high strain concentration
results in a bottom fracture at a relatively low penetration depth, i.e. the deformation mode is similar to
that in Fig. 8a. Since the dominating deformation mode is local tearing, the bottom plating is torn open
and the outer width increases nearly proportionally with the penetration depth. The deformations and
damage are limited by the girders. In contrast, with the relatively large rock C, the contact area is large

o rock A v rock B o rock C A rock D
trend rock A - trend rock B trend rockC - trend rock D
6 6
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=z =z = © A
[0} @ @ ,"' é
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Fig. 6. Average contact force as a function of penetration depth: a) T120; b) T190; c) T260.
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a) b)

Fig. 7. Grounding damage: a) isometric view of the tanker; b) front view; c) damage opening in the inner bottom; d) damage
opening in the outer bottom.

and the global crushing of the bottom structures is dominating. Thus, the plating is torn open at larger
penetration depths, see Fig. 8c. In the case of average sized rock B, the deformation mode is a com-
bination of local tearing and global crushing, see Fig. 8b. Based on these considerations, it was
concluded that the rock size strongly influences the deformation mode, which can lead to wide or
narrow damage openings. This can be seen in Fig. 8, where the results of rock C on a relatively narrow
opening are compared to much wider local damages in the case of rocks A and B.

With the largest rock D, a large part of the ship bottom was crushed and the outer plating was
fractured only at the largest penetration depths, while the inner plating was never fractured, see
Fig. 9jkl. Therefore, simulations with the largest rock D were neglected in the further study. Fig. 9 also
reveals that the inner width has a shift with respect to the outer width while the shapes of the curves
are similar. Moreover, the outer damage is less dependent on the ship size than on the inner damage
size.

3. Simplified formulas

The formulas for the grounding force and the damage length are discussed only briefly as their
elaborate derivation is presented in Ref. [ 17]. Derivation of the formulas for the damage opening will be
presented in detail.

3.1. Contact force and pressure

Average horizontal grounding force Fy was analyzed and presented through the pressure acting on
the contact surface between the rock and the ship's double-bottom. The average contact pressure for
rock a and ship i at the penetration depth ¢ was obtained with a simple expression
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Fig. 8. Dominating deformation modes depending on the rock size: a) local tearing; b) combined tearing and crushing modes; c)
global crushing mode.

F
P(a.8. hgp) =4, )

where A is the contact area depending on the penetration depth (see Fig. 10):

3
%&-5(2) for 5 <h,, 3)
A (a,8,h,,)=

4~ 2
5\/;.|:5 _(5—hdb)(2j} for & > hy,. (4)

Looking at the pressure values obtained with Eq. (2), it was found that the contact pressure vari-
ations are small at the penetration depths larger than 0.5 m [17]. Furthermore, the pressure value is
almost constant with respect to the penetration depth and depends only on the rock size parameter a.
Therefore, the pressure as a function of rock size was approximated with a polynomial Pi(a) for each
ship. Since these polynomials were found to be of similar shape but different in magnitude, the
polynomials were normalized with respect to the magnitude and presented via a uniform regression
polynomial P in the following form:
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Fig. 10. Cross-section of a ship during grounding.
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P(a)=1.8-103a* - 7.4-102a + 1.2. (5)

To scale the uniform shape P(a) to a magnitude corresponding to the actual ship, it has to be
multiplied by a coefficient ¢} that describes the ship's structural resistance. Thus, the actual pressure P!
for a ship i takes the form:

Pi(L,a) = ¢--P(a) = Ch- (1.8~10*3a2 ~7.4-10"2a + 1.2). (6)

The coefficient EiT for a certain ship i can be evaluated by using two options. First option is through
the steps of the following procedure:

1. Select the ship and the rock:

a. ship i with the length L from the range 120 m <L <260 m
b. rock size a from the range 3 <a <24

2. Conduct a number of numerical grounding simulations

Each simulation with the selected ship i and the rock a at j different penetration depth 6; is to be con-
ducted in displacement controlled manner. Minimum number of simulations is j=1, however as the j in-
creases more accurate cy is obtained.

3. Calculate the average horizontal grounding force Fy (see, Fig. 5) for each conducted simulation

4. Calculate the average contact pressure p} for each simulation

Given the horizontal grounding force Fy, penetration depth ¢, rock size a and ship's double bottom
height hgy, the contact pressure pi for each simulation can be obtained by Eq. (2), where the contact area A is
to be calculated with Eq. (3) or /4).

5. Calculate the mean pressure value p' for the pressures pj’: with

%:p_; (avéj»héb>

=i
P J
6. Calculate EiT for the selected ship i from Eq. (6), where the uniform pressure function P(a) is given
with Eq. (5).

As an alternative to the above procedure, the coefficient EiT can be approximated with bilinear
functions (Fig. 11) as

e = fo (L) = [ 28571:L+1385714, for L < 190[m| o
T =" =1 6857.1-L + 137143, for L > 190[m],

which were derived using the EiT values (see values in Fig. 11) corresponding to the three ships used in
the current numerical simulations. However, it should be understood that Eq. (7) provides the struc-
tural resistance value similar to the ships used in the numerical analysis. Thus, the specifics of the
actual ship design are not accounted for. The Eq. (7) should be used, when there is almost no infor-
mation except the ship length available.

In order to calculate the horizontal force for a ship i and a rock q, Egs. (3) and (4)(6) were combined
and give the grounding force as

F(L,a,6,hg) = P'A =¢-P(a)-A(a, 6, hgy), (8)

where the function A(a, 6, hg,) is to be selected according to the condition given in Egs. (3) and (4). The
structural resistance coefficient ¢ for a selected ship can be evaluated by Eq. (7) or through the pro-
cedure described above.
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3.2. Length of the damage opening

In the grounding analysis, one of the main aims is to evaluate the length of bottom damage, see
Fig. 12. For simplicity, we assume that the ship motions, except the surge, are ignored and the kinetic
energy of the ship is transformed to the work done by the grounding force. Comparing this work to the
kinetic energy of the tanker, the length of damage I, can be evaluated as:

: 1 4
Il-Ildam =7( ha T;a,x) V=

(1 + ma,x)Auz ®)

2F}

dam — s

where 4 is ship's displacement, mg x is non-dimensional surge added mass usually taken as mqx = 0.05
and v is ship's speed. Replacing Eq. (6) into Eq. (9), a formula for the damage length can be presented as

B (14 mgx)4 9
lam = 5 1810 3¢ — 7.4-10 2a + 124" (10)

Fig. 12. Length of damage opening.
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3.3. Opening width in the outer bottom

Based on the numerical simulations it was concluded that the rock size determines the deformation
mode, which leads either to wide or narrow damage openings. The simulations showed that with a
rock A, the plate tearing is the dominating deformation mechanism. Therefore, the damage width
mainly depends on the penetration depth and the rock size. The damage width caused by rock B is of
similar magnitude to the rock A, however at large penetration depths, the side girders, in addition to
the central girder, influence the deformation mode. This indicates that as the rock size increases, the
ship has gradually larger impact on the change of the deformation mode. The importance of tearing
decreases and crushing becomes more dominant, resulting in a narrow damage opening in the outer
bottom. Therefore, it was concluded that the influence of the size and structure of a ship on the damage
opening width is small with sharp rocks and significant with large rocks. Due to the changing defor-
mation mode, it is difficult to give a single expression to describe the damage width. Therefore, it is
more convenient to derive damage width equations separately for two ranges of rock sizes in relation
to the ship size.

The relative rock size has been used in Ref. [19], where in a ship stranding study the rock size was
presented as a ratio between the rock parameter a and the ship floor spacing—a/Sg,. To determine the
range of rock size for each set of formulas, the relative rock size was given as a ratio of rock size a and
ship girder spacing -a/Sg;r.

Fig. 13 presents the relationship between the opening width and the penetration depth. A parabolic
dependence can be observed. Moreover, the rock width B, at the outer plating (see Fig. 10) changes
parabolically with the penetration depth (see also Eq. (1))

Ba(a,6) = 2va-o. (11)
To study the dependence between the opening width and the rock geometry, the difference

difi(a, 8) between the rock width B, and the opening width d! . was calculated for each numerical
simulation

difi(a, 5) = Ba(a, 8) — diy (6). (12)

These difference values dif] were presented as a function of penetration depths in Fig. 14 with the
ship size as a variable. For the robustness of the approach, the regression line was fitted through each
set of points giving one polynomial DIF for each rock size:

DIF4(6) = —0.06146% — 0.766 + 2.68, for rock size a = 3 (rock A) (13)

T120 T190 T260
—— dom —— daul ——— doul ----------------- regr.poly

(@

opening width[m]
N

opening width[m]

opening width[m]

0 1 2 3 0 1 2 3 0 1 2 3
penetration 5[m] penetration 5[m] penetration §[m]

Fig. 13. Damage width of the outer bottom and corresponding regression lines (FE simulations): a) rock A; b) rock B; c) rock C.
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Fig. 14. Difference dif; as a function of the penetration depth: a) rock A; b) rock B; c) rock C.
DIFg(6) = —1.556 +4.336 + 1.69, for rock size a = 6 (rock B) (14)
DIF-(8) = —5.85716? + 4.285 + 2.96,  for rock size a = 12 (rock C) (15)

The difference curves given with Egs. (13—15) are all presented in Fig. 15. The difference was
interpolated separately to two regions where the first region was determined with rocks A and B and
the second region with rocks B and C.

Now the damage opening width in the outer plating can be obtained for two relative rock size
regions as follows:

D!, (a,6)=2-Va-s— |:DIFA(5) + (M) (a- aA)}

(ag —ap)

; (16)
for 0.9 < a/s;,.r <23, shiplength 120m <L < 260m, a; = 3,a5 = 6
Dgut(m(» —=2Va-6— {DIFB(é) + (W) (a— 03)}
(aC - aB) , (]7)

for2.3 < a/S"'gir < 4.6, shiplength 120 m <L < 260 m, ag = 6,ac = 12

where By is the width of rock a at the penetration depth 4, given by Eq. (11), aa, ag, ac are rock size
parameters and DIF,, DIFg and DIF¢ their corresponding difference functions given by the width

12 L

o dif

. - i

E s v B
8 o v dif
5 6 . &
g 4 :/',_\z\l ............... DIF,,
kS o DIF

2 [ - S g ......
5 --g- ........ o DIF
0 1 2 3

penetration 3[m]

Fig. 15. Difference for rocks A, B and C.
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Egs. (13—15). Hereinafter, formulas for the first and the second rock size range are denoted by su-
perscripts I and II respectively.

3.4. Opening width in the inner bottom

Comparing the variation of the inner width di, with the outer width d ,, two conclusions can be
made:

1) considering the minimum penetration depth step 0.5 m, at the penetration depth approximately
b-hy, greater than for the outer bottom, where b is an unknown constant (see Fig. 9), the opening
width in the inner bottom sets on continuous growth;

2) the opening width grows similarly to the opening width in the outer bottom, i.e. the curves are of
similar shape (see Fig. 9);

The values of b-hgb for T120, T190, T260 are approximately 0.6 m, 1 m and 1.2 m respectively.
Dividing these values b-hfjb with corresponding double bottom heights, the average coefficient b is
obtained as

b= 21'3:1 b'hiibE

3 0.75.

It reveals that Egs. (16) and (17) can be used to calculate the opening width in the inner bottom by
subtracting the term b-h, from the penetration depth 4. The equations for the inner width can be
presented in the following form:

Dlln(av 0, hdb) =

Ba(a,6 — 0.75hy,) — [DIFA((; —0.75hg) + (DIFB((S — 0.75hgy) = DIFs (9 - 0‘75hdb)) (a— aA)]

(ap — ag)
< 2.3, shiplength120m <L < 260m, a4 =3,a5 =6
(18)

for 0.9 <a/Sk;

Dl (a,6,hgy) =

n

Ba(a,5 — 0.75hg) — [DIFB((S —0.75hg) + (DIFC(‘S = 0.75hay) = DIFs(6 = 0‘75h‘”’)) (a- aB)] ,

(ac —ap)
<4.6, shiplength120m <L < 260m, ag =6,ac =12
(19)

where B, is the width of rock a at the penetration depth 6 — E-hfjb, given by Eq. (11), aa, ap, ac are rock
size parameters and DIF4, DIFg and DIF¢ their corresponding difference functions given by Egs. (13—15).
Eqs. (16—19) are to be used only for the ships with the length ranging from 120 to 260 m.

If a relative rock size a/Sy;- is smaller than 0.9, then Egs. (16) and (18) can be used. However, the
interpolation is no longer done between the functions DIFg and DIF, - the upper and the lower poly-
nomial. Instead, it is conducted between the function DIF4 and the zero level. Thus, the function DIF, is
used instead of the function DIFg and DIF, is taken equal to zero. If a relative rock size is larger than 4.6,
then a very small damage opening may exist in the outer and inner bottom of the ship.

As the damage opening in the inner bottom results in severe consequences to the environment and
to the ship, its detection is of crucial importance. However, Eqs. (16—18) can only be applied in a sit-
uation when the damage opening exists. Therefore, in the next section an additional criterion is
developed that defines the onset of the inner bottom tearing.

for2.3 < a/S;ir
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3.5. Failure criterion for inner bottom

In order to derive a failure criterion for the inner bottom, a set of numerical simulations with the
three ships and five different rock sizes, indicated as A, AB, B, BC and C in Table 2, were conducted. The
simulations were conducted with two different rock positions with respect to the web frames: (i) the
rock was positioned directly under the intersection of the floor and the central girder and (ii) the rock
was between the floors. The vertical penetration speed of 1 m/s was selected for the rock. The criterion
was sought as a function of the penetration depth, ship and rock size.

