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Abstract. In the maritime sector, ship grounding incidents continue to be a serious
problem that may lead to oil spills, capsizing, severe property damage, and even
fatalities. Grounding accidents are currently understood utilizing inadequate statistical
datasets, probabilistic grounding scenarios, and deterministic computational
crashworthiness methodologies due to a lack of practical tools and techniques. The
implementation of multiphysics assessment techniques is essential for the development
of improved ship safety standards. This involves the use of rapid models for structural
integrity rules and damage stability regulations. Taimuri et al., (2022) [1] introduced a
rapid two-way coupled fluid-structure interaction (FSI) model that seeks to efficiently
examine accidental loads following a ship hard grounding event to fulfil such a
requirement. The current study offers an overview of the algorithm and its limitations.

1. Introduction

To meet safe and sustainable shipping targets, it is essential to proactively reduce the cost of accidents
to human life, assets, and the marine environment. Today, despite improvements in technology and crew
standards, operational accidents still account for most ship accidents. According to Allianz Global
Corporate & Specialty (AGCS) [2] collisions, fires, and groundings are the main causes of catastrophic
marine accidents. Navigational accidents caused by collisions, contacts, and groundings continue to
dominate ship fatality statistics, making up 43% of all ship-related occurrences between 2014 and 2020,
according to European Maritime Safety Agency (EMSA) [3], Figure 1.

The accidental distribution of international marine casualty incidents for various ship types during
the period of 2002-2022 has recently been reviewed by Zhang et al. 2023 [4]. According to these
findings, the top 5 ship accident records are dominated by container ships, passenger ships, dry cargo
vessels (e.g., bulk carriers), tankers, and fishing vessels, Figure 2. Technical problems, routing errors,
transportation complications, power failure, loss of ship command, and weather situations are all causes
that contribute to ship grounding accidents. In recent years we witnessed a crucial need for increased
knowledge of vessel responses following grounding events, especially due to the life cost, the
environmental contamination and the expense of these catastrophic events. The Exxon Valdez [5] and
Wakashio [6] disasters are examples of ship grounding that polluted the ecosystem. Ship and life loss
relate with the accident cases of Express Samina [7], Sea Diamond [8], and Costa Concordia [9].
Recently, the Ever Given accident at the Suez Canal [10], demonstrated that grounding accidents can
potentially interrupt marine activities.

To date finite element analysis methods, empirical, experimental, and analytical approaches have
been used in consequence modelling. These techniques, however, do not idealise ship maneuverability
and the influence of surrounding water on ship dynamics [11]. Ship grounding dynamics are influenced
by actions associated with both internal and external mechanics. The former may be used to describe

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.

Published under licence by IOP Publishing Ltd 1



The 12th International Workshop on Ship and Marine Hydrodynamics IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1288 (2023) 012014 doi:10.1088/1757-899X/1288/1/012014

the ship's 6-DoF rigid body motions in response to external inputs and the surrounding water. In hard
grounding accidents energy is dissipated when the hull bottom encounters a hard rock leading to
structural deformation. Thus, internal mechanics can be used to idealise structural response that results

in energy dissipation following contact with the rock. o
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Figure 1. Proportion of incidents involving maritime casualties from 2014 to 2020 [3]
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Figure 3 illustrates a review of ship grounding evaluation techniques. The methodologies used to
estimate the likelihood of accidents using traffic distributions, historical records, and related risks make
up the probabilistic risk evaluation [12]. Using probabilistic statistics to create future predictions may
be challenging [13].

Analytical approaches are often employed to assess the crashworthiness of ship structures. The
upper-bound theorem is used in these approaches to quantify how much energy is dissipated by major
structural components based on the penetration of a rigid object (such as a rock) into a ship’s hull. These
methods can predict deformations. To analyse internal mechanics analytical formulae are available [ 14—
20]. Yet, the most extensively used and dependable structural response assessment approach is the Finite
Element Method (FEM). Despite time consuming FEM is still used in the majority of crashworthiness
simulations [20]. Experiments on a big and small scale have been conducted to date [21-27], which are
prohibitively expensive, labour-intensive, and may provide findings that are difficult to explain on a
full-scale vessel groundings.

