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Abstract

Within this work the sideways launching process of ships is investigated based on differ-
ent approaches. Many different ship types were successfully launched in the past using a
sideways launching process as the method of choice. Although different shipyards have a
lot of experience, publicly available literature regarding insights about the mechanics of
sideways launchings is scarce. This is especially true for loads resulting on the ship hull
at the moment of impact with the water surface. No knowledge regarding load mechanism
acting upon a hull structure as well as the subsequent hull structural loads during a side-
ways launching process can be found in literature. The same is true for the influence of
different parameters relevant for a safe sideways launching process.

Nowadays, available computational resources enable an increased usage of multi-physics
simulation approaches. In such simulations two or more different physical domains are
combined and solved simultaneously. In naval architecture simulation techniques consid-
ering fluid-structure interaction (FSI) are especially of significance. Within this work a
simulation-based approach using FSI based on an Arbitrary-Lagrangian-Eulerian (ALE)
approach for the assessment of sideways launching of ships is proposed. After an adequate
setup and verification of the proposed ALE approach based upon model tests, the sideways
launching process of a special purpose vessel is investigated. This investigation includes the
ship motion as well as the resulting hull structural loads.

The results obtained with the ALE approach are compared to common approaches. This
includes rule-based approaches, analytical formulations, model tests as well as simulation-
based approaches without FSI. Benefits and drawbacks of each of the different approaches
are discussed. Based on the ALE approach two different load mechanism acting upon the
hull structure during a sideways launching process can be observed: loads due to impact
with the water surface and loads due to the deceleration of the hull structure. The first
load mechanism (impact with water surface) and the corresponding hull structural loads
can be compared to slamming events (asymmetrical slamming event with oblique speed).
The second load mechanism (deceleration of hull structure) results in high shear stresses
inside transversal members of the hull structure.

Compared to the aforementioned common approaches, the proposed ALE approach allows
for the most detailed assessment of the sideways launching process. Not only can the
ship motion and resulting hull structural loads be assessed simultaneously using just one
simulation model, but also could the second load mechanism (deceleration of hull structure)
only be observed based on the simulation-based approach using FSI. Simulations without
FSI based on a load model derived from model tests are not able to account for this load
mechanism.

Furthermore, by using an optimized setup for the ALE approach the necessary computa-
tional effort can be reduced to a level just slightly higher compared to simulations without
FSI. This allows the use of the proposed ALE approach within the context of optimizations
(e.g. weight reduction of hull structure) or parametric studies. The conducted study in-
cludes the coefficient of friction between palls and slipway, height of the palls, water level
inside the launch basin as well as loading condition of the investigated special purpose
vessel. The influence of these parameters on the ship motion as well as the resulting hull
structural loads is investigated and discussed.
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1. Introduction

The ship design process can be understood as an optimization problem with several, often
conflicting constraints. Such constraints result from different requirements regarding the
intended ship design [77]. Driven by regulatory bodies as the International Maritime Orga-
nization (IMO) economical aspects like the Required Freight Rate (RFR) for instance, are
no longer the primary goal of a ship design. In recent years environmental aspects became
more and more relevant. Regulations like the Energy Efficiency Design Index (EEDI) or
more recently the introduction of the Carbon Intensity Indicator (CII) in 2023 measure
and regulate how efficiently a ship can transport goods or passengers in relation to its CO2
emissions.

Besides a switch towards alternative fuels for commercial ships, the use of appropriate
simulation-based approaches to optimize economical as well as ecological aspects of a ship
design is a key factor for dealing with these stricter requirements and regulations. Especially
in the past two decades increasing computational resources allowed for a leap in available
simulation methods, complexity as well as size of models. In naval architecture this enabled
an increased level of optimization of a ship design based on numerical simulations. A
common example is the optimization the shape of a ship hull. By now it is state of the art to
use a parametric description of the ship hull within an optimization framework. Combining
this framework with corresponding computational fluid dynamics (CFD) simulations the
resistance and delivered power at the propulsion system can be reduced, thus improving
RFR, EEDI as well as CII. Examples for such approaches can be found in literature, e.g.
in the work by Zaraphonitis et al. [119].