The critical penetration depth ¢ at which the inner bottom is fractured was determined for each
numerical simulation. To study the dependence between the critical penetration depth and the ship
size, the dr was divided with the corresponding double bottom height hgp, providing the relative
penetration depth. These values are presented in Fig. 16 as a function of the ratio between the rock size
and the ship breadth - a/B. If the rock was positioned between the floors a strong correlation was
obtained between the relative penetration depth dghgy and a/B, see Fig. 16. However, if the rock was
positioned under the floors the correlation is weak and the relative penetration depth is almost in-
dependent of a/B ratio.

Since no fracture occurs at the penetration depth lower than the double bottom height of the ship,
the regression line was fitted through the lowest points, giving a conservative lower bound criterion.
Considering the negligibly small slope, the lower bound failure criterion becomes 6¢ /hg, > 1.05, i.e. the
fracture occurs at the penetration depth

6 > 1.05hy,. (20)

This confirms the conclusion made in Ref. [ 19] where the inner bottom was claimed to be fractured
at the penetration depth approximately equal to the double bottom height. However, an experimental
study presented in Ref. [20] found the critical penetration depth to be approximately equal to 1.4hg,.
The values dr obtained in this paper are distributed between 1.05hy, and 2.1hg,. Higher relative
penetration depths were obtained when the rock was positioned in between the floors. However, the
conservative approach is preferred and the condition given by Eq. (20) is used in this paper.

The failure criterion given by Eq. (20) is to be used in conjunction with Egs. (18) and (19) under the
following considerations:

o If Egs. (18) and (19) give a positive nonzero value and the failure criterion Eq. (20) confirms the
fracture, then Eqgs. (18) and (19) can directly be used.

2,5
Rock is hetween the
2 floors > A
| /
1
/
15 ¥
° ° ’ z
S ‘ - A g
= 1 | 7:‘7.7./77. ° no inner
= inner bottom § | bottom
«© Rock is under the failure failure
intersection of floor
0,5 -
and girder
0 T T 1
0 0,2 0,4 0,6 0,8

a/B

Fig. 16. Fracture criterion for the inner bottom (A, AB, B, BC, C indicate the rocks as given in Table 2).
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e If Egs. (18) and (19) give a positive nonzero value and the failure criterion Eq. (20) indicates no
fracture, then D;, = 0.

e If Egs. (18) and (19) give a negative value and Eq. (20) indicates no fracture, then D;, = 0.

e If Egs. (18) and (19) give D;;, = 0 and Eq. (20) indicates a fracture, then only very narrow damage
opening is caused.

4. Validation with the numerical simulations

For the validation of the derived formulas full- or model-scale experiments or data from real ac-
cidents are most valuable. Here the comparison is made to the numerical simulations, while Chapter 6
focuses on real accidental data.

4.1. Grounding force

Fig. 17 shows the comparison for the grounding force Fy, where each graph presents the average
grounding force for three different rocks. It reveals that Fy is under-predicted for penetration depths
smaller than 1.0 m and slightly over-predicted for higher penetration depths. Obviously, this is due to
the exclusion of pressure values at the penetration depth of 0.5 m, see Section 4.1. However, it can be
seen from the figures that for penetrations 6 > 1.0 m Eq. (8) predicts Fy with good accuracy and can
thus be applied to Eq. (10) to evaluate the length of the damage.

o T120(FEM) v T190(FEM) o T260(FEM)
------------------- T120(eq.(8)) —— T190(eq.(8)) — T260(eq.(8))
x10°
3 3 3
@® [0 @
2] e 4]
=] L L
() ()] (]
(=] (=] (=]
© il ©
[} [} (]
> > >
© @ ©
penetration [m] penetration [m] penetration [m]

Fig. 17. Comparison of horizontal forces: a) Rock A(a = 3); b) Rock B(a = 6); c) Rock C(a = 12).

4.2. Opening width

To assess the applicability of Eqs. (16—19), opening widths D,y and Dj, were calculated and
compared to the numerical simulations. The comparison is shown in Fig. 18, where in each graph Doy
and Dj, are presented for a certain rock and ship size. The comparison reveals that the Egs. (16—19)
estimate the opening widths in the outer and inner bottom with relatively good accuracy and the
maximum deviation from the numerical simulations is up to 25%.

5. Validation with the real accidental data

In order to assess the developed approach in more realistic circumstances, 18 grounding accidents
occurred in Finnish waters [21] were studied. The report covers several ship types. However, since they
all have double-bottom structures, comparison to the derived simplified equations can be made. In
Ref. [21], for each accident the bottom damage is described via the extent of the replaced steel structure
using four measurements - damaged area A, maximum vertical depth d of the damage, the length s of
the damaged area (cannot exceed ship length) and the total damage length [, which is the sum of the
lengths [; of individual damage paths, see Fig. 19. Unfortunately, this data only allows to compare the
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Fig. 18. Comparison of the inner and the outer opening width.

grounding force and the deformation energy as only very limited information is presented for the
damage openings.

Based on the registered ship velocities, Luukkonen calculated the loss of the kinetic energy Eyi, and
compared it with deformation energy evaluated with simplified models given by Minorsky [4],
Vaughan [22] and Luukkonen [21 ], which all are based on the volume of the damaged steel. To compare
the derived equations to these results, the deformation energy was also evaluated as a product of the
damage length I and the grounding force Fy, given with Eq. (8). For that the rock size parameter a was
derived with the help of the equivalent damage breadth A/l and the maximum vertical depth d. The
results are presented in Table 3, where the calculated deformation energy and the corresponding
differences to the loss of the kinetic energy are given for each ship. Table 3 shows that with all four
calculation approaches the general trends are predicted, while some results still deviate significantly.
As expected, the energy is often over predicted (difference is negative) with Eq. (8), indicating that the
actual penetration depth and the rock size are smaller than the maximum vertical depth d and
equivalent breadth A/l of the damaged steel structure. Approximately similar level of accuracy is ob-
tained also with the simple formulas by Minorsky, Vaughan and Luukkonen, indicating once again that
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Fig. 19. Detailed bottom damage layout of a tanker #1 [21].

the interpretation of accidental damage data has a great influence on the accuracy of the energy
predictions.

For tanker #1 a detailed bottom damage profile is available in Table 11 in Ref. [21], giving also the
actual penetration depth in addition to the maximum vertical depth d of the damaged steel, see Fig. 19.
That significantly lowered the predicted deformation energy from 667 MJ to 75 MJ] while the loss of
kinetic energy was 208 M]. It is obvious that for this example the extent of damaged steel structure
significantly exceeds the direct damage by rock, which is required for more precise estimates.

6. Conclusions
Simplified formulas to evaluate the damage opening size in tanker groundings were derived and

presented. In the derivations, the effects of ship size and structural resistance were separated from
those of rock size and penetration depth. This allows, for example, modifications of the level of ship's

Table 3
Comparison between grounding energies (data adapted form Luukkonen [21]).

Ship type Ship Exkin Minorsky [4] Vaughan [22] Luukkonen [21] Eq.(8) x 1

}f:]gth M1 & o Dif Ec DI, Eac DI, Ecatc Dif. from
[M]] from [M]] from [M]] from [M]] Ekin [%]
El(in [%] El(in [%] Ekin [%]

Bulker#1 159,2 691 423 39 387 44 324 53 572 —18
Tanker#1 150 208 312 -50 278 -34 233 -12 667 —237
(75,2) (-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
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structural resistance while leaving the effect of rock size unchanged. These simplified formulas are to
be used in analyses, where there is very limited information available regarding the ship structures.

Formulas for the grounding force and the longitudinal extent of structural damage are based on
uniform pressure that depends on the rock size alone. This pressure is scaled to the ship level by using
the structural resistance coefficient crof the ship and the contact area that depends on the rock size and
ship's double-bottom height. Two evaluation methods are outlined for this scaling coefficient— a 6-
step procedure based on numerical simulations and a regression line based formula. Since the relative
rock size strongly influences the deformation mode, either local tearing or global crushing or their
combination, damage width was derived separately for two ranges of relative rock size. The calculation
of damage size in the inner bottom was improved by introducing the failure criterion presented as a
critical relative penetration depth. This failure criterion was found to be in good agreement with the
conclusions made in Refs. [20] and [19]. All the formulas were derived without any transverse or
longitudinal bulkheads, thus presenting the lowest possible contact force level.

Comparison to the numerical simulations showed that the derived simplified approach describes
the horizontal grounding force well for the penetration depths above 0.5 m. For smaller penetration
depths, the force is under predicted. Therefore, the approach should be further developed to account
for the modes associated with smaller penetration depths, such as tearing of the bottom plating.
Acceptable results were also obtained for the damage size. The deviation of the simplified model from
the numerical simulations was up to 25%. Comparison was also made to real accidental damage data
and to the deformation energy obtained with several simplified formulas. The deformation energy,
calculated as a product of horizontal grounding force and damage length, was predicted with similar
accuracy compared to the other simplified methods which evaluate the deformation energy based on
the volume of deformed steel structures.

The main drawback of the derived equations is a small number of different ship configurations. This
is especially important when evaluating the structural resistance coefficient c. An additional study will
be conducted, where the effects of longitudinal and transverse bulkheads are included. These simu-
lations would significantly extend the number of data points for regression analysis and allow to
evaluate the effects of bulkheads and thus, would allow for more realistic damage assessment
compared to current very conservative assessment.
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Abstract

This paper presents improvements to the simplified ship
grounding resistance and damage opening model for
double bottom tankers of Heinvee et al. (2013) by in-
cluding the effect of longitudinal and transverse bulk-
heads. The study is based on numerical simulations of
90 grounding scenarios. The scenarios were constructed
for three different size tankers, three rock sizes and five
penetration depths. Influence of the longitudinal bulk-
head on the grounding resistance is described via addi-
tional term. The effect of the transverse bulkheads on
the grounding resistance is less profound and thus, this
influence is excluded from the simplified formulas. A
new approach for the calculation of structural resistance
coefficient, that allows scaling of the grounding re-
sistance according to the ship size, is proposed based on
the volume of deformed material. Moreover, it is shown
that Minorsky’s formula (Minorsky, 1959) for ships
collisions is also valid for ship grounding. Formulations
for the prediction of the size of the damage opening
were modified to include the effect of the bulkheads.

Keywords

Ship grounding; Simplified analytical method; Ground-
ing damage assessment.

Introduction

The paper presents a simple formula for a rapid predic-
tion of grounding damage of double hull tankers. These
simplified formulation are aimed for risk analysis stud-
ies where there is only limited amount of information
available regarding the ships. Several simplified models
have been developed to describe a ship grounding acci-
dents. The models either base on a simplified closed
form expressions (Cerup-Simonsen et al. 2009), (Hong
& Amdahl 2012) or on numerical simulations (Alsos &
Amdahl 2007). Precise numerical simulations are too
time consuming for risk analyses and require detailed
input information. On the other hand, simplified models
are often limited to a certain sea bottom topology or to
ship’s structural configuration. Moreover, often the

methods require that to some extent the damage me-
chanics are prescribed: for example, the description of
contact energy is based on the fracture propagation in
the bottom plating.

Simple formulation based on a small number of parame-
ters that describe the grounding resistance of a tanker in
a grounding accident was derived by Heinvee et al.
(2013). The longitudinal and transverse bulkheads con-
tribution was omitted. The aim of the current paper was
to determine the effects of the longitudinal and trans-
verse bulkheads to the average grounding resistance and
to the damage size. Large number of grounding scenari-
os with three tankers including longitudinal and trans-
verse bulkheads are simulated for three rock sizes at
five penetration depths. Two transverse rock positions
were selected for each grounding scenario, one being
directly under the longitudinal bulkhead and other be-
tween the bulkhead and the side of the ship. With both
rock positions, numerical grounding simulations were
conducted in displacement controlled manner at con-
stant grounding velocity. For the each grounding simu-
lation, average horizontal grounding force was calculat-
ed and the values corresponding to the both rock posi-
tions were compared.

The tankers used in the current paper are designed to
meet higher strength requirements than tankers used in
previous studies (Heinvee et al. 2013, Heinvee & Tabri
2015). Thus, the uniform pressure polynomial as the
central element in the simplified approach and the func-
tion for the structural resistance coefficient ¢, that
scales the resistance according to the ship size, were
updated using the same approach as in Heinvee et al.
(2013). The structural resistance coefficient ¢z is here
evaluated based on the volume of the deformed materi-
al. Furthermore, it is shown that the simple formula
between the dissipated energy and the volume of dam-
aged material given by Minorsky (1959) is applicable
also for ship groundings.

The effect of transverse and longitudinal bulkheads to
the damage opening size is studied and equations for the
outer and inner damage widths are updated compared to
Heinvee & Tabri (2015).



Finite element simulations

This chapter presents an overview of numerical ground-
ing simulations. The principles of numerical modeling
and the post-processing of the analysis results are given.

FE models

Three double hull tankers with different dimensions are
modeled. The cross-sections with the main structural
dimensions are given in Fig. 1 and in Table 1. Herein-
after we use superscripts T150, T190 and T260 to de-
note the tankers. If the superscript is replaced by i, it
means that the description is common to all three ships.
Ship-building steel with yield stress of 285 [MPa] is
used in the analysis. True stress-strain curve is present-
ed in Fig. 3.
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Fig. 1: Tanker cross-sections (dimensions not in scale).

The corresponding finite element models are presented
in Fig. 2. The structure is modeled using quadrilateral
Belytschko-Lin-Tsay shell elements with 5 integration

points through their thickness. The prevailing element-
length in the double bottom structure was around 100-
200 and 300-400 [mm] elsewhere. Finer mesh in longi-
tudinal and transverse bulkheads extend up to 4 [m]
from the ship bottom. Standard LS-DYNA hourglass
control and automatic single surface contact (friction
coefficient of 0.3) is used for the displacement con-
trolled grounding simulations. The rigid rock first
moves to a required penetration depth and continues to
move at constant penetration depth along the ship at a
constant velocity of 10 [m/s]. The nodes at the forward
and aft end of the models are fixed.