Traditionally, external mechanics may be addressed by decoupled methods, which ignore the impact
of ship motions on structural deformation. Since these techniques do not adequately capture the
consequences of the dynamic impact on a hull surrounded by a fluid, coupled approaches are necessary
[28].
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Figure 3. Traditional ship collision and grounding assessment procedure. [4]

The key features and limitations of ship grounding assessment models that have been published
during the period of 1997-2022 are depicted in Figure 4. The evaluation is based on internal and external
mechanics, investigated vessel types, structural model features, rock forms, and their evaluation. The
review demonstrates how little attention has been paid to rapid multiphysics models that idealize coupled
ship grounding dynamics [1].
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2. Two-way coupled approach

Figure 5 depicts the methods utilized to couple internal and external mechanics. The external mechanics
accounts also for possible maneuvering actions. The modelling of a ship's 6-DoF motion during
grounding begins with the specification of essential inputssuch as panel mesh of the ship hull, hull
hydrodynamic coefficients, rudder-propeller details, and environmental variables. A reference approach
for evaluating hydrodynamic hull coefficients is devised for twin screw vessels. For the structural model
the rock specification (profile and locations) and ship structural components such as girders, floors,
plates, stiffeners, and bulkheads are used. The ship's motions are solved using a set of 2nd-order
differential equations, with the ship modelled as a rigid structure navigating in realistic conditions. The
contact detection algorithm searches for the interface between the ship panel and the idealized rock
After identifying the contact, the structure deforms using an energy approach known as the "upper-
bound theorem of plasticity" [40],[46]. The method implies that deformations are influenced by ship
motions. Seakeeping actions are considered until the simulation is over, assuming that there is no contact
between the rock and hull. Otherwise, the structural deformations caused by the rock and ship bottom
contact are incorporated in the ship's 6-DoF motions at each time step. This considers the influences of
the sea environment.
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Figure 5. Two-way coupled approach of ship grounding assessment.

3. Model for coupling ship grounding

Figure 6 illustrates the coordinate systems utilized for the idealization of a hard grounding event over a
rounded-tip conical rock. Using the Earth-fixed coordinate system O — XY Z, the vessel's trajectory is
determined. The ship's body-fixed origin is measured with reference to the Earth-fixed coordinate
system at a distance namely, 7 = [X,, Yy, Zo]. The origin of the body-fixed system (0 — xyz) is located
amidships on an xz-plane of symmetry and at a draft level, where the x-axis points towards the bow, the
y-axis towards the starboard side, and the z-axis points downwards. A position vector 7; = [x¢, Vg, Zg]
is used to define the difference between the center of gravity and the body-fixed origin. Hereby x; is
considered positive towards the bow and z; is positive towards the base of the ship. The rock location
Tor = [Xgr» Yor» Zgr] 1s defined as a point node in Earth-fixed coordinate system.
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O _ O-XYZ (Earth-fixed system)

External Mechanics

Internal Mechanics

Figure 6. Ship grounding dynamics coordinate system

Assuming a body-fixed system, Figure 6 shows the translational velocity components surge u, sway
v, and heave w as well as the rotational velocity components of roll p, pitch ¢, and yaw r. The
fundamental equations describing the mechanics of ship grounding are expressed in Equation (1).

(m —Xy)u+ (mz; — 0.5X,T)
Surge =m(@rv+ x;(r* + q*) —wq — z;pr) + pgA,(Az)sin(0) + Xy
+ Xpes(L =) + X+ Xgua + Xsw + Xc.orp
(m —Y;)v — (mzg + Y;)p + (mxg — Y,)7
Sway —m( U= 2547 — %pa) — PIAASIN(B)c05(O) + Vigun
+ Yrua + Ysw + Ye6rp
(m — Zy)w — (mxg + Z;)q
Heave =m(uq — vp + z; (p* + q*) — x7P) — pgA,(Az)cos(Pp)cos(0)
+ pgApxs0 — 28, wy,w(m — Zy,) + Z¢ grp
—(mzg + K)v + (Ix — Kp)p — (mxgzg + K;)#
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(mxg — Ny)v — (mxgzg + Kp)p + (I — Np)7
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The inertia of the ship, including added masses and moments of inertia, appears on the left side of
Equation (1). Semi-empirical relationships or strip theory can be used to estimate these. Coriolis and
centripetal forces caused by the rotation of the moving body-fixed system about the Earth-fixed
coordinate system are the mass multiplier terms on the right-hand side of Equation (1). The quantities
that appear as multiples of acceleration of gravity "g" describe the hydrostatic forces acting on a ship.