Another approach is the optimization of the hull structure of a ship. By carrying out
according finite element method (FEM) simulations the weight of the hull structure can
be reduced compared to the mere application of rules and regulations of classification so-
cieties. For this purpose the most common load cases are considered (e.g. local strength
of structural components, longitudinal strength, assessment of fatigue strength, structural
dynamics like forced vibrations among others) and used as the basis for such optimizations.
Reducing the weight of the hull structure results in an increased payload to displacement
ratio, thus improving the RFR, EEDI and CII as well. Examples for such approaches can
be found in literature, too. A good overview is provided by Rigo et al. [87].

For effectively optimizing the hull structure of a ship regarding its weight, the principles
of lightweight design are crucial. For an effective lightweight design a detailed and accurate
understanding of loads acting upon a structure is essential. Without this knowledge a
structure will contain unnecessary conservatism and safety margins ultimately destroying
the potential of any lightweight design or optimization approach [67]. If the full potential
of a lightweight design is utilized, the structure is loaded near its load carrying capacity.
In general, a lightweight design of a structure is done according to its standard operating
loads [67].

However, this means that an optimized structure can be more prone to failure against
loads outside of these standard operating loads, even if these load cases only occur once in
the lifetime of such a structure. Common practices including the corresponding load cases
can become suddenly risky or even outright dangerous. This is especially true for practices
and load cases, that heavily rely upon experience of the involved engineers and technicians.
Great care has to be taken, that such an optimized structure is able to withstand these

1



1. Introduction

load cases without damages. But it is also important, that the potential weight savings
due to the optimizations are not nullified by necessary reinforcements of a structure against
such load cases. Therefore, it can be necessary to revaluate common practices, even if they
were successfully used for decades, with modern knowledge and approaches to account for
optimizations and as a consequence thereof reduced safety margins.

In the case of naval architecture an example for a common practice, which heavily relies
on the experience of the personnel of a shipyard, is the launching of a ship. Depending
on the launching system installed at a shipyard high loads can be induced into the hull
structure, that just occur once at the beginning of the ship’s lifetime. This is true for an
end launching as well as a sideways launching process. An general overview of different
launching methods is provided by Leavitt [56]. While the calculation of loads resulting
during an end launching process of a of ship is documented well in literature (e.g. in [56]),
the corresponding knowledge is not available for the sideways launching process as discussed
in more detail later within this work.

This lack in knowledge is to some extent surprising, as the sideways launching process
is still nowadays a commonly used approach in naval architecture. In the past century a
variety of different ship types were launched using this method. One example for the use
of sideways launchings up to this day is the shipyard Ferus-Smit located in Leer, Germany.
In recent years many different ships were successfully launched using a sideways launching
process at Ferus-Smit. Examples are general cargo ships of the Arklow-series [109], [110]
and Symphony-series [46] or tanker ships of the Thun-series [47], [66]. An photograph of the
sideways launching process of the Thun Equality is shown in Figure 1.1. This photograph
gives a good impression of the different, complex physical phenomena relevant during a
sideways launching process:

• non-linear response of the ship: complete range of stability is relevant

• six degree of freedom (DOF) motion with according equation of motions including
added masses and hydrodynamic damping

• free water surface with spray root, water pile up and waves forming around the ship
hull

• dynamic loads at the impact of the ship hull with the water surface comparable to
slamming events

• effects of hydro-elasticity during the the impact of the ship hull with the water surface

• dynamically loaded hull structure with high stresses at certain areas, which can result
in non-linear behavior (buckling, plastic deformation or in worst case failure of parts
of the hull structure)

An in-depth description of the sideways launching process itself is given in [56]. In
general, the physical problem and phenomena can be split into two different problems: the
ship motion and the loads resulting on the hull structure during the impact with the water
surface. For assessing the ship motion during the sideways launching process, the process
can be split into four different phases [56]:

• phase 1 — sliding of ship down the slipway

2



Figure 1.1.: sideways launching process of Thun Equality [66]

• phase 2 — tipping of ship around edge of pier

• phase 3 — tipping of ship around edge of pier plus immersion of the ship

• phase 4 — dropping and raise of ship (free ship motion)

An visualization of the different phases is given in Appendix A.1. Naturally, the loads
resulting on the hull structure during the sideways launching process are highly depending
on the trajectory of the ship. These two aspects including the corresponding physical
phenomena are to be assessed accordingly by an approach or method of choice. This
can be either done subsequently (estimation of ship motion and trajectory → assessment
of loads resulting on ship hull) with approaches commonly used during the ship design
process. Possible are analytical or experimental approaches as well as simulation-based
approaches without fluid-structure interaction (FSI). Alternatively, the ship motion as well
as resulting loads on the ship hull can be assessed simultaneously with a simulation-based
approach using FSI as proposed within this work.