Table 1:Main dimensions and parameters of the tankers

Parameter T150 T190 T260
Length [m] 150 190 260
Breadth [m] 20 28 32
Draught [m] 8 12 18
Depth [m] 10 14 23
Design speed [kn] 15.4 15.4 15.4
Deadweight [tdw] 11499 28884 89971
Double bottom height 1.4 1.6 1.6
[m]

Outer plating thick. 14-15 15-18 17-21
[mm]

Tank-top thick. [mm] 15 16 18
Girder spacing [m] 2.2 3.25 3.9
Floor spacing [m] 35 35 35
Classification rules HCSR-OT

Transverse
bulkhead

Mesh
resolution

Fig. 2: FE model of the tanker.

Material failure was modeled with the fracture criterion
developed by Korgesaar (2015). According to the crite-
rion the fracture strain for shell element is calculated as
a function of stress state and element size.
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Fig. 3: True stress-strain curve.

Grounding scenarios and rock locations

The grounding simulations were conducted for five
different penetration depths & (from 1.0 to 3.0 [m] with
0.5 [m] spacing) and for three rocks. All the rocks are
axisymmetric with parabolic cross-sections given by
z=y’/a, with a being the parameter defining the rock
size (Heinvee & Tabri 2015). Rocks ranged from sharp
rocks denoted as rock A (a=3) and rock B (¢=6) to blunt
“shoal”-type rock C (a=12).

The grounding simulations are done for two transverse
rock locations (see Fig. 4a):

i) location B/4: between the longitudinal bulkhead
and the ship side i.e. at B/4;

i) location B/2: directly under the central longitudi-
nal bulkhead i.c. at B/2.

(a)
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Rock at B/2
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Fig. 4: Setup for FE calculations: (a) rock positions, (b)
ranges for the evaluation of grounding forces.

Horizontal rock travel starts two web frame distances

before the transverse bulkhead and terminates at two
web frame distances before the next bulkhead, see Fig.
4b. For each simulation, time histories for the horizontal
grounding force (Fig. 4b), deformation energy and the
volume of the deformed elements are obtained. From
each force time histories two average force values are
evaluated, Fig. 4b:

FB/2 (or FB/*)— average force over the whole hori-
zontal travel distance including the ef-
fect of the transverse bulkhead, see red
solid line in the figure;

Fff/ 2 (or F‘ff/‘l)f average force over the reduced hor-

izontal travel distance excluding the
effect of the transverse bulkhead, see
red dashed line in the figure;

The effect of longitudinal bulkhead can be determined
by comparing the average forces F‘fjfz and Ff#. Simi-
larly, the effect of transverse bulkheads is determined

by comparing the average forces F¥/4 and F‘f#‘

Furthermore, to study the opening widths in outer and
inner bottom, the corresponding values are measured
from each FE simulation.

Effect of longitudinal bulkhead

The effect of longitudinal bulkhead to the grounding
force is presented in Fig. 5 via comparison of average

forces vaf/z (longitudinal bulkhead contributes to the

grounding resistance) and F‘f){‘} (no resistance contribu-
tion by longitudinal bulkhead). Fig. 5 presents the ratio
Fff/z /If‘fff/4 as a function of penetration depth for differ-
ent rocks and ships. Figure reveals that at low penetra-
tion depths the longitudinal bulkhead increases the re-
sistance about 10 % regardless of ship and rock size.
The influence of the bulkhead increases at higher pene-
tration depths. For =3 [m] the maximum force ratios
for ships T150, T190 and T260 are 1.3 (30%), 1.46
(46%) and 1.36 (36%) respectively.

It should be noted that at 0>1 [m] the ratio continues to
increase for rocks A and B, while for the rock C the
ratio remains almost constant. As the rock C is relative-
ly large compared to the ship cross-sections, the double
side starts to contribute to the resistance at higher pene-
tration depths. Thus, it can be concluded that with large
shoal-type rocks (a=12) the influence of the longitudi-
nal bulkhead is small as it is partly compensated by the
contribution from the double side structure. Furthermore
in Fig. 5a the ratio decreases for rock C at 6>1.5 [m]
due to the crushing of the ship side that gives significant
additional resistance. As the purpose was to determine
the effect of longitudinal bulkhead, these scenarios are
omitted in subsequent development of the term describ-
ing the effect of longitudinal bulkhead (Eq.1 and Fig. 6).

In Fig. 6 the regression curve is fitted through all the
Fff/z /Ii‘fff/4 ratios, giving a term describing the effect of
the longitudinal bulkhead:



=B/2
;;54 =0.1058 + 1.04. 1)
wf

In order to employ the obtained relationship, we derive

formula for the average force F‘ffM by using the ap-
proach presented in Heinvee et al. (2013).

Thus, the rock directly under the longitudinal bulkhead,
the average grounding force can be calculated as

E2? = Fyl* - (0.1056 + 1.04), (@)

where F‘ffM is average grounding force without the
contribution from the longitudinal bulkhead.
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Fig. 5: Increase of average grounding force due to the
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Effect of transverse bulkhead

To study the influence of transverse bulkheads we com-

pare two average forces F2/* andﬁ‘ffM. The average

forces ratios F2/* /13‘5;4 are presented in Fig. 7 for three
ships and for three rock sizes.

In Fig. 7 the force ratios F2/* /If‘fjf4 for both rock posi-
tions remain almost constant and are approximately
equal to 1, which means that bulkhead has only small
influence to the average grounding force. Similar behav-
ior of the ratio was observed also for F/2 /Ffjfz. As the
influence of the transverse bulkhead to the average
grounding force is small, its contribution is not explicit-
ly presented in the simplified equations.

Updated formulas for the grounding force

The simplified formula for the average horizontal
grounding force F; was given by Heinvee et al. (2013)
as

Fi=¢L-P-A, 3)
where ¢ is a coefficient for ship i and is characterizing
ship’s structural resistance and defined via bilinear
function of ship length L, ¢& = fer (L), P is the uniform
pressure polynomial describing the contact pressure as a
function of rock size a and 4 is the projected contact
area between the rock and the ship double-bottom
(Heinvee et al. 2013) given in Appendix A.

The current paper updates the function for the structural
resistance coefficient & and the uniform pressure poly-
nomial P using the same procedure as presented in
Heinvee et al. (2013). The updated structural resistance
coefficient function for ¢ takes the form (Fig. 8a)

ek = fe, (L)
~ {—1375 -1 + 2609107, if 150<L<190 [m] @)
10676+ L + 319322, if L>190 [m]

In Fig. 8 the structural resistance cocfficients ¢k are
presented for the tankers used in this paper (Fig. 8a) and
for those used in Heinvee et al (2013) (Fig. 8b) and
about 1.6 times increase in recognized. Reasons for that
are analyzed in the next section, where the structural
resistance coefficient is connected to the volume steel
material.

The updated form for the pressure polynomial was de-
rived based on average forces F‘f]{‘} and is as follows

P(a) =2.64-1073a2 — 6.1-10"2a + 1.16. (5)

The contact force in grounding can now be calculated
using Eq. 3. If the rock is positioned directly under the
longitudinal bulkhead then Eq. 3 is to be multiplied with
the term given by Eq. lgiving the average grounding
force under the longitudinal bulkhead as

Fi=¢k-P-A-(0.1055 + 1.04). ()
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Fig. 8: Functions fcr (L) for structural resistance coeffi-
cient E%: (a) based on tankers used in current
paper and (b) from Heinvee et al. (2013).

Structural resistance coefficient as a function of
material volume

The difference of structural resistance coefficients in
Fig. 8 is due to the different design criteria used for the
ships- the tankers in the current paper meet all the
strength criteria according to HCSR-OT rule while the
tankers in Heinvee et al. (2013) only satisfy the mini-
mum rule scantling requirements and thus, present very
conservative approach in means of structural resistance.
Clearly, the latter tankers contain less steel. To deter-
mine their differences, we calculate the volume of de-
formed material V., (material where plastic strain
&, > 0.01) for four numerical simulations: two con-
ducted with T190 tankers and two with T260 tankers,
see Table 2.

Table 2: Ratios of V;,rand ¢k, for different tankers.

- & | Var - , -
Scenario [m] [mgf Ratio (V) | Ratio (¢t )
T190rock A’ | 2.5 | 405 [ 605 [235 _
T190,rock A™ | 2.5 | 6.05 | 205~ "~ 142
T260,rock A~ | 2.5 [ 555 | 7.75 _ E
T260,rock A™ | 2.5 | 7.75 | 555~ " |192~

" tanker used in Heinvee et al. (2013); " tanker used in the
current study.

The results given in Table 2 show that the volume of
deformed material for the current tankers is 1.5 and 1.4
times higher for T190 and T260 tankers, respectively.
This indicates a possible correlation between the struc-
tural resistance coefficient and the volume of deformed
steel material. If such correlation exists, the c’% values
presented by Eq. 4 can be used as a basis to evaluate a
&) value for any ship j once the steel volumes Vinae' and
Vmatj are determined:

ETi Vmatl(a' )

—_— =

e’ Ve’ (a,6)
17rrL(th(a: 8) _ i

— i cr,
Vinar (@, 6)

(7

&l =



where Vg (a,6) and V4 (a,8) are approximations
for the steel volume to be deformed per unit length in a
certain grounding scenario defined via rock size @ and
penetration depth 6. A routine to approximate this vol-
ume is presented in detail in Appendix A, which also

presents the Vmatl values for the tankers (Table. Al)
used in the current paper. In the calculation procedure

the volume Vmatl includes the contributions from the
double bottom structural members, which are in direct
contact with the rock.
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Fig. 9: Averaged volume of deformed material compared
for ships T150,T190 and T260: a) Rock A; b)
Rock B and ¢) Rock C.

In Fig. 9 averaged steel volume Vmatlis presented for all
the simulated scenarios with position B/4. Two patterns
can be recognized. First, for each ship the averaged
volume increases proportionally with the penetration
depth. This holds for all the rocks. This indicates that
the ratio of average volumes at each penetration depth is
constant between any two ships. This is also presented
in Table 3, where the averaged steel volumes are nor-
malize with respect to the volume of the largest tanker

T260. The Table 3 reveals that the normalized values
are constant for each tanker, except for T150 at 5~1.5
[m] for which the normalized value is 0.93. This is due
to rapid and local increase in steel volume as the pene-
tration slightly above the double bottom height (4,,=1.4
[m] for T150). This effect diminishes as the penetration
increases further. Thus, it is suggested to use 0=h,;, for

the evaluation of the V4, in Eq. 7.

Table 3: Normalized material volumes.

, Vinat/ Vimae
Ship penetration & [m]
1.0 1.5 2...3
T150 0.80 0.93 0.8
T190 0.85 0.84 0.85
T260 1 1 1

In Fig. 10 the normalized volumes from Table 3 and the
ck values from Fig. 8 are presented as a function of ship
size. All the values are normalized with respect to the
corresponding value of the largest tanker T260. The
comparison shows that the average volume behaves
similar to the structural resistance coefficient. Thus, the
structural resistance coefficient can be determined via
the steel volumes by using Eq. 7. It should be noted, that
for the comparison in Eq. 7, the same a and & values

should be used both for Vmati(a, &) and Vmatj (a,6)
and for 52/’14[,.

Moreover, as the link between the Vmatl and the struc-
tural resistance exists, there should also be a relation-
ship between the steel volume and the deformation
energy. This relationship is studied in the next section.
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Fig. 10: Comparison of normalized steel volume and struc-
tural resistance coefficients given.

Relationship between the dissipated energy and
volume of deformed material

It was shown by Minorsky (1959) that there is linear
correlation between the volume of the deformed materi-
al and the energy dissipated during the ships collision.



In Luukkonen (1999) the performance of Minorsky’s
equation together with several other simplified models
was analyzed with respect to real grounding accidents.
Although the correlation between the deformed material
and the dissipated energy was recognized, significant
variations occurred for all the models. Obviously, the
differences were partly due to poor reporting of the real
accidents, e.g. the grounding velocity and the descrip-
tion of the grounding scenario. Here the aim is to devel-

op linear relationship between the steel volume Vmatl
and the absorbed energy based on numerical simula-
tions, where the grounding scenario is well defined.
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Fig. 11: Averaged energy vs volume of deformed material

per unit damage length in case of B/4: (a) ¢, >
0.01; (b) &,>0.1.

We use the steel volume V. (Appendix A) to approx-
imate the volume of the deformed material Vger. For
each grounding simulation the volume of deformed
material V;ef was calculated for two different levels of
equivalent plastic strains: ¢, > 0.01 and ¢, > 0.1, which
are plotted against the dissipated energy in Fig. 11 for
the position B/4. The dissipated energy includes the
contribution from friction. In the figure, both the energy
E and the steel volumes are presented per unit length.
For that the deformation energy E absorbed during the
rock travel over the horizontal distance L, (Appendix A)
was divided with L, to obtain E. For both plastic strains
a strong linear correlation can be noticed. Clearly, the
amount of deformed material depends how one defines

the deformed material. It is interesting to note that for &,
> 0.01 the obtained dependency is very similar to the
one shown by Minorsky (1959). To maintain the simi-
larity to Minorsky’s classical relationship, we derive the
relationships based on ¢, > 0.01, giving the deformation
energy E per unit length as:

E=
for rock at B/4 ®)

38.11(1.26V,,4; — 0.016) + 3.85 [M]/m]
for rock at B/2

{38.11(1.07Vmat +0.021) + 3.85 [M]/m]

where V4, unit is [m*/m].
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Fig. 12: Average force calculated with Eq. (3) and Eq. (8),
(ep>0.01).