The damping of a vessel during maneuvering is represented by in-plane (surge Xy, sWay Yyuir,
and yaw Ny,,;;) hydrodynamic damping coefficients. This idealization is based on linear and non-linear
semi-empirical relationships. The semi-empirical expression is the outcome of a regression analysis of
captive model test (CMT) data. The out-of-plane (heave, roll, and pitch) radiation damping is determined
by the ship's natural period (wy, wg, and wg). The critical damping ratios ¢y, (s A {g are calculated
using a nonlinear time-domain 6-DoF solver and a numerical decay test. The subscripts “Res”, ”Prop”,
”Rud”, and “SW” represent ship resistance, propeller thrust, control forces, and short-waves forces,
respectively.

The behavior of the structure when a ship runs aground over a seabed obstacle is analyzed using the
closed-form formulation of structural component resistance forces, represented with a subscript
“C,GRD” in Equation (1). The depth of penetration of the rock into the hull bottom governs these
resistance forces. The procedure considers the bottom structural deformation model introduced by
Simonsen [40] and Sun et al. [46]. The formulation is based on the so-called upper bound method of the
plastic limit theorem presented in Equation (2).

FyU =Fp.U + j pul, o, dS )
S

where, Fy is the resistance force of the structure in the direction of relative velocity U between the ship
and a rock, Fp is the plastic resistance which includes both plasticity and fracture; p is the Coulomb
coefficient of friction and the last term represents the sliding energy dissipation due to normal and
frictional forces on the contact surface of the rock and the plate; U,..; is the relative velocity between
rock and plate [40].

A conical rock with a rounded tip specified by a radius Rz and semi-apex angle ¢ is used to
idealise grounding over a rigid object. The structure consists of the hull's inner and outer shells,
longitudinal girders and stiffeners, as well as transverse floors. The forces generated by the deformation
of different structural elements are summed together to produce the resultant contact force, which is
applied as external forces at the location of the contact, this is represented as a subscript “C,GRD” in
Equation (1). Figure 7 depicts the rock profile, structural model, and plate splitting angle after
grounding. As the bottom of the hull encounters a rock, the plate tears in a fashion that forms a splitting
angle as shown in Figure 7. The magnitude of the plate deformation in front of the conical rock is
indicated by this angle. As the energy associated with structural deformation depends on a precise
calculation of this angle, it is essential to make a correct assumption in defining the splitting angle. In
the previous studies [40,44,46,47], the plate tearing angle was assumed constant throughout the
grounding simulation and was precomputed in such a way that it gave the least overall structural
resistance force. In other words, the split angle that offers the least amount of resistance is chosen after
total structural resistance forces are computed over a range of plate split angles from 0 degrees to 90
degrees. However, this is not the case when a FEM simulation was run, and it was figured out that plate
splitting angle depends on the amount of the rock penetrated into the hull, ship motions and the profile
of the rock [1]. Taimuri et al. [1], proposed a unique technique to estimate plate splitting angle by
utilizing FEM simulation and a curve fitting methodology to develop a plate splitting angle as a function
of rock profile and penetration of the rock into the hull. Due to the dynamic nature of the grounding
model [1], changes in ship motion will also have an impact on the plate splitting angle.
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Figure 7. Idealization of ship bottom structure, conical rock, and plate failure mode.

4. Coupling of internal and external mechanics
An ideal vertical line from the rock's tip to the seabed is used to evaluate the contact between the rock's

tip and

the hull. This results in the displacement of the rock-tip inside the hull namely, 6,,;. This

displacement allows for the calculation of the contact force at the interface, using analytical equations
of structural resistance force.

Triangular panels are used to idealise the hull model. Each panel's coordinates are defined in relation
to the ship's origin. These panels are saved in the user-defined sub-blocks. The 6-DoF time-domain
maneuvering model [1] evaluates the relative location of the hull and the position of the rock tip at each
time step. The search for the contact of the rock and the panel starts when the rock tip enters a sub-block.
Figure 8 depicts the implementation phases, summed up as follows:

Based on the ship's main dimensions, a cartesian grid that surrounds the ship is created. The
grid is made up of identical 3D sub-blocks along the length, beam, and depth of the ship.

In each 3D sub-bock panels are stored depending on the location of the panels with respect to
the 3D sub-block position. The initialization steps under(a) and (b) occur only once.

To search for the rock inside the sub-block, the rock tip 7, is changed from an inertial
coordinate system to a ship-fixed coordinate system.

The vector 7, (Figure 6) is used to identify whether the rock is in the bounding cartesian grid
of the ship. If the rock tip is within the cartesian grid, a 3D sub-block containing the rock tip is
detected Figure 8. If not, the rock has no effect on the ship structure and the ship will perform
her intended movement.