An inadequate assessment of the above mentioned aspects can have devastating conse-
quences. Capsizing or damages to the hull structure are possible, if certain aspects are
assessed incorrectly during the ship design phase. A recent example is the sideways launch-
ing of the USS Cleveland in April 2023, where damages to the hull structure due to a
collision with a tugboat occurred [70].

From the point of view of the ship design process, a sideways launching process is a
comprehensive task as well. Many branches of naval architecture are to be assessed in
close conjunction with each other. Different design parameters and decisions can have
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Figure 1.2.: different aspects of a sideways launching process

a significant influence on the sideways launching process and vice versa. This includes
hydrodynamics / ship motion, design of the hull structure, infrastructure at the shipyard
and planning process of the construction. These aspects and different tasks are visualized
in Figure 1.2. These questions have to be answered as early and holistically as possible
during the design phase, in order to minimize costs and risks associated with a sideways
launching process.

1.1. Investigated case study

Within this work the sideways launching process for a special purpose vessel (SPV) is
investigated in detail. The problem became relevant during the basic design phase of the
SPV, as a potential construction shipyard has an according sideways launching system
installed at site. This system as well as the setup of the sideways launching process for the
SPV is visualized in Figure 1.3.

The system as shown in Figure 1.3 is slightly different compared to the description in
[56]. The ship and palls are placed on rocker arms and are not inclined at the beginning of
the sideways launching process. To start the sideways launching process, the rocker arms
are lifted by a crane, aligning the ship and palls with the inclination of the slipway. This
phase is introduced as phase 0 — rotation of ship within this work. After lifting the rocker
arms, the SPV starts with the sliding motion (start of phase 1).

All above mentioned aspects regarding the ship motion and loads resulting on the ship
hull are to be assessed for the SPV. In comparison to ships typically launched sideways,
the SPV has distinct features making an accurate assessment of the sideways launching
process inevitable. The hull form of the SPV does not have vertical side walls. The frame
contour above the water line is inclined towards the centre line. This can result in a high
maximal roll angle during the sideways launching process. The upper parts of the hull,
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Figure 1.3.: investigated case study: sideways launching process of a SPV

which will generate the necessary moment to upright the SPV, will immerse late into the
water. Therefore, the ship motion and range of stability of the SPV are to be checked
carefully.

As the SPV is a fast ship, the hull structure of the SPV is highly optimized regarding its
weight. The complete hull structure is designed with high tensile steel, to reduce necessary
plate thicknesses and sizes of stiffeners. Numerical methods like FEM were used to further
reduce the weight of the hull structure with regards to static and dynamic loading (e.g. local
loads, longitudinal strength or vibrational aspects). In comparison to commercial ships of
similar size — e.g. general cargo, tanker, bulker or container ships — plate thicknesses
used for the shell plating are thinner between a factor of two up to three. As the hull
structure of the SPV is highly optimized regarding its weight, the potential safety margin
during a sideways launching process is small in comparison. This is especially true, as the
loads resulting from a sideways launching process are not a load case considered during the
initial design or subsequent optimization of the hull structure of the SPV.

To avoid any damages to the hull structure, a detailed understanding of the load mecha-
nisms acting upon the hull structure as well as an accurate assessment of the resulting hull
structural loads is necessary. In addition, such a detailed understanding of the resulting
hull structural loads is necessary in accordance with the principles of lightweight design.
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In this chapter the current state of the art / available literature regarding the sideways
launching process is discussed. As from a physical point of view the launching of a free-fall
lifeboat (FFLB) is to a certain degree comparable to a sideways launching process, the
current state of the art regarding the launching of FFLBs is reviewed as well. As these two
methods of launching are closely related to slamming events (→ impact with water surface),
a brief overview of literature regarding slamming phenomena relevant for this work is given.