It should be noted, that the energy per unit length, E



given by Eq. 8, has a unit of [MJ/m] and actually repre-
sent the average grounding force. Thus, it can be direct-
ly compared to the average grounding force given by
numerical simulations and with Eq. 3 and Eq. 6. For the
position B/4, this comparison is given in Fig. 12, where
empty circles present the average grounding force from
numerical simulations, filled circles present the energy
per unit length from numerical simulations, solid lines
present Eq. 3 and dashed lines present Eq. 8. Good
correlation exists between the equations and the numer-
ical simulations, except for Eq. 8 and tanker T260,
where the deviation is about 15-20%.

Depending on the available information for grounding
scenario either Eq. 3, Eq. 6 or Eq. 8 can be used for the
calculation of the average grounding force. If the rock
size, penetration depth and the ship scantlings are avail-
able then Eq. 8 can be used to take into account the
resistance of the specific ship. However, if such detailed
data for ship is not available then Eq. 3 or Eq. 6 can be
employed using the penetration depth, rock size, ship
length and double bottom heights as variables.

Size of the damage opening

In this chapter the effect of transverse and longitudinal
bulkheads to the damage opening width is studied. The
damage opening formulas developed in Heinvee &
Tabri (2015) are updated accordingly. The damage
opening formulas give the dimensions of the opening
widths and should be used together with a criteria defin-
ing whether the failure in the inner bottom occurs. First,
the formulas for the opening widths are updated follow-
ing the updated criteria for critical penetration depth.

Damage width in outer and inner bottom

In each numerical simulation the average opening width
was measured for the outer and inner bottom and the
measurements are presented in Fig. 15. Fig. 15 presents
the damage widths only for the position B/4. In B/2 the
behavior and the damage dimensions were similar
meaning that the effect of longitudinal bulkhead to the
average inner opening width is modest. Moreover, ob-
servations from FE simulations showed that a noticeable
increase in opening width in the inner bottom occurred
locally at the vicinity of the transverse bulkhead and this
has only minor effect on the average width. The numer-
ical 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
Fig.13b. In is interesting to notice that the presence of
the transverse and longitudinal bulkheads contributed to
the localization of the damage. In the simulations with-
out the bulkheads (Heinvee & Tabri, 2105) 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 from local tearing
and global crushing in case of all three rocks.

B e

Fig. 13: Comparison of bottom damages: (a) tanker with-
out the bulkheads (Heinvee & Tabri 2015) (b)
tanker with bulkheads.

In Heinvee & Tabri (2015) the equation for the damage
opening widths were given separately for two rock size
ranges due to the dominant global crushing modes in the
case of large rocks (a>12). Here, the deformation modes
were similar for all the covered rock sizes and the equa-
tions can be presented for a single range covering all the
rocks (3<a<12). Analysis revealed that within the range
of penetration depths 1.0 to 3.0 [m] the behavior of the
opening width in the outer bottom generally follows the
rock width. Similar observations as in Heinvee & Tabri
(2015) can be made:

i) the opening width in the inner bottom grows simi-
larly to the opening width in the outer bottom;
ii) onset of failure in the inner bottom is delayed by

b - hg, compared to that in the outer bottom, where
constant b = 0.75.

Simulations revealed that the outer bottom failure was
observed roughly at 6> 0.5 [m]. Thus, the simplified
formulas for the prediction of opening widths in the
outer and inner bottom are as follows:

opening width in the outer plating

Daut(a' 5) =
_ {zm- [1.656 — 0.8] for §<1[m]
08:-2Va-§ for 6>1[m] ©

for 150 [m] <2<260 [m],3<a <12



opening width in the inner plating
Din(a, 8, hyy) =

2./a(6 — 0.75h4,)[1.6(8 — 0.75h,,) — 0.8]

for §<1 [m] (10)

0.8-2,/a(s — 0.75hy,) , for § > 1[m]

for 150 [m] <2<260 [m],3 < a < 12.

Comparison between the measured opening widths and
the calculations using the above equations are presented
in Fig. 15. The figure shows that Eq. 9 slightly underes-
timates the width of the damage opening in the outer
plating especially in the case of larger penetration
depths. The deviation is about 20%. For the inner plat-
ing opening, the Eq. 10 alone, see dashed lines in Fig.
15, significantly overestimates the damage width for
lower penetration depths, while for higher values the
prediction is reasonable. Thus, a criterion is required to
define the onset of the failure in the inner plating. This
criteria is presented in the next section.
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Fig. 14: Fracture criterion for the inner bottom.

Critical penetration depth for the inner bottom
failure

The critical penetration depth & defines whether the
inner bottom is thorn open as Eq. 10 alone might predict
inner bottom failure prematurely, see Fig. 15. Updated
form for the critical penetration depth is derived in a
similar manner to Heinvee & Tabri (2015). In the deri-
vation, the simulations with the rock position B/2 are
used. The critical penetration depth J; obtained from the
numerical simulation was divided with the correspond-
ing double bottom height 4,4, providing the relative
critical penetration depth. These ratios are presented in
Fig. 14 as a function of the ratio between the rock size
and the ship breadth - a/B. The regression line through
the measured points forms the criterion as follows:

6f a

—=0.75=-+1.17 -

hap B

. (1n
-8 = (0.75§+ 117) hp.

The inner bottom damage occurs once the penetration

depth is higher than given by Eq. 11. After the critical
penetration depth is reached, the width of the opening in
the inner bottom can be evaluated using Eq. 10, see Fig.
15.

Conclusions

Simplified formulas for the calculation of average
grounding force given in Heinvee et al. (2013) have
been updated to consider the contribution from the
transverse and longitudinal bulkheads. The contribution
is studied via series of numerical grounding simulations.
The analysis of numerical simulations showed that the
longitudinal bulkhead substantially increases the aver-
age grounding force. 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
additional term depending on the penetration depth.
Analysis also revealed that, in general, the transverse
bulkhead has small influence to the average grounding
force and thus its contribution in not explicitly included
in the equations, while its influence is implicitly includ-
ed in the structural resistance coefficient.

A new approach was proposed for the prediction of
resistance coefficient chbased on the approximation of
the volume of the deformed material. It was shown that
the structural resistance coefficient is proportional to the
volume of deformed material. Even though the calcula-
tion requires detailed information of ship's double bot-
tom structure, it provides analytical measure to develop
more ship-specific estimate for ¢&. Moreover, simula-
tions revealed that a linear relationship exists between
the volume of the deformed material and the energy
absorbed in grounding i.e. Minorsky's relationship,
though slightly modified, is applicable also for ship
groundings. Equations to predict the volume of the
deformed material in a certain grounding scenario were
derived based on the structural configuration of the
double bottom.

The longitudinal and transverse bulkheads influence
also the damage opening size during the grounding over
large rocks. In the case of smaller rocks, the influence of
the bulkheads on the opening size was modest.
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Appendix A

Procedure for the calculation of steel volume:

In transverse and longitudinal direction, the structural
members contribute to the total steel volume only if in
direct contact with the rock, see red area in Fig. Al. In
longitudinal direction the steel volume is evaluated over
the horizontal length L, that is the length of one tank
compartment and is symmetric with respect to the trans-
verse bulkhead.

The steel volumes are calculated with the following

steps:

(i) Equivalent thicknesses for the inmer and outer
plate, girders and floors are calculated as follows

- Agip

D

where 7, is the plate thickness, 7 is the number of stiff-

teg =t +



eners on the plate and D is the plate width. If the plating
consists of several plates with different thicknesses then
the equivalent value for the ¢, is calculated as

Xidit;
tpr = )
D
where d; is the width of i-th plate and ¢ is the corre-
sponding thickness.

(ii)) Determine the length for the longitudinal members
and the number for the transverse members:

The length of longitudinal members (inner and outer
plate, girders) is taken as L.

Number of the transverse members is equal to the num-
ber of floors inside the length L.

(iii) Taking into account the position of the rock with
respect to the structural members, calculate the to-
tal volumes for the structural members:

Outer plate
Vout pt = 2Va 8 * teq * Ly,

Inner plate

Vin,pl =2a-(6- hdb) “leq - Ly,

Girders

Voir = Z g téi‘r "Ly,
i
where, tg;, is the equivalent thickness of a girder 7, &, is

the height of the “deformed” part of a girder which is
given as:

Sg=6——,

where, AY is the horizontal distance from the tip of the
rock to the girder i, see Fig. 1A. If entire girder is “dam-
aged” then 63 = hgy,.

Floors

Vrtoor = 1" teq " Afioors
where 7 is the number of floors, ., is equivalent thick-
ness of the floor and Ay, is equal to the contact area 4
between the floor and the rock given by

Afloor =A=
4
3V §C2) | if 5 < hyy

%\/E, [5(3/2) — (- hdb)(%)], if 8> hgp .

(iv) Total volume of material V,,,; for a scenario is
sum of all individual volumes of structural mem-
bers

Vinar = Vout,pl + Vin,pl + Vgir + Vfloor [ms]-

(v) Volume per meter is calculated as
Vmat = Vinat/Ln [m3/m].

(a) front view (b) side view

- o wnmmi | 1 )
: Ln
e —

(c) double bottom structure

(stiffeners are smeared into

the plates)

= Ay 3
floor ‘S inner plating

NV 272 1 S 1 I I I Y

outer plating

girder
Fig. Al. The principle scheme for the calculation the steel
volume of deformed material V.

Table Al present the Vi, and Vj,, values for the
grounding scenarios simulated in this paper. The pre-
sented values are calculated for B/4.

Table. Al: Steel volumes [m®/m], (g, > 0.01).

Vr;mt 17(;ef Vrﬁlat V;ef Vrﬁlat leef

o Rock A Rock B Rock C
m]|  (g=3) (a=6) (a=12)
T150
1010 012 015 019 021 029
150016 0.18 023 028 032 043
2 (023 024 033 037 046 052
25/029 030 040 040 0.56 0.60
30034 032 045 045 065 0.68
T190
1011 013 015 018 021 025
15015 0.18 020 023 030 0.39
2 1024 027 033 037 048 059
25/029 031 042 048 0.60 0.68
3034 034 050 053 0.69 0.76
T260
1013 016 018 024 025 031
15018 025 024 031 034 050
2 (028 034 039 045 056 0.77
25/035 040 048 056 070 096
3 (040 045 057 067 082 1.12
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ABSTRACT: Paper presents a simulation environment for a fast assessment of ship grounding acci-
dents in means of structural damage and environmental consequences. The simulation environment con-
sists of (i) statistical analysis to evaluate the relevant accidental scenarios; (ii) accidental damage and oil
spill assessment and (iii) SmartResponse Web based environmental consequence evaluation. The damage
evaluation module defines the size and the position of the structural damage that is input for the oil spill
analysis. The amount and time duration of oil spill is simulated using a model based on internal hydraulics
theory. Amount of spilled oil and its propagation in time and space allows to estimate the environmental
impact for the region of the accident presented via spilled shoreline length classified according to envi-
ronmental sensitivity index. The performance of this integrated simulation environment is exemplified by
simulating a number of grounding accidents close to the Port of Muuga in the Gulf of Finland.

1 INTRODUCTION Thesimulation environment consists of (i) statisti-

cal analysis to evaluate the relevant accidental scenar-
Ship grounding and collision accidents are one of  ios; (i) Accidental Damage and oil Spill Assessment
the major types of accidents in maritime transpor- ~ Model (ADSAM) and (iii) Smart-Response Web
tation. To increase the safety of shipping, the ships  based environmental consequence evaluation. Such
or the shipping routes should be analysed for pos-  environment can be used for risk analysis studies or
sible accidental scenarios. Accidental scenarios can  as tool to provide response related awareness during
be defined via risk analysis taking into account the  an actual accident. In building the oil spill response
traffic routes and flows. For holistic overview of the  related dynamic situation awareness the Smart-
accidental consequences, the consequence analysis ~ Response Web application is used to integrate the
should not only focus on the immediate outcomes  information from 1) ADSAM model that is linking
such as structural damage, but also include the external impact conditions, and tank arrangement
consequences to the human lives and environment.  to an assessment of structural damage, spill dura-
Therefore, this paper introduces an enhanced meth-  tion and volume, for a range of ship types, 2) spilled
odology for dynamic situation assessment in the  oil trajectory and behaviour simulations by Seat-
case of grounding accidents that allows establishing ~ rack Web-system for forecasts and backtracking of
a link between the maritime traffic flows and pos-  drift and spreading of oil, chemicals and substances

sible accidental damage due to maritime accidents.  in water (SMHI, 2012), and 3) Environmental Sen-
In predicting the environmental impact the actual  sitivity Index (ESI) map layers comprising three
weather conditions and potentially polluted shore-  general types of information—shoreline classifica-
line environmental sensitivity are considered. tion, biological resources and human-use resources
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imported into the system as the Web Services. With
all these simulation tools combined the accidental
outcome can be presented not only as amount of
oil spill, but the outcome becomes dependent on the
weather conditions that affect also the location and
the length of the impacted shoreline.

As a case study several imaginary grounding
accidents are simulated for the vicinity of the port
of Muuga in the Gulf of Finland. For the case
study a simplified risk analysis is conducted that
defines one of the most probable ships for the acci-
dent and defines the possible grounding locations.
Different possible bottom topologies and penetra-
tion depth are assumed without deeper insight on
the actual topology.

2 SYSTEM DESCRIPTION

2.1 Statistics

In order to generate scenarios for a typical tanker
grounding accident in the studied area, three
sources of data are utilized; 1- The traffic data of
the tankers navigating in the studied area is based
on the AIS (Automatic Identification System)
data of the Gulf of Finland from the year 2012,
obtained from HELCOM-statistics (Baltic Marine
Environment Protection Commission—Helsinki
Commission), from which the distributions of
length and speed of the tanker traffic are extracted;
2- The characteristics of the tankers navigating in
the Gulf of Finland, such as DWTs, are extracted
from the IHS Fairplay® database; 3- The likely loca-
tions for grounding accident scenarios are chosen
based on the previously occurred grounding acci-
dents in the Gulf of Finland, which are obtained
from the accident database of HELCOM-statistics
for the years 1989 till 2011.