A vertical vector is formed, which points towards the base of the seabed from the tip of the rock.
If the rock tip is within the 3D sub-block then, this vector is used to search the panel. If a 3D
sub-block does not contain panels, then neighbouring block in the direction of vector towards
seabed is searched to locate panels. This will follow until the vector reached the edge of the last
sub-block in the direction of the vector. If an intersection is found in between above steps the
intersection point is stored and the penetration is calculated using a Ray-tracing method [48].
The contact coupling model outputs the penetration into the hull following the identification of
an intersection. After that, the internal mechanics model receives this penetration and uses it to
determine the structural resistance force.
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5. Limitations

The detailed modelling and validation results of the 6-DoF maneuvering model under the influence of
the surrounding environment and the comparison coupling algorithm with commercial software
LSDYNA can be found in [49] and [1], respectively. The limitation of the models is summarized as
follows:

The hydrodynamic coefficients were evaluated and found to yield satisfactory results for four
distinct vessel types. Two different twin-screw and twin-rudder vessels have been validated
using the reference approach.

Drifting of a vessel is considered in shortwaves. As a result, the effect of the waves on heave,
pitch, and roll motions is not taken into consideration.

Yaw-roll hydrodynamic coupling is not taken into consideration. Such modelling could be
necessary for a turn at a high speed.

Pitch motions caused by ship roll are not taken into account. This might result in an
underestimation of pitch oscillations during maneuvers. However, the validation of ship off-
centre grounding against LS-DYNA MCOL simulations yields satisfactory pitch motions, but
the roll motion was overpredicted. These uncertainties need further investigation from the
perspective of hydrostatics, and lateral deformation forces of longitudinal members.

In-plane (hydrodynamic coefficients) and out-of-plane (linear radiation) damping formulations
based on regression inherit the memory effects. Yet, memory effects are not specifically
considered.

The plate deformation follows a single clean curling cut. The concertina tearing (plate folding
back and forth) and braided cuts (flaps folding back and forth) are not considered. Furthermore,
grounding over a conical rock may result in two stable cuts, which is not considered.

The model overestimates the vertical force in a refined geometric region such as bulbous bow
and bilge curves. The model is ideally suited for flat plate interactions.

The impact of lateral forces on longitudinal girders secured between rocks is not considered.
The very first contact does not occur between the slant height of the cone and the ship. Instead,
the initial contact occurs with the tip of the rock (some distance above the keel base).

The developed model idealises a rounded tip conical rock. Other shapes are ignored.

The effect of flooding during an event of grounding and post-grounding is not considered.
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6. Conclusions and future study

The goal of developing a two-way coupled rapid FSI grounding dynamics model was to propose a novel
and efficient method of assessing ship accidents from a multiphysics viewpoint, as existing numerical
methods are time-consuming and large-scale experimentation is impractical. The research establishes
the foundation for a computationally efficient technique for coupling external mechanics with internal
mechanics. In comparison to LS-DYNA MCOL simulations, which required 4 days of supercomputer
time for the simulation, the current FSI model calculation time was reported as being less than 1 second
for the same simulation [50]. It is established after successful validation that:

e tis possible to predict the manoeuvring trajectories of both new and existing vessels using the
reference technique. The same method can be used to estimate the hydrodynamic activities that
will occur in the event of a grounding contact.

e Based on comparisons against experimental data, shallow water and short waves assumptions
may be considered acceptable. The same holds for damaged length, breadth, hull penetration,
and total deformation energy predicted.

o The assumption of a constant plate split angle approach should be discarded, and structural
resistance forces should be evaluated using motion-dependent plate split angles.

e The assumption of linear out-of-plane motions (heave, roll, and pitch) is appropriate for
examining grounding dynamics.

e To accurately forecast structural deformation and ship motions, ship restoring forces, damping,
and 6-DoF rigid body dynamics must be included. Resistance and shallow water effects have
minimal effect on structural resistance force and ship dam-age extents.

Future work should consider hydrodynamic coefficients and their combinations for various hull
forms. The lateral loading of the longitudinal elements (girders and stiffeners) is not properly modelled,
which results in an underestimation of the lateral forces in an assumed straight-course operation. The
severe curvature of the hull's extremities (e.g., bulbous bow region) causes an overestimation of vertical
forces. Thus, the model primarily addressed the impact of conical rock profiles and further development
of structural resistance force for different rock type are required.
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