Based on the reviewed state of the art research questions to be answered within this work
are formulated. These are joined by the corresponding research hypothesis. Lastly, based
on the research hypothesis an overview of the structure of this work is provided.

2.1. Sideways launching process
Publicly available literature regarding sideways launching processes is scarce. A compre-
hensive overview of the sideways launching process is provided in Leavitt [56]. This includes
the preparation, execution and subsequent evaluation.

Different approaches to solve the corresponding ordinary differential equation (ODE) of
motion for the different phases of the sideways launching process as illustrated in Appendix
A.1 can be found in literature. In general, these approaches consider three DOF including
the translation in y-direction (horizontal movement) and z-direction (vertical movement)
as well as the rotation about the x-axis (roll angle). In [56] closed analytical solutions of the
ODE of motion are provided. These allow for the assessment of certain aspects of the ship
motion, e.g. the speed of a ship at the end of the slipway or the maximal roll angle. In the
work by Ye [115] numerical solutions of these ODE of motion as well as an implementation
of appropriate numerical solution schemes is proposed. In the work by Ramzi and Pacuraru
[81] a similar approach as in [115] is presented. However, the approach in [81] is limited
to the ODE of motion for phase 1 — sliding up to the end of phase 3 — tipping and
immersion (compare Figures provided in Appendix A.1). The free ship motion in phase 4
is not considered in [81].

In [56], [115] the hydrodyanmic forces acting upon the ship hull during the sideways
launching process are calculated based on analytical equations including the according as-
sumptions. In more advanced approaches these hydrodyanmic forces are calculated using
hydrodyanmic codes, which are coupled with the solution of the according ODE of motion.
This allows for a more detailed and accurate assessment of the hydrodyanmic forces act-
ing upon the ship hull during the sideways launching process. One example for such an
approach is given in the work by Hak [38]. In [38] the hydrodynamic forces are calculated
using the hydrodyanmic code COMFLO. A similar approach is proposed in the work by
Krawskowski [54], who used the hydrodyanmic code COMET for this purpose. In both
cases the hydrodyanmic forces obtained with the hydrodyanmic codes are coupled with self
developed routines for solving the corresponding ODE of motion. Although the results ob-
tained in [38], [54] are qualitatively comparable to their respective references (model tests
/ test cases), discrepancies regarding the trajectory as well as roll angle could be observed.
These are contributed to either the implementation of the self-developed routines itself [38],
[54] or wrong / too simple assumptions during the calculation like missing reflections of
waves inside the launch basin [54].
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A simulation-based approach without FSI is given in the work by Fitriadhy and Malek
[34]. In [34] the sideways launching process of a tanker was successfully simulated using
the commercial CFD software Flow-3D. A parametric study was carried out investigating
the influence of the inclination of the slipway as well as the distance between the ship
and the launch basin in horizontal direction. For the case study investigated within this
work these parameters are not of interest, as these are fixed by the design of the sideways
launching system to be used for the launch of the SPV. No verification of the conducted
CFD simulations is provided in [34].

Within the discussed literature regarding the sideways launching process only the trajec-
tory / ship motion is investigated. The loads resulting during the impact of the ship hull
with the water surface are not addressed by any of the given references.

2.2. Launching of free-fall lifeboats
As available literature regarding the sideways launching process of ships is so scarce, a closer
look at comparable physical processes / methods of launching is taken. Closely related to
sideways launching of ships is the launching of a FFLB. From a physical point of view the
launching of a FFLB is to a certain degree comparable to a sideways launching process. In
both cases, the ship / the FFLB is subjected to a free-fall motion before impacting with the
water surface. The same physical phenomena are relevant for both a sideways launching
process as well as the launching of a FFLB.

The launch of a FFLB can be split in too similar phases as shown in Appendix A.1:
sliding down a ramp, rotating around the edge of the ramp water, free-fall and lastly the
impact with the water surface and immersion. Approaches and methods used to assess the
physical phenomena during the launch of a FFLB can be used or adapted for the sideways
launching process of the SPV.