The raw AIS data normally have faulty inputs
like erroneous geographical coordinates, speeds,
Course Over Grounds (COG), and heading as well
as missing inputs like the ship dimensions. These
problems need to be addressed before one to be
able to use the data for any statistical analysis.

200 000

160 000

DWT = 0,0008L32%47
120 000

80000

DWT [t]

40000

0 50 100 150 200 250 300
length L [m]

Figure 1.

The received AIS data from the HELCOM was
thus first filtered based on the speed, COG, and
headings of the records. The records of vessels
with speed more than 40 kn and less than 2 kn
are removed from the dataset. Commercial ves-
sels in the studied area cannot reach to speed of
40 kn, thus speeds of that magnitude and above
are considered faulty. Additionally, vessels with
speed less than 2 kn are considered as stationary
and in anchor position; therefore their records are
removed from the dataset too to ease the analysis.

The records of vessels with negative COGs, and
COGs more than 360 are also considered faulty
and removed. Same boundaries are set for the
headings. Thereafter, using the algorithms sug-
gested by (vanDorp and Merrick 2009), the fil-
tered data are cleaned from the possible erroneous
coordinates. This was done by defining a logical
maximum distance between two sequential trans-
mitted AIS records from a single vessel, given the
maximum speed of the vessels in the area. Thus,
using the instant speed of a vessel and the time
of the AIS records, any AIS record that has been
transmitted within a larger distance of the defined
threshold from either of its previous or follow-
ing AIS records was detected as faulty and thus
removed from the dataset. The missing records
regarding the size of the ships are compensated as
much as it was possible with other available records
in the data, using crosschecking with MMSI and
IMO numbers of the vessels. The filtered data are
then sorted into a route-based database based on
the origin and destination of the ship-tracks, using
the algorithm suggested in (Goerlandt and Kujala
2011). The final route-based database is stored in a
MATLAB® cell-array, which gives the possibility
of easily extracting any desired traffic statistics like
distributions of speed and size related to specific
ship type and to-from a desired location.

The IHS Fairplay® database is used to obtain
the statistical dependency between the various
characteristics of the typical tankers navigating
in the area. Figure 1 shows the statistical relations
between length and DWT and draft of the tankers

“ i Lo

T=00593L + o,z%
12 i & Q

draft T [m]

0 50 100 150 200 250 300
length L [m]

Statistical relations between length and DWT and draft of the tankers navigating in the Gulf of Finland.
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navigating in the Gulf of Finland as examples. The
obtained relations are utilized with Monte Carlo
method to create grounding scenarios.

The HELCOM-statistics accident database
is used to find the location of the previously
occurred grounding accidents in the studied area
(see Figure 4). In total, eight grounding accidents
between the years 1989 and 2011 for the studied
area are recorded in HELCOM-statistics, in which
only one was a tanker.

2.2 Structural damage assessment

Rapid structural damage assessment is based on a
model described by Heinvee et al. (2014). The refer-
ence presents closed-form solutions for the ground-
ing force, longitudinal structural damage and the
opening width in inner and outer plating of the
tanker double bottom. The simplified formulas are
derived based on a set of numerical simulations that
are conducted with tankers of different dimensions.
The closed form equations require only limited
amount of input such as ship length L, double-
bottom height 7, rock size @, penetration depth &
and some other general values. During the ground-
ing only the sway motion of the tanker is considered
in order to maintain the simplified nature of the
model and to reduce the required input parameters.
The formula for the horizontal grounding force
is derived with the consideration that the ground-
ing force is proportional to the contact area and the
contact pressure. With using regression analysis it
is shown that the contact pressure for any combi-
nation of ship- and rock size can be expressed with
a single normalized polynomial. The actual contact
pressure is found by scaling the normalized pres-
sure with structural resistance coefficient. Given
the formulation for the normalized contact pres-
sure P(a), the actual contact force F(L,a,d,h,)
for a ship can be found as a product of average
contact pressure and contact area A(a, d, hy):

F(L,a,d,h,)=PA=c}-P(a)-A(a,d,h,) (1)

with the contact area between the rock and the
double bottom calculated from (see also Figure 2).

B,(9)

I o,

L. ' y _’_ 35 v

\ T S AL
Z

Figure2. Contact area between the rock and the double-
bottom.
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A(a, o, hy)=

2

The structural resistance coefficient ¢; for a
selected ship can be evaluated with

Crzch(L)
_ [285.71-L+1385714, for L<190[m]  (3)
©16857.1- L+137143,  for L =190 [m]

Equalizing the kinetic energy of a tanker to the
work done by the grounding force allows to evalu-
ate the damage length [, :

dam*
, (1+m,. )
= - Vv
w6 (1.8-10°a> —74-102a+1.2)4

O

where m,  is dimensionless surge added mass and
A is ship’s displacement.

The damage opening widths in outer and inner
bottom of the ship are derived separately for two
ranges of relative rock sizes, as it has strong influ-
ence on the deformation mode either local tearing,
global crushing or their combination. The damage
widths are presented as a function of rock size,
rock penetration depth and double bottom height.
Damage opening size in outer and inner hulls is cal-
culated with egs. (16-19) in Heinvee et al. (2014).

2.3 Oil spill assessment

The oil outflow model is based on the model pre-
sented by Sergejava et al. (2013). This model is
based on the internal hydraulics theory and can
evaluate the oil spill from side and bottom damage
in single- and double-hull tankers.

In the case of grounding damage, the total oil
outflow volume for uni-directional flow is fixed due
to the difference in the hydrostatic pressure of the
oil and water columns relative to the tank bottom.
The total oil outflow duration for uni-directional
flow is dependent on the discharge coefficient C,,
and the shortest duration is associated with the
inviscid case i.e. C,= 1 (Sergejava et al. 2013).

For the double-bottom damage, see Figure 3,
the oil outflow duration 7,, and volume V,, can be
calculated by analytical formulae:

28 1
i =———Vu/S &
oil A [2g Cd 0[[/

(%)
V= [A; —%AOJS.

oil
1
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Figure 3. Sketch of the uni-directional flow through the
double-hull bottom damage hole and notations. Bottom
ballast volume ¥/, is available for the initial oil volume loss.

where A4 is the area of the damage opening, S is
the surface area of the damaged tank, g is gravita-
tional acceleration, C, is the discharge coefficient,
p, and p, are the pressure levels at the opening
inside the tank and at the ship bottom, A, is the
difference between the sea level and the tank top,
A, is the internal height of the tank, and A, is fixed
by the relationship A= A, — V,,/S with V,, being
the double-bottom volume under the damaged
tanks. It should be mentioned here that no oil out-
flow occurs from the tanker if the bottom ballast
volume ¥, is large as compared to the oil outflow
volume available due to the internal overpressure.
It is assumed that half of the oil contained initially
in the double-bottom will be spilled to the sea.

2.4 Environmental impact assessment based
on environmental Sensitivity Index

According to NOAA (National Oceanic and
Atmospheric Administration, 2002), the Environ-
mental Sensitivity Index (ESI) maps have been an
integral component of oil-spill contingency plan-
ning and response since 1979 serving as quick ref-
erences for oil spill responders, comprising three
general types of information: 1) shoreline classifi-
cation, 2) biological resources and 3) human-use
resources. The classification of Estonian shore-
line geology is elaborated by K. Orviku (Orviku
et al. 2010), and is later converted into Estonian
shoreline ESI classification (Aps et al. 2014). The
environmental sensitivity data represent three dif-
ferent ecosystem elements (Aps et al. 2009): the EU
Habitat Directive Annex 1 habitats and associated
habitat forming species, the EU Birds Directive

Annex 1 birds and seals. Information on bird,
seal and habitat GIS map layers are integrated
into a single measure of ecosystem sensitivity—
ecological sensitivity index. For this purpose the
maximum value of different map layers was calcu-
lated in each raster cell. Higher index values cor-
respond to higher ecological sensitivity. GIS map
layers of human use values are imported from
Estonian Land Board Geoportal and obtained
from Estonian maritime administration.

3 CASE STUDY: GROUNDING NEAR
THE PORT OF MUUGA

The case study exemplifies the simulation environ-
ment by analysing grounding accidents near the
Port of Muuga in the Gulf of Finland, see Figure 4.
There have been eight reported grounding incidents
near the harbour during 1989-2011 as indicated
with red dots in Figure 4. None of the grounding
incidents hase so far resulted in significant oil spill,
but however indicate the grounding risks associated
with the region. Based on the statistics of the tank-
ers visiting the port, a typical tanker is selected and
a number of grounding accidents is simulated for
different bottom topologies and penetration depths.
Large number of possible oil spills is obtained and
for a selected spills the spill trajectory and environ-
mental impact is evaluated and presented in means
of polluted shoreline length.

Figure 4. Port of Muuga in the Gulf of Finland, with
the defined virtual gates. The locations of the grounding
accident occurred between years 1989-2011 near Port of
Muuga are shown with red dots.
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3.1 Tankers in the port of Muuga

In order to generate the required scenarios for
tanker grounding accident in the studied area, the
created database is used to extract the traffic of all
the tankers to/from port of Muuga. To do so, three
virtual gates are defined (see Figure 4) in the way
that all the ship traffic to and from port of Muuga
have to pass through them. Thereafter, the tankers
(i.e. AIS type code of 80 till 89) that their tracks
have intersection with the defined gates are con-
sidered as traffic to/from port of Muuga. In this
way of traffic extraction, the internal traffic of, for
instance bunker tankers, inside the port area is not
caught and thus is not considered into the statistics
that are used for scenario generation.

Based on the extracted tanker traffic, the dis-
tributions for the dimensions of the tankers that
visited port of Muuga in 2012 are extracted and
presented in Figure 5. The length of the tanker
is selected as a main parameter and 180 m long
tanker is selected for the analysis as being one of
the most frequent in the harbour.

3.2 Eguivalent tanker and the grounding scenarios

The grounding scenarios are created by a stochas-
tic process that generates random length and speed
from the distributions that are extracted from the
tanker traffic in the studied area. Then, based on
the statistical relation of the length and other char-
acteristics of the tankers such as DWT, the other
required data for consequence assessment of the
scenario are generated and presented in Table 1.

Tankers in port of Muuga in 2012

015

Relative Frequency [-]

L] 100 180 20 20 30 30
Length [m]

o5 D X W B
Width

0 6 0 % @ % ] 6 8 oo u
m

Figure 5. Histogram of tankers’ dimensions in the port
of Muuga in 2012. The used bin size is 10 m for length,
5 m for width, and 1 m for draft.

Table 1. Main dimensions of the tanker used in
the grounding analysis.

Length, m 180
Breadth, m 28
Draft, m 11
Depth, m 14
Double-bottom height, m 1.2

Structural resistance 1.35e6

coefficient ¢, (see Eq. (3))

Different rocks used in the simulations.

Figure 6.

It is assumed that the ship has a single longitudinal
bulkhead.

The exact bottom topology in the region is not
known and thus, the grounding accidents are simu-
lated for different rock sizes defined by rock size
parameter «, that is given a value a = 3, 6, 12 [m].
Each rock is of polynomial shape (z = y*/a) as pre-
sented in Figure 6.

For each rock the penetration depth varies from
0.4 to 4 m with 0.5 m spacing. Grounding veloci-
ties range from 10 to 18 kn with 2 kn spacing. The
accident is assumed to occur at the south of Aksi
island as shown in Figure 8.

3.3 Results

Amount of spilled oil (m?) in simulated scenarios
is presented in Figure 7 as a function of damage
length. Large number of scenarios resulted in oil
spill while some, especially those with small pen-
etration depth or with very large rocks (a = 12 or
24), did not yield to spill. In groundings with high
speed the damage length became equal to the ship
length indicating that the kinetic energy of the ship
exceeded the energy absorbed by structural defor-
mations. Figure 7 also reveals two distinct levels for
spill amounts at the same damage length depend-
ing on whether the bottom under longitudinal
bulkhead is damage and the oil spill occurs from
two transverse adjacent tanks.

Table 2 presents the oil spills that are selected
for the evaluation of the environmental impact.
The accidents are assumed to take place in 2nd of
October 2013 and the actual weather conditions
for the selected time period are used.
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According to simulated oil spills (Table 2) the
coupled Seatrack Web and SmartResponse Web
system was used to assess the level of threat spills
poses to the coastal sea sensitive environment
(Table 3). Seatrack Web is used to simulate the
spill movement according to actual weather con-
ditions, see Figure 8. Once the spill movement
analysis is complete, it is used as an input to the
SmartResponse Web for the evaluation of the

6000
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__ 4000 o
E. [e)ee}
= 3000 -0
B i oo o |
7 2000 o6} oan P
) H f |
i oo 1
1000 000 j
00 i ‘ ‘ i
0 50 100 150 200
damage length [m]
Figure 7. Simulated scenarios, spilled oil vs damage
length.

Table 2. Oil spills used for the evaluation of potential
environmental impact.

v a Penetr. d Liam Oil spill
kn m m m m?

14 3 4,0 163 2125

14 6 3,0 166 4249

14 6 4,0 139 3642

environmental impact (Figure 9 and Figure 10).
Figure 8 shows that under the given weather condi-
tions, the oil spill moves south-east until it reaches
to Rammu island and pollutes its shoreline. The
environmental damage is presented as the length
of the impacted shoreline and as impacted sea area
classified by different environmental sensitivity
indices in Table 3.

According to first scenario oil is impacting
1.23 km of highly sensitive silty shore (sheltered
flats, ESI high sensitivity shore class 9) while sec-
ond and third scenarios are resulting accordingly in
pollution of 1.77 and 1.95 km of medium sensitive
gravel-pebble shore (gravel beaches—granules and
pebbles, ESI medium sensitivity shore class 5a).

Oil spill simulations showed also that accord-
ing to particular local weather conditions of 3-5
October 2013 the spilled oil stranding time was
in interval 22.5-45 hours and oil was threatening
both Natura and Natura & Bird areas (Table 4).

Table 3. Impacted shore ESI type and length (km) and
sea area (km?) by environmental sensitivity index inter-
vals (Estonian Aksi and Rammu islands, 2-3 October
2013).

Impacted sea area (km?) by
Impacted environmental sensitivity

shore index intervals
Spill, ESIshore length
m?  type km 0-25 26-50 51-75 76-100

2125 Silty shore 1.23
3642 Gravel- 1.77
pebble
shore
4249 Gravel- 1.95
pebble
shore

0.07 0.16 0 0
0.24 003 0 0

0.35 0.08 0 0

Layer About News

AR /INS/ [ Detne case | Cont. case | Detete case| [ %4 [R4] b [ 1] < [ > | i [Eoisdeosmmoon ~| -]

Calcy ane : Wsi S
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Figure 8.
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Spilled oil movement simulated by Seatrack Web.
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Figure 9. Oil slick size and position simulated by Seatrack Web and imported into SmartResponse Web for potential

environmental impact assessment (25 hours after the spill).
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Figure 10. Stranded spilled oil simulated by Seatrack Web and imported into SmartResponse Web for potential
environmental impact assessment (end of the spill propagation).

Table 4. Calculated oil stranding time (hours) and
impacted Natura and Natura and Bird areas (km?)—
Estonian Aksi and Rammu islands, 3-5 October 2013.

Impacted
Oil stranding Impacted Natura and
Spill time Natura area Bird area
m? (hours) (km?) (km?)
2125 45 0.97 0.49
3642 225 0.49 0
4249 25 0.56 0

4 DISCUSSION AND CONCLUSIONS

Paper introduced an enhanced methodology for
building dynamic situation awareness in mari-
time accidental oil spill response operations based
on oil spill related dynamic situation assessment.
The presented model can be used to conduct risk
analysis or to provide situation awareness dur-
ing actual accidents. Proposed holistic approach

709

allows connecting the traffic flows to possible envi-
ronmental damage due to maritime accidents.

The case study revealed that in the case of tanker
grounding accident near the Port of Muuga both
Natura and Natura & Bird areas can be polluted.
Oil spill propagation to these areas takes up to 45
hours under the given weather conditions. With
the predictions for the spill trajectory, necessary
preventive and recovery actions can be undertaken
to prevent the pollution in environmentally sensi-
tive areas.

Developed integrated modelling framework for
weather forecast driven oil spill related dynamic
environmental situation assessment is used already
now by Estonian response authorities to better
understand the inherent uncertainty in forecasting
the outcomes of oil spill, and the likely variability
in actual results seen. Further, participation in a
process of oil spill related dynamic environmental
situation assessment facilitates communication,
common understanding, and consensus building
within the team of response authorities. Finally, the



simulations of dynamic environmental situation
assessment can promote the oil combat training in
several ways. The scenario cases can help response
authorities to learn the likely impacts of common
decisions, and to realize the eventual unreliability
of initial expectations.
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Abstract

Groundings are among the most common and destructive maritime accidents. Sea bottom shape
influences greatly what kind of damage the ship structure suffers and whether this leads to loss of water

tightness.

Sormunen et al. (2016) presented and statistically compared rock models used in grounding damage
analysis with detailed bottom shape data from two Finnish harbour fairways. The results were
promising in terms of statistical fit especially for the binormal rock model, which also showed a wide
range of flexibility in representing different types of sea bottom shapes. However, this measure does
not explicitly tell if the model rock in grounding damage analysis results in similar damage size as real
rocks cause. To test this, this paper develops a framework for studying, testing and evaluating rock
models in terms of resulting grounding damage. FEM is used to analyse and compare grounding
damage of rock models to the actual rock using otherwise identical grounding scenarios. Analysis is
performed for four different real rocks with each rock being modelled with four different analytical

rock models as well.

The results show that rock models with good statistical fit did not necessarily result in similar
grounding energy compared to results using the real rock. Differences in energy are caused especially
by the rougher surface of the real rocks. For the similarity in rock area and the damaged ship structure
element volume the results are much better, especially for the binormal model. As such another criteria
for evaluating rock models for grounding damage analysis is needed. The results show that the
damaged material volume is strongly linearly dependent on the rock area- and volume metrics. A
similar linear dependency exists between the damaged volume and the energy dissipated in grounding.
Knowledge of these relationships can be used towards estimating grounding damage of ships in future

investigations, but rock surface unevenness should be evaluated as well.



1. Introduction and aim

Groundings are among the most common and destructive maritime accidents that can lead to loss of
ship, cargo, life as well as potentially long-term environmental damage if noxious liquid cargo is
spilled. To model grounding risk several studies have been conducted, see e.g. Pedersen (2010),
Mazaheri et al. (2014) and Goerlandt and Montewka (2015) for an overview. Understanding the risk is

the first step towards mitigating it.

There are different approaches and tools for predicting grounding damage on ships ranging from
simplified analytical methods to detailed non-linear finite element analysis (Brown et al. 2000,
Sormunen, 2014). In general, these tools require a number of inputs related to the ship (mass, velocity,
structural scantlings, etc.) as well as inputs related to the sea bottom shape and ship draft during
grounding. The sea bottom shape is one of the important factors that determine whether a grounding
leads to loss of watertightness and consequently to a spill (Alsos and Amdahl, 2007). Currently the sea
bottom during grounding is most often assumed to be a symmetrical conical object, see e.g. Naar et al.
(2002) and Rodd (1997). Heinvee and Tabri (2015) and Heinvee et al. (2013) use a polynomial rock
while in Sormunen et al. (2016) a binormal rock model was proposed. A discussion of the sea bottom
shape models can be found in Sormunen et al. (2016). To which extent these rock models represent real
sea bottom shapes is unknown. Therefore Sormunen et al. (2016) tested four different analytical rock
models and their goodness-of-fit to real data in terms of coefficient of determination (R?), This gives a
quantitative metric to how closely the rock model shape matches the data. The analysis was carried out
using real bottom shape data from Finnish Transport Agency covering the two busiest Finnish tanker
harbour fairways. The tested model rocks included proposals from the literature as well as novel
models proposed in that paper: two different polynomial equations, a cone and a binormal function.
The results show that the binormal function gives overall the best results and for most cases a good
statistical fit in terms of coefficient of determination (Rz). However, this mathematical fit does not
necessarily mean that the rock model would result in similar grounding damage as the real rock in

identical grounding scenarios.

Therefore, the main aim of this paper is to develop a framework for systematically studying, testing and
evaluating rock models in terms of resulting grounding damage. This includes quantifying the most
important parameters and comparing whether a rock model with a good statistical fit results in similar

grounding damage as the real rock. The insight gained by comparison of structural damages and
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absorbed energies is vital for assessing the overall performance of analytical rocks and thus sets a stage

for improvements in damage stability rules and regulations.

2. Framework

The authors propose a four-step framework for comparing grounding damage differences using rock

models and actual rock data:
e Step 1: Selection of real bottom data and bottom shape models for analysis.

Current rock shape assumptions in literature are cone- or polynomial shaped models, which show a
relatively poor statistical fit to real data. Furthermore, there is a large variation in size and shape of real
bottom shapes, which needs to be reflected in the rocks and rock models that are used for studying
grounding damage. (Sormunen et al., 2016) Therefore, four different rocks representing various sea

bottom shapes and four rock models are selected for analysis, see eq. 1-4.
e Step 2: Grounding damage estimation with selected rock models and real rocks.

Knowing the exact shapes of the rocks, non-linear FEM is used to calculate the grounding damage for
each case. In these comparative simulations, the same ship is used and the only changing input variable

is the sea bottom shape, i.e. rock.
e Step 3: Comparison of obtained grounding damage.

Knowing the results from step 2, the grounding damage due to different rock models is then compared
with the results obtained using the real rocks. Furthermore, the main parameters affecting the
differences in damage results are determined and analysed. This has currently not been studied

systematically in the literature.
e Step 4: Acceptance or revision of bottom shape models.

Based on the findings in step 3, the goodness of the bottom shape models is evaluated and the degree to
which they can be used to replicate real rocks is assessed. In this paper this is done by using a similar
grounding scenario for the real rock and for each of the rock models, for which the differences in
damage are compared. The differences in damage results are evaluated and compared to the degree of

geometrical similarity between the rock model and the real rock. This is measured in terms of
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coefficient of determination (R?), which has an upper limit of 1 for a perfect fit of the model to the data.
The assumption is that as R? goes towards 1 the grounding damage difference goes to 0 between the
model and the real rock. If the results show a poor fit in terms of grounding damage, recommendations

for improving the accuracy of the rock models are given.

This framework is applied on case study bottom data from selected Finnish fareways, which is

described as follows.

3. Case study

Step 1: Bottom data and bottom shape models

The bottom topography data used here is Finnish Transport Agency (Liikennevirasto) data presented in
Sormunen et al. (2016). The data is multibeam (MBES) and multi transducer echo sounder (MTES)
readings as xyz-points taken from fairway surveys from Finnish harbors. From this data four example
rocks were selected for further analysis to investigate whether good R* would indicate a good

congruency in terms of grounding energy in grounding damage analysis.

The real bottom shape data is represented by a point cloud of coordinates xyz. This means that the real
rock surface shape was obtained through interpolation as shown see Figure 1. The surface geometries
for different rocks were generated with Siemens NX software. The first step in the geometry creation
was the import of the point cloud into NX. Next, the rock surfaces were created using either surface
fitting or through points method. Most of the surfaces were created with parametrized surface fitting.
This fitting smooths out potential outliers and interpolates gaps in data. Due to the relatively smooth
change of curvature of the rocks, this fitting was considered to be the most appropriate. The exception
to this approach were the peaks of the cone model (equation 1), where rapid geometry change was
achieved by connecting the points with straight lines i.e. the through points method was used. This

allowed maintaining the sharp peak of the cone models, see Appendix 1-2 for more details.



@

Figure 1 Example of raw sea bottom data of rock 10a as xyz-point cloud (a) with interpolated surface (b)
and the meshed version (c).

The small number and unevenly scattered points combined with the subjectivity of modelling makes
surface creation for this kind of data a demanding task. In NX software the fitted surface consisted of
finite number of patches, each represented via 3" degree polynomial, i.e. a cubic spline. The best fit
was achieved with the number of patches approximately equal to 2-3 times the number of data points.

For alternative methods and an overview of the modelling error, see Appendix 1-2.

Furthermore, the complete rock surfaces were divided into elements for FEM analysis: the finite
element models of rocks were meshed so that the accuracy of the geometry is retained, see Figure 1.
The Sormunen et al. (2016) rock numbering system is used in this paper as well, see also Table 2.
Rocks 10a (Figure 2), 4e (Figure 4) and S, (Figure 5) were meshed with 50 mm shell elements because
of their more complicated shape. The real rock 11f (Figure 3) and all the mathematical models with
relatively smooth geometries were meshed with shell elements with side length of approximately 100

mm. In the grounding simulations the rock was modelled as a rigid body. Besides the interpolated
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surface added to the raw xyz-data to create a continuous version of the “real” rock, the following

models were used. Their coefficients were obtained by fitting the models to the raw xyz-point data.

3.1. Bottom shape models

In the grounding damage modelling literature the rock is most commonly assumed to bea cone with
some variation as to how the tip is constructed, see e.g. Klanac et al. (2006), Naar et al. (2002), Rawson
et al. (1998) and Rodd (1997). Heinvee et al. (2013) present a polynomial model, which was extended

in Sormunen et al. (2016). Sormunen et al. (2016) also present a binormal model for modelling sea

bottom shapes. An overview of the models is presented in Table 1.

Table1 Seabottom shape model overview.
Sea bottom shape | References Parameters Important aspects
model
Cone e.g. Cerup-Simonsen Cone tip (sharp, cut-off | Most commonly used sea
et al. (2009), Klanac et | or rounded) and bottom model in the
al. (2006), Naar et al. opening angle and/or literature
(2002), Rawson et al. radius and height
(1998), Rodd (1997)
Polynomial Heinvee et al. (2013), Degree of polynomial, Going from a small rock to a
Heinvee and Tabri coefficients for x (and y) | large rock changes the main
(2015), Sormunen et deformation mode from
al. (2016) local tearing of ship bottom
to global crushing
Binormal Sormunen et al. (2016) | Scaling parameters, Flexible model with overall
variance and mean of x | best mathematical fit to real
andy sea bottom data, can mimic
cones and polynomials
Shape not e.g. Alsos and Amdahl | Different sea bottom Going from a sharp rock to a
mathematically (2007) sizes and shapes wide, blunt shoal drastically
specified increases energy required to
break inner hull
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The binormal model was found to have the best overall fit in terms of R? in Sormunen et al. (2016),
where the goodness of the fits in statistical terms are also discussed. In this paper, four rock models are

used alongside with the real rock data. The equations for the models are:

1. Cone equation

z = (x=xo) 1 +h—b, (1)

r cos( arctan((y—yo),(x—x¢)))

Where £ is the height of the fitted cone and r the radius of the cone at # = 0. Note that this equation
represents a pure cone without a blunted apex, where the origo is potentially shifted by xy and yy as the
origo in the data presented in Sormunen et al. (2016) is only approximate. Note that the coefficients in

Equations 1-4 are re-evaluated separately for each rock and each rock model equation.