In the last three decades a lot of research was published regarding the design of FFLBs.
A good overview of relevant literature regarding the launch of FFLB and the corresponding
loads is given by Ringsberg et al. [88]. The classification society Det Norske Veritas (DNV)
does provide a complete standard for the design of FFLBs [29]. As with the sideways
launching process, the launch of a FFLB is split into two aspects within [29]: estimating
the motion / trajectory of the FFLB and subsequently assessing the loads resulting on the
FFLB based on the estimated trajectory. For assessing the trajectory different approaches
can be used according to [29] (Section 4.5.3.14):

• simplified method by solving the corresponding ODE of motion, preferably for all six
DOF (= analytical approach; comparable approach as given in [56], [115])

• numerical methods such as CFD (= simulation-based approach without FSI; compa-
rable approach as given in [34])

• model tests (= experimental approach)

Details and guidance notes for each method are provided within [29]. For the design of
the hull structure, slamming pressure on the hull from water entry as well as inertia forces
on the FFLB due to deceleration are to be considered [29] (Section 4.5.5.2). As with the
assessment of the trajectory, the same three methods can be used: analytical models for
slamming, numerical methods like CFD-simulations or model tests.
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As stated in in [29] (Section 4.5.6.2), determining the slamming loads on a lifeboat
during impact is considered complex and difficult to describe using simple expressions.
CFD simulations are to be validated by model or full-scale tests. For using model tests to
derive the slamming loads, a sufficient number of suitable pressure sensors during model
tests are necessary.

For all approaches mentioned in [29] examples can be found in literature. One of the first
models to assess the forces during the water entry phase of the FFLB including correspond-
ing slamming loads was proposed by Boef [12], [13]. An analytical approach for assessing
the trajectory of the FFLB during its free-fall is given by DNV in [29]. The corresponding
ODE of motion consider three DOF, including the translation in x-and z-direction as well
as rotation around y-axis (pitch of FFLB). Qiu et al. [79] proposed a model for assessing
the trajectory of the FFLB through water, which includes the loads at the impact with
the water surface. In addition, the model in [79] accounts for the motion of the ship (=
launching platform) and the elevation of the water surface due to waves / different sea
states. Recently Qiu et al. [80] extended the model to six DOF considering the asymmetric
impact forces during the water entry of the FFLB.

One example for the use of numerical methods is the work by Tredge et al. [95]. In [95]
the launch of a FFLB is investigated with the commercial CFD code Star CCM+. Based
on the conducted CFD simulations the trajectory, resulting accelerations (→ important for
occupant safety) as well as slamming loads were assessed. The numerical results in [95]
show good agreement with full-scale tests.

Different methods for assessing the structural response of a FFLB during the water entry
phase are discussed in [88]. This includes a comparison of linear-elastic and non-linear
beam models with FEM simulations as well as transient with quasi-static load modelling
approaches. A comparison of the different approaches based on experimental results mea-
sured during a model test of a FFLB in scale 1:9 are provided in [88].

An example for a more holistic simulation-based approach without FSI is presented by
Califano and Brinchmann [20]. In [20] CFD and FEM simulations are combined, in order
to assess the loads resulting during the impact with the water surface of a FFLB. For
this purpose the trajectory, accelerations as well as pressure on the hull of the FFLB were
calculated using CFD simulations in Star CCM+. The resulting pressure was mapped for
defined time steps onto the mesh of the FEM model of the FFLB inside the FEM software
Abaqus. Quasi-static FEM simulations were carried out considering the pressure on the
hull as well as the resulting inertia loads. Therefore, the approach proposed by Califano
and Brinchmann [20] is a one-way coupling from CFD to FEM without actual FSI. Effects
of hydro-elasticity are not considered using this approach.

Bae et al. [10] proposed a simulation-based approach with FSI to assess the trajectory
during the launching of FFLB. This approach is based on the Arbitrary-Lagrangian-
Eulerian (ALE) approach inside the FEM software LS-DYNA. Using the ALE approach the
water entry of a FFLB based on model tests in scale 1:5 was successfully simulated in [10].
Focus in [10] was the accelerations resulting during the impact of the FFLB with the water
surface, as these are relevant for occupational safety. While the peak accelerations showed
reasonable agreement to the experimental data of the model test, the acceleration-time-
signal showed some discrepancy. As stated in in [10], the differences could be the result
from the complexity of the FSI algorithm used for the ALE approach inside LS-DYNA.