2. Scaled and shifted binormal function

_ 1 1 (x—pux)? (-uy)’ _2pCGemud(v-uy) )\
z= bo 21!:77511),‘/(1—17)2 eXp< 2(1-p?) < o2 + 5’32/ Ox 0y b1 (2)

Where by is the scaling multiplier, b; a constant that counters out that all observed z are negative, o the

standard deviation, 4 the mean and p the correlation between x and y. Note that binormal functions

resemble blunted cones with certain parameters, see Sormunen et al. (2016).
3. 2" order polynomial equation
Z=Dby+ byx + by + byx? + byx y + bsy? (3)
4. Heinvee et. al (2013) model extended in the x-axis direction
z = by + by (x — x0)* + b (y — o)* 4)
with an added origo shift by xy and yy.

To obtain the rock-specific parameters for all four equations above, non-linear least square fitting of the
models was done to the xyz-raw data. The statistical goodness of the fit of the models to the data was

evaluated using the coefficient of determination R?, which has a maximum of 1.

The four analysed rocks to which these models were fitted were selected according to the following

criteria: Obtaining a variety of different rock types as specified in Sormunen et al. (2016) and Table 2.
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The selected rocks had to offer 360° data points around the apex and have a relatively good R* for at
least one rock model. Lastly, the rock model(s) had to show a good visual fit with the data: This check
is important as in isolated cases it is possible to obtain a good R? but have the model rock’s apex at
+100 m above sea level. To each of these four rocks the following four models were fitted. The rocks

are numbered according to their labelling in Sormunen et al. (2016).

2 _
Cone, R” =0.621 Binormal, R? =0.836

Poly 2, R? =0.53156

Figure 2 Rock 10a with the approximated real rock surface and the four fitted models.

Figure 2 shows the real raw data as blue dots in a xyz- space and the model fits as surfaces. The right

part of the figure shows the real data and the reconstructed “real” rock surface constructed using the
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approach described in step 1. It is an example of a small, sharp peak (type 1 rock in Sormunen et al.
2016); however as the peak seems to be divided into several apexes it also has traits from rock type 4:

multiple smaller formations.

Cone, R? =0.877

LOBARN
RN

AR
QBRI
AR
MR
R

Figure 3 Rock 11f with the approximated real rock surface and the four fitted models.

Figure 3 shows rock 11f, which is a small peak somewhat similar to 10a but with a high R for all
models (0.8-0.9) and is much wider compared to the height. As such it has characteristics of a type 1

(sharp and small) and a type 2 (wide and blunt) rock.
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Figure 4 Rock ge with the approximated real rock surface and the four fitted models.

Figure 4 shows rock 4e. This rock is an example of a wide, blunt bottom shape (type 2) with an overall

good fit for all 4 models in terms of R%.
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Binormal, R? =0.877

Figure 5 Rock Sa. with the approximated real rock surface and the four fitted models.

Figure 5 shows rock S,, which an example of a large, rounded rock (though with some bumps), with a
reasonable R” for all 4 models. It represents a type 2 rock in Sormunen et al. (2016) - a wide and blunt

peak. The characteristics of the four rocks are summarized in Table 2.

Table 2 Rock statistics.

| e[| P iy
10a 1(4) 3 3.58 1.77
11f 12 3 2.35 1.84
4e 2 7 4.84 1.47
sa 2 13 3.84 0.55
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The rock type classification of Sormunen et al. (2016) is as follows: Type 1: Sharp small peak, 2: Wide
and blunt peak, 3: Ridge, 4: Compilation of smaller formations.  is the radius of the rock as measured
from the apex, 4z the depth difference between the lowest and highest point and d the resolution of the
raw sea bottom data counted in number of data points per m* in the xy-plane (i.c., as seen from the

water surface).

Step 2: Grounding damage estimation with selected rock models and real rocks.

The principles of the numerical grounding simulations performed with the real rocks and the rock
models as well as the post-processing of the analysis results are presented as follows.A double hull
tanker with overall length of 190 m was used in the grounding damage analysis. DNV-GL software
Poseidon (version 10) was used to dimension the tanker according to Harmonized Common Structural
Rules for Oil Tankers (HCSR-OT) by IACS (2014). As Poseidon only allows Ansys output, the model
was translated into LS-Dyna (release 7.1.2) through Ansys. The main dimension and parameters of
the tanker are presented in Table 3 and its cross-section in Figure 6. The tanker has a central

longitudinal bulkhead and six cargo tanks in longitudinal direction.

Table3 Main dimensions and parameters of a tanker used in numerical simulations.

Parameter T190
Length [m] 190
Breadth [m] 28
Draught [m] 12
Depth [m] 14
Design speed [kn] 15.4
Deadweight [tdw] ~30 000
Double-bottom height [m] 1.6
Outer plating thick [mm] 15-17 (varies)
Tank-top thick [mm] 14
Girder spacing [m] 3.25
Floor spacing [m] 3.5

Classification rules HCSR-OT
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Figure 6 Cross-section and FE model of the tanker.

Prismatic middle body of the tanker is modelled including all the main structural elements, see Figure
6. Quadrilateral Belytschko-Lin-Tsay shell elements with 5 integration points through their thickness
are used. Element size in the contact region is 100x100 mm and about 400x400 mm elsewhere. Such
choice for mesh size in contact region is justified as reasonable results have been obtained with similar
mesh size in simulating the collision response of ship side structures, see Korgesaar et al (2014). Large
structural elements such as web frames, floor, girders, stringers, etc. are modelled with shell elements.
Stiffener are modelled with shells for the webs and beams for the flanges. Typical ship-building steel
with yield stress of 235 MPa is used. The true stress-strain curve is presented in Figure 7. The material
failure is modelled using the through-thickness criteria, often referred to as Germanischer Lloyd criteria
(Lehmann et al, 2001). The criteria was selected due to its simple implementation and good

performance when compared to the large-scale experiments, see Ehlers et al (2008). This criterion
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establishes an element thickness and dimension dependent critical thickness strain after which an
element is removed from the simulation. To evaluate the critical through-thickness strain at the moment
of fracture, an empirical criterion is presented by Lehmann et al. (2001) defining the computational
failure strains for different element sizes at the point of failure as

t )

5l,f(le) =& + ge-l—
e

and the critical though-thickness strain follows from the incompressibility condition

(I1+¢&)(1+&)(1+&3)-1=0 and assuming constrained transverse strains (£=0) as

&
&\l = — 6

e l) = (®)
where &, is the uniform strain and &, is the necking strain, # is the plate thickness and /, is the individual
element length. It is commonly recommended that the ratio /./# is not less than 5 for a shell element.
The values of uniform and necking strain are 0.056 for the uniform strain and 0.54 for the necking
strain in the case of shell elements. This is obtained from thickness measurements related to the

calculated stress states given in Lehmann et al. (2001)
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Figure 7 Plastic true stress-strain curve for S235 steel.
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The grounding simulations are conducted in a displacement controlled manner as the focus is on the
inner mechanics and not on the external dynamics. The rigid rock first moves to a pre-defined
penetration depth and continues to move at constant penetration depth along the ship at a constant

velocity of 10 m/s until simulation timer reaches 1 second, see Figure 8 and Figure 9.

This velocity is somewhat larger than typical design speed of such tanker. This constant velocity was
selected as it allows to perform the simulations with reasonable calculation time while it is still small
enough not to cause unrealistic inertia effects, see Konter et al (2004). The strain rate effects were
neglected as the constant velocity of 10 m/s does not present realistic velocity throughout the
grounding process. In real grounding the ship’s velocity decreases rapidly. Fully dynamic simulations
are required to take into account the correct velocity. Such simulations were considered unreasonable
in such study. Furthermore, it is suggested by Storheim and Amdahl (2015) that it is conservative to

neglect strain rate effects if the goal is to assess the maximum structural damage.

Two aspects were considered when defining the maximum penetration values: i) extent of data points
(i.e. rock has to be fully defined within the contact) and ii) the double bottom structure has to be
engaged as much as possible. Thus, the following maximum penetration values were defined for
different rocks: 4¢ —1.9 m; 10a — 2.5 m; 11f— 1.2 m and Sa — 2.3 m. The same penetration depth was

used for real rocks and the corresponding fitted models.

In the longitudinal direction the contact region lays in between two transverse bulkheads. In the
transverse direction the contact region is in between the central longitudinal bulkhead and the ship side
(B/4), see Figure 8. The nodes at the forward and aft end of the models are fixed. Standard LS-DYNA
hourglass control and automatic single surface contact (friction coefficient of 0.1/0.3 for dynamic/static
friction with exponential decay coefficient 0.01, see LSTC (2013) for friction modelling in LS-DYNA)

is used.
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Figure 8 Setup for grounding simulations.

4. Numerical results

This section analysis the finite element results to determine any differences between response of the
real and the analytical rocks. Figure 9 shows the pure deformation energy (excluding the frictional
component) dissipated during the grounding simulation with different rocks and rock models. The
figure shows a distinction between the vertical indentation and the horizontal penetration stages. The
figure highlights the distinctive features between analysis using the real rocks versus using the rock
models. The energy dissipated due to the analytical rocks correlates with the size of the rock as all
rocks are displaced at the equal amount without considering the dynamics of the problem. In
comparison, the real rock with its distinctive non-smooth surface evokes a different damage mechanism
in the bottom structure and thus, despite the lower rock volume, relative energy dissipation is higher in
both simulation stages. This particular feature will be discussed more in detail with a qualitative
damage analysis later on; the time instants when this qualitative damage analysis was performed are
shown on Figure 9. The particular time instances were chosen to best reveal the differences between

damage mechanics between analytical and real rocks, see Figure 11, Figure 12 and Figure 13.
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Step 3: Comparison of obtained grounding damage.
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Figure 9 Deformation energy (excluding friction) absorbed during grounding for (a) Rock 04e;
(b) Rock 10a; (¢) Rock 11f; (d) Rock Sa. Vis the approximate volume of the rock, see
also Figure 15.

The marker “damage comparison” denotes the time instant at which qualitative damage analysis was
performed, see Figure 11, Figure 12 and Figure 13 at the end of this section. To gain further insight into
differences between real and model rocks the energy dissipation is normalized and plotted as a function
of the rock shape statistical fit in terms of R? in Figure 10 (a). Here the R* describes how accurately the
analytical rock approximates the real rock shape (Sormunen et al., 2016). Figure 10 (a) also illustrates
assumed linear slopes of a 1-to-1 relationship between R and the energy ratio. In the figure most
observations lie within £10 % of these linear slopes in the light grey zone. In terms of R? the rock

model accuracy is relatively good with most of the analytical rocks having R? higher than 0.75 but the
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similarity in energy is not as only few models show a normalized energy value close to 1). In case of
Rock 11f (triangular marker), the close resemblance between analytical and model rocks (high R?)
leads also to similar energy dissipation levels between the real and model rocks (normalized energy
close to 1). On the other hand, most of the other observations lie below the slope of 1, and despite the
high R? value, this mathematical resemblance in shape does not guarantee that the mechanics is
accurately captured. For instance, the cone model (markers with red fill) captures the rock shape well
with R* ~ 0.8 (with the exception of rock 10a), but the energy dissipated by the structure is
underestimated by ~50% or more. The underlying difference between the Rock 11f shown in Figure 10
(b) and all the other rocks is the smoothness of rock surface. Herein, smoothness or rock surface is
defined by the amount of peaks, valleys and general roughness of the surface. Following qualitative
damage analysis it is shown that the rock surface plays a central role in evoking different failure
mechanisms and thus, leading to different energy dissipation levels in the structure. Moreover, one of
the trends emerging from Figure 10 is that the most of the analytical rocks result in lower energy
dissipation levels compared with the real rocks. From the design perspective this is on the non-
conservative side and thus, should be considered by the analyst. On the other hand, if the analysis is
performed so that energy is used as an input and simulation stops when the energy is dissipated, the
analytical rock would yield a longer damage length since energy dissipation rate is lower when

analytical rocks are used. Hence, the analysis results would in that case be more conservative.
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Figure 10 Relation between total (horizontal + vertical) energy absorbed during grounding simulation and
rock model fit in R2 (left). (b) Comparison of rock 11f and its analytical approximation (right).
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Moving on to qualitative damage analysis of selected cases; Figure 11 (a) and (b) juxtapose the damage
due to the rock 10a and Figure 11 (c) clearly shows that the approximated rock is considerably larger in
volume (about 5 times) than the real rock. As revealed already by Figure 9 the rock volume is one of
the most important factors affecting the absorbed energy during initial vertical indentation stage.
Nevertheless, during horizontal penetration the surface roughness of the rocks plays an important role
upon invoking different type of failure mechanisms in the structure and thus, leading to different
energy dissipation levels. Therefore, in spite of the larger volume of eq. 4 analytical rock in Figure 11
(c), the real rock 10a dissipates the similar amount of energy during horizontal penetration stage as
shown in Figure 9 (b). During horizontal penetration the real wedge-shaped rock in Figure 11 (a) cuts
through the structure with its leading edge. Initially the sheet metal in front of the rock deforms by
crushing, but is eventually pushed towards the sides of the rock where the metal flaps bend and curl
back and forth to conform to the rock surface. In contrast, the model rock with its smooth surface
pushes the structure upwards gradually during the horizontal movement, whereupon high membrane
stresses develop until fracture occurs along relatively straight paths. Beyond fracture, the interaction
between the structure and rock terminates with little or no crushing and bending. This difference in
failure mechanics explains why significantly smaller real rock in comparison to analytical rock causes

the structure to dissipate equal amount of energy during horizontal penetration.

A) 10a Real

Side view ' T
S
£ \_. Straight paths

Front Side

Figure 11 FE simulation results with rock 10a. Equivalent plastic strain contours of the ship bottom outer
shell are shown with rest of the structure removed from the figure. Analysis with (a) real and (b)
approximated (eq4) rock. Figure (c) compares the two rocks.

The second analysed case in Figure 12 - which can be considered an opposite to the first case -

compares the damage due to the rock 4e and its approximation with model eq. 2 (i.e. the binormal
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function). In other words, the analytical rock approximates the real rock with good accuracy according
to the relatively high R? value of ~0.9 and thus, the dissipated energy during the initial indentation
stage is equal, see Figure 9 (a). However, the same figure also shows that the energy dissipated during
horizontal penetration compared to the real rock is almost twice as large. Figure 12 (a) and (b) compare
the damage between the two rocks at two distinctive time instances: at the end of the indentation stage
and at the end of horizontal penetration, i.e. at the end of the simulation. Similar failure mechanisms
corresponding to the analytical rock presented in Figure 11 (b) are present in the analytical rock in
Figure 12 (b). Material is gradually pushed upwards where it conforms with the smooth analytical rock
surface. Fracture propagates mainly due to the high membrane tension resulting in relatively straight
fracture paths with little crumpling and bending of the material neighbouring the failed elements. On
the contrary, ridge-like real rock with its abrupt footing crushes the material in front of it, see Figure 12
(a). Upon contact with the rough and bumpy top surface of the rock undergoing horizontal penetration,
material develops multiple regions of strain localizations. This is shown by the high plastic strain
contours in Figure 12 (a) that cover almost the whole contact region; while in comparison Figure 12 (b)

shows that plastic strains due to the analytical rock are less spatially distributed.

Same discussion can be extended to damage due to Sa rock and its approximation with eq. 2, which is
shown in Figure 13. The model rock matches the size of the real rock, but the rough surface of the real
rock provokes different failure mechanisms in a structure leading to higher energy dissipation by the

structure.
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Side view
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Back Side

Figure 12 FE simulation results with rock 4e at two time instances. Equivalent plastic strain contours of the
ship bottom outer shell are shown with rest of the structure removed from the figure. Analysis
with (a) real rock and (b) approximated (eq2) rock. Figure (c) compares the two rocks.

(a)

/

Back view

Side view

(c)

Figure 13 FE simulation results with rock Sa at t = 0.4. Equivalent plastic strain contours of the ship bottom
outer shell are shown with rest of the structure removed from the figure. Analysis with (a) real
and (b) approximated (eq4) rock. Figure (c) compares the two rocks.
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The relationship between energy and the volume of damaged elements was investigated in Figure 14.
R? was found to be 0.93 for the linear relationship between energy and total damaged element volume,
meaning that the relationship between the two can be considered to be linear. For the damaged
elements in the horizontal phase only R? was only 0.44. The difference is mainly caused by two
outliers, which are the real rocks of 4e and Sa that are the only observations that exceed 20 MJ.
Without them R* would be 0.73. The qualitative explanation to this difference is analysed in Figure 12

and Figure 13, which is the rougher surface of the real rock compared to the model rocks.

Energy versus damaged element volume
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Figure 14 Relationship between energy and damaged element volume for €plastic >0.01. Calculated separately
for total damage and energy as well as damage and energy for the horizontal phase only.

Beyond only investigating the relationship between R” and the energy ratio, other relationships were
analysed. For each real rock and rock model, the volume, surface area and projected area in the YZ-
plane were calculated, see Figure 15. From the rocks the parts were removed which are too deep and/or
on the other side of the rock seen from the angle of attack of the ship (x-axis), see Figure 15 (a). The
purpose was to remove the parts of the rock that were not in contact during the horizontal phase of the

grounding.

The procedure goes as follows: The highest point from model was assigned to create vertical plane
(YZ plane), see Figure 15 (a). After cutting model by the vertical plane second plane was created — the
horizontal plane (XY- plane) which lies on the maximum penetration depth ¢ counted vertically from
highest point, see Figure 15 (a). This plane represents the plane of the ship bottom. Once the model

was cut by both planes the volume, surface area and projected areas were measured, see (b)-(c).
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\Y

Figure 15 Procedure to measure areas and volumes for the real rock models. a) Extraction of volume
section, b) projected area and c) measured volume and surface area.

These three rock area- and volume metrics are compared to the volume of damaged elements in Figure

16.
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Figure 16 Rock area and volume metrics compared to the damaged element volume for gplastic >0.01,
including real and model rocks. Top: horizontal grounding phase damage only, bottom: vertical
and horizontal phase of grounding damage total.

The volume of damaged material follows very well linearly both area measurements (surface and
projected) as well as the rock volume, see Figure 16. Note that the slope of the linear relationship
between grounding energy and damaged material volume depends heavily on the damaged volume
definition in terms of €ypastic, Which is shown here for a threshold of 0.01. The best explanatory variable
is the rock projected area into the YZ- plane. The R? remain almost identical for the three equations in

Figure 16 also when considering the only damage volume during the horizontal phase of the grounding.

5. Discussion
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Having mathematically relatively simple rock models with just a few parameters that need to be
estimated is desirable. This would make result sharing and utilization easy for other researchers; in
order to model rocks in a given sea area one would only need an estimate for the rock parameters.
Furthermore, it would allow for easy generalizations about rock shapes that could then be applied for
sea areas without access to detailed sea bottom data, thus making it possible to run detailed grounding

damage risk analysis for whole sea areas.
Step 4: Acceptance or revision of bottom shape models

It was expected that as R? goes towards 1.0 the grounding simulation results obtained using the real
rock and the model rock would also converge. This relationship was found to be much weaker than
initially anticipated: Even at relatively high R? of 0.8-0.9 (which is about as good as possible with the
given data) there would be large deviations in the grounding energy between the model rock and the
real rock, see Figure 10. Paradoxically, when analysing the models separately for all four rocks the
linear trend between R* and the normalized energy has a negative slope for all models except the

binormal rock model (eq. 2), see Figure 17.

Model perfomance in terms of energy
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Figure 17 Comparison of Rz and the normalized energy on a model-by-model basis for all four rocks for the
horizontal damage phase only.

The cone model (eq. 1) shows the best linear relationship between R? and the energy, unfortunately the

better the fit in terms of R” the more the grounding energy deviates from the results obtained using the

real rock.
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For the normalized damage volume the results are significantly better, in particular for the binormal

model, which deviates “only” 0.4-0.23 from the real rock results, see Figure 18.

Model perfomance in terms of damaged element volume
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Figure 18 Comparison of R2? and the normalized total damaged element volume energy on a model-by-model
basis for all four rocks.

The results and conclusions are similar when taking into account damaged material volume of the
horizontal phase only. Due to the linear relationship between the area- and volume metrics of the rocks
shown in Figure 16, the conclusions are the same for the relationship between R and the normalized

model rock YZ-area.

It should be noted that the sample size is quite low but as the analysed rocks were specifically better
cases found in the data, it can be concluded that such R* is not a sufficient measure by itself to verify
that the sea bottom models being tested are realistic in terms of similar grounding energy. However, in
the simulation it was possible to achieve similar damaged element volumes in particular with the

binormal model.

Moreover it was found that even the simplistic, non-blunted cone model would achieve relatively
similar grounding energies in isolated cases; Cone model for rock 10a (eq. 1) on Figure 10 shows a
relatively low R? of 0.62 but a high normalized energy of 0.88. That means that depending on the
research question even a simple cone model will occasionally be roughly correct in grounding damage

analysis.

To obtain a similar volume of deformed material in this grounding simulation with a model rock, the

single most important factor is having a similar surface/projected area or volume between the real rock
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and the model rock for the part that is contact with the ship. Especially the projected area has a good
coefficient of determination. The area/volume metrics can be used as a surrogate variable instead of
calculating grounding damage with FEM: The FEM calculations are tedious and time- consuming; the
calculations done here take tens of hours to run and therefore only four rocks were analysed. When
suggesting new rock models, the differences in projected area can initially be compared to evaluate the
goodness of the model instead of using FEM, but the uneven nature of the rock surface needs to be
considered in modelling if one want similar grounding energy: The current models are shown here to
have a too smooth surface. These findings are subject to some uncertainty as the exact shape of the real
rock had to be interpolated, see Appendix 1, Appendix 2 and Figure 1. Note that in order to correctly
model the real rock surface roughness high-resolution xyz-bathymetric data is required. Alternatively,
this could perhaps be mimicked by adding random deviations (i.e. noise) to the z-values of the rock

models to create a less smooth surface.

Other models or exact sea bottom data is needed for reliable and detailed grounding damage analysis
given the current understanding of sea bottom shape modelling. As suggestions for future research
more complex models should be tested for modelling sea bottom shapes such as splines and Gaussian

processes.

Other grounding damage estimation approaches exist as well such as the statistical approach of IMO
(1995), which however does not link grounding energy, local sea bottom shape or ship structure
specific conditions with the resulting damage, see also Sormunen (2014). These models are
recommended to be used for regional maritime risk analysis until more realistic sea bottom shape
models are introduced. The authors propose re-running the analysis on different ship models as well,
including dynamic grounding effects. Of further interest is determining rules-of-thumb for when the
rock is so wide that it cannot realistically rupture the inner hull in groundings. For statistical analysis on
the exact relationship between grounding energy and different variables, a larger sample is desirable.
Furthermore, it would be beneficial to analyse more data of sea bottom shapes from Finland as well as

other sea areas.

6. Conclusions

For designing safe ship structures and analysing the risk caused by ship groundings, comparison of

grounding damage and the effects of the sea bottom shape are important. The comparative analyses
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demonstrate that grounding damage greatly depends on rock surface. Different failure mechanics were
observed between the real rocks and the rock models: the smooth model rocks resulted in less crushing
and energy absorbed within the same timeframe. Therefore, the energy difference between the model
and real rock is often significant despite high R* of the model rock. On the other hand for damaged
element volume and rock YZ-area in particular the binormal model was found to mimic the real rock

quite well, especially for cases with R* > 0.85.

The relationship between the damaged material volume and the real rock or rock model projected area
was found to be near-perfectly linear for the whole grounding simulation but much less so for the
vertical phase of the grounding only. Thus given the limitations in the simulation, knowing the area or
volume of the rock part which is in contact with the ship is enough for damage volume calculations.
This can then be further used for estimating damage when the rock penetration depth and shape is
known. For obtaining similar energies the current sea bottom shape models are too smooth and more
complex models should be implemented to accurately model the uneven surface of the rock. This
means that currently the simplified rock models do not model the real sea bottom shape accurately

enough to obtain similar grounding damage with energy based damage equations.
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Appendix 1 The error values for the “real” rock modelling

The real rock surface was constructed based on the sounding observations recorded as xyz-points. The
sea bottom resolution and accuracy vary on the depth and technology used, giving us a vertical
uncertainty of less than 0.3 meters using a 95 % confidence interval, usually much less. However, the
uncertainty of the relative position in the data is much smaller, which is the most important factor in

this case.

The “real rock” had to be reconstructed based on the xyz-point cloud for FEM analysis, adding a layer
of subjectivity/uncertainty about the true form of the rock. Looking e.g. at rock S,, the bumps on the

surface might real - caused by glacial activity during the last ice age — or just echo sounding distortions.

Minimizing the “real” rock maximum error and average error values is used as a starting point for the
real rock construction . Final rock surface modelling is checked by visual inspecting differences
between the surface and highest points in point cloud as rock peak area is more important in grounding
simulations then bottom area. If the point cloud density is very heterogeneous this affects greatly the

modelling process.

As an example, rock 10a error values are quit high because most of the points are in bottom area and
few points in peak area, see Figure 1. Modelling only by error values would give better error values
but rock surface would then not fit that well to the rock the peak area points.It was observed that better
point cloud density will give better error values; see Table 4 and Figure 1-5. Taking polynomial

degrees of higher than 3 do not give much better results.
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Table4 Real rock modelling error and the degree and number of the polynomial functions used in the

splines.
Degree Patches
Rock Model Maximum | Average
Penetration |U \% U A% error[mm] ! error[mm]2

Real rock |2.5 4 2 9 14 1851.25 127.00
eql 2.5 10 10 40 40 39.74 0.13

10a eq2 2.5 10 10 40 40 2505.34 10.22
eq3 2.5 10 10 40 40 1.09 0.17
eq4 2.5 10 10 40 40 1.09 0.17
Realrock | 1.2 2 2 15 13 15.00 2.56
eql 1.2 7 7 40 40 13.08 0.15

11f eq2 1.2 10 10 30 30 0.88 0.17
eq3 1.2 8 8 40 40 0.88 0.13
eq4 1.2 8 8 40 40 0.76 0.13
Real rock | 1,9 8 10 30 30 1406.77 54.03
eql 1,9 7 7 40 40 28.85 0.15

4e eq2 1,9 7 7 40 40 0.51 0.13
eq3 1,9 7 7 40 40 0.53 0.14
eq4 1.9 7 7 40 40 0.57 0.14
Realrock | 2.3 7 7 40 40 237.74 27.71
eql 2.3 3 3 40 40 0.60 0.10

Sa eq2 2.3 3 3 40 40 0.64 0.10
eq3 23 3 3 40 40 0.62 0.12
eq4 2.3 3 3 40 40 0.63 0.11

"Maximum distance between the actual data point and the fitted surface

2
Evaluated as mean absolute error
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Appendix 2: Alternative method for rock modelling

One of the alternative method for rock modelling is to create model from triangular network, see Figure
19. With high number of points that method would allow to model a naturalistic rock which goes
exactly through the observed data points. Unfortunately, in this case the point density is not sufficient

to model natural looking rocks, instead overly edgy rock are obtained with this method.

Figure 19 “Real” rock triangular network model.

Due to the limitation of the triangular network, “Fit surface” and “Through point surface” functions

were used in Siemens NX software. The difference between them is illustrated in Figure 20.

Interpolated model
(number of patches and
degrees are defined)

Freeform  surface —
necessarily does not go
through the points

Fit surface

Interpolated model (patch
type, column and row
degree are defined)

Surface goes through the
points (but points are not
connected with straight
line)

Through points

Figure 20 Cone model for rock 11f using “Fit surface” vs “Through point surface”.
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