Based on the results in [10], Bae and Zakki [9] did a closer investigation regarding different
ALE element formulations (single-material vs. multi-material ALE elements) for the use
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case of the water entry of a FFLB. Although the multi-material ALE element formulation
did yield results slightly closer to experimental data, there were still uncertainties regarding
different settings of the FSI algorithm [9]. A parametric study of different parameters
relevant for the FSI algorithm used for the ALE approach is suggested in [9]. Besides the
uncertainties regarding setting of the FSI algorithm, a major drawback of the model setup
as proposed in [10] is the use of a rigid shell element formulation for the model of the
FFLB. No assessment of the hull structural loads resulting during the launch of the FFLB
is possible using that modelling approach.

Despite this lack of in-depth knowledge regarding FSI settings, the applicability and
benefits of the ALE approach for the design of a FFLB could be shown using the model
setup as proposed in [10]. Zakki et al. [117] investigated the influence of different launching
parameters (angle of skid, sliding distance and fall height) on the resulting motion pattern
/ trajectory during the water entry phase of a FFLB. Limits for a safe motion pattern
according to rules and regulations provided by DNV [29] were derived based on the simu-
lations with the ALE approach. Zakki et al. [118] developed a new V-shaped hull form for
a new FFLB based on the ALE approach. Accelerations could be actively resulting during
the water entry phase of the newly developed FFLB, thus increasing the occupational safety
[118]. However, in [117], [118] it is stated, that simulations using the ALE approach should
be verified using experimental data / model tests due to the complexity of the underlying
FSI algorithm.

2.3. Slamming phenomena

The impact with the water surface during both methods of launching — sideways launch-
ing of ships and launching of FFLBs — is comparable to slamming events. Slamming
phenomena and the resulting impact loads on ships and marine structures are a subject of
research since at least 100 years. With increasing computational resources and methods the
research is still ongoing. A recent overview of the current state of research including analyt-
ical formulations of impact problems, relevant slamming experiments and simulation-based
approaches is given by Abrate [1] as well as Wang and Guedes Soares [104].

2.3.1. Analytical models

Over the past century different analytical formulations were developed, which are able to
predict the pressure on a structure as it impacts with the water surface and immerses into
the water. The first theories based on potential flow assumptions were derived nearly 100
years ago. In 1929 Kármán [45] assessed impact forces on sea plane floats during a water
landing by using momentum theory. In 1932 Wagner [103] proposed his theory for 2D rigid
wedge-shaped bodies with small deadrise angles βimpact.

Especially the Wagner model was widely used and further enhanced in the past. By
introducing additional terms into the velocity potential distribution in the contact domain
[104], more general forms of the model of Wagner were derived. These models show good
agreements with experimental results. Noteworthy are the following three models:

• original Longvinovich model (OLM) proposed by Logvinovich [63] in 1972

• generalized Wagner model (GWM) proposed by Zhao et al. [120] in 1996
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• modified Longvinovich model (MLM) proposed by Korobkin and Malenica [51] in
2005

A brief overview of the different models is provided in [18]. An in-depth comparison
including the mathematical modelling of these models is given in [52]. Like most slamming
experiments found in literature, these models are valid for symmetric, two-dimensional
configurations at one DOF. Such a configuration is shown for an exemplary wedge in
Figure 2.1. Such models cannot be applied or adapted directly for the sideways launching
of ships, as the sideways launching process is a highly asymmetric slamming event. This
can be seen in the photograph in Figure 1.1.

Judge et al. [44] carried out slamming experiments for an asymmetric wedge configuration
with horizontal as well vertical speed at impact with the water surface (two DOF). The
different configurations investigated in [44] are illustrated in Figure 2.2. These are very
similar to the one observed during the impact of the SPV with the water surface during
the sideways launching process, as a comparison of Figure A.3 with Figure 2.2 shows. A
numerical model is proposed in [44], too. This model involves the discretization of the
surfaces of the wedge and an iterative solution scheme. The method in [44] is based upon
two-dimensional vortex distributions to model the boundary-value problem given by the
asymmetric impact of the wedge. Good agreement between experimental data and the
proposed model were found for small degrees of asymmetry and small ratios of horizontal
to vertical velocity at impact [44]. This configuration is a so-called type A flow, where no
separation of the flow and no ventilation occurs. This configuration is shown in Figure
2.2a. The agreement found in [44] is true for the position of the the spray root on both
sides of the wedge as well as the resulting wetted surface forming during the immersion of
the wedge.

However, differences between experimental data and the proposed model in [44] are big-
ger for configurations with higher degree of asymmetry (high ratio of horizontal to ver-
tical velocity at impact) and small deadrise angles. This is a so-called type B flow with
flow separation and ventilation, as illustrated in Figure 2.2b. As the model tests and the
simulation-based approach using FSI show, the type B flow with flow separation and venti-
lation is present during the sideways launching process of the SPV. Due to the shape of the
hull of the SPV in combination with geometry of the slipway, a high degree of asymmetry
is given (vy impact/vz impact > 2 and βimpact ≈ 0).

In addition, there are further limitations of the model proposed by in [44] relevant for
the sideways launching process. The model in [44] considers only two DOF (horizontal and
vertical translation). No rotation of the wedge is considered (= roll motion of SPV during
sideways launching process). Furthermore, the effect of hydro-elasticity is not accounted
for in [44], which plays an important role for the resulting peak pressure at small deadrise
angles [18].

A mathematical model considering three DOF including the rotation during the impact of
an asymmetric, rigid wedge configuration is proposed by Xu et al. [114]. The model is based
on the MLM. The conditions of the wedge (initial velocities and trajectory) investigated
in [114] are comparable to the one of the SPV during the sideways launching process. A
general model is proposed by Moore et al. [69]. In [69] a model for three-dimensional oblique
water-entry problems based on the GWM is proposed.
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Figure 2.1.: symmetrical slamming event

As the model is described for generalized
three-dimensional problems at oblique an-
gles, the resulting model is very complex.
The focus in the work done in [69], [114] lies
on the mathematical modelling rather than
on physical phenomena / applicability of the
proposed models. A thorough verification
based on appropriate experimental data —
e.g. like provided in [44] — is missing for
both models proposed in [69], [114].

2.3.2. Experiments

In the past decades a broad variety of different slamming experiments were conducted.
Besides [1], [104] an overview of different slamming experiments is given in the work by
Lewis et al. [58]. In the following, a brief overview of slamming experiments relevant and
referred to within this work is given.

Lewis et al. [58] investigated the general uncertainties regarding pressure measurements
during slamming events based on a symmetric wedge with an deadrise angle of 25◦. A
sophisticated test setup designed for best possible repeatability was used in [58]. The
goal of [58] was to provide a test setup producing high quality data for the validation /
verification of numerical methods for slamming applications.

Tödter et al. [94] conducted slamming experiments with a flat bottom structure (βimpact =
0◦). The investigations were carried out for a rigid as well as flexible bottom structure,
where the effects of hydro-elasticity played an important role. 30 runs of each test case were
conducted, allowing for a good assessment of the uncertainties involved with a flat bottom
structure. Using high speed cameras, the complex flow conditions right after the impact
are visualized. A cushion of air was trapped between the water surface and the flat bottom
structure, which is subjected to oscillations and thus influenced the resulting pressure. The
oscillations were more pronounced for the flexible bottom structure [94]. The investigated
conditions in [94] are comparable to the conditions given during model tests of the sideways
launching process (βimpact ≈ 0◦ and vslam ≈ 1m/s in model scale).

Judge et al. [44] investigated the behavior and flow conditions around an asymmetric
wedge with horizontal and vertical speed at impact. Such a configuration is similar to the
one observed during the the sideways launching process of the SPV (compare Figure A.3
with Figure 2.2). For small deadrise angles and / or a higher level of asymmetry, flow
separation and ventilation did occur during experiments conducted in [44]. At the side of
the wedge opposite to the water surface, ventilation could be observed. This ventilation lead
to complex flow conditions around the investigated wedge, as the water is moved around
the wedge towards the area of ventilation [44].

The experiments conducted by Javaherian et al. [43] were used for verification purposes
of the simulation-based approach using FSI proposed within the context of this work.
In contrast to many other slamming experiments, a wedge with flexible bottom plating
constructed with aluminium was used in [43]. The flexible bottom plating does resemble
a typical hull structure of a ship (plate-stiffener construction) more realistically than a
rigid wedge. This allowed for the consideration of the effects of hydro-elasticity. During
slamming experiments conducted in [43] the following data were measured:
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Figure 2.2.: asymmetrical slamming event according to [44]

• mean vertical velocity of the wedge

• deformation of the bottom plating

• pressure-time-signals resulting on the bottom plating at different positions

These data were used for verifying the simulation-based approach using FSI proposed
within the context of this work.

Lastly, the experimental work done by Chuang [23] is worth mentioning. In [23] a sys-
tematic study on the influence of different parameters on the resulting peak pressure at the
impact with the water surface was carried out. This included rigid wedges with different
deadrise angles (flat bottom up to 45◦) as well as different drop heights / speeds at impact.
Different sets of curves are provided in [23] allowing for an estimation / approximation of
the expected peak pressure for different slamming configurations.

2.3.3. Simulation-based approaches

Due to the increasing availability of computational resources — especially in the last two
decades — a broad variety of different simulation-based approaches for assessing slamming
phenomena / water entry problems can be found in literature. These approaches range
from CFD simulations, which assess the motion as well as the pressure resulting on different
bodies during a slamming event, to simulation-based approaches using FSI. An overview
of different approaches is provided in [1] as well as in [104].

Most of the research regarding slamming phenomena was focused on symmetrical slam-
ming events as shown in Figure 2.1. Naturally, this results in higher knowledge regarding
different numerical methods in favour of such symmetrical slamming events. Besides [44],
the work by Xu et al. [113] is one of the first investigations regarding numerical methods
with a focus on asymmetrical slamming events. Only in recent years a shift of interest
towards the investigation of asymmetrical slamming events can be observed.

One example is the work conducted by Wang and Guedes Soares [105]. The approach
and configuration used in [105] is comparable to the proposed simulation-based approach
using FSI within this work. In [105] parametric studies regarding the loads resulting on a
rigid wedge impacting the water surface at oblique angles combined with a roll angle were
conducted using an ALE approach. In the work by Izadi et al. [42] the effects of hydro-
elasticity were considered, while investigating the water entry problem of an asymmetric
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wedge with an oblique speed in a similar way as [105] . More recently these numerical
methods were adapted / extended from simpler 2D wedges towards the investigation of
asymmetric slamming events of ship hull structures. Examples are the work by Xie et al.
[112] or Lu et al. [64]. Besides the work presented in [9], [10], [117], [118], these investigations
are a good starting point for the simulation-based approach using FSI proposed within this
work.

2.4. Scope of work
Based on the reviewed state of the art, different research questions do arise. These are
formulated within this section and are joined by the corresponding research hypothesis.

2.4.1. Research questions and hypothesis
As slamming phenomena were researched quite intensively over the past century, a lot of
literature including standards, rules and regulations, best practices regarding the assessment
of slamming are available, e.g. [3], [18], [25]. The same is true for the launching of FFLB.
Starting in the 1990s a lot of research regarding the launch of FFLB was conducted, which
ultimately resulted in its own standard for the design of FFLB [29]. For both types of
problems different approaches are available in literature, that allow for an assessment of
the trajectory as well as of the resulting loads on a structure (either a wedge, ship hull or
FFLB). As for both type of problems the hull structural loads resulting during the impact
with the water surface are to be accounted for during the design of the hull structure, the
according loads and load mechanism are well studied.

In contrast to this, available literature regarding the sideways launching process of ships
is scarce, as this type of launching is often conducted by shipyards based upon experience.
Especially methods or models for assessing the loads resulting on the ship hull during a
sideways launching process are missing. As weight optimization of hull structures becomes
more and more relevant for present and future ship designs, conducting a sideways launching
process of such a weight optimized ship design without a profound knowledge of the resulting
loads on the ship hull does involve a certain level of risks. This results in the first question
to be investigated within this work:

How do the loads on a ship hull during the different phases of a sideways
launching process look like as a function of time?

As the loads resulting on the ship hull are only one part of the equation, the hull structural
loads resulting during a sideways launching process are to be known as well. Therefore, the
following questions have to be asked:

Which hull structural loads can be observed during a sideways launching pro-
cess at different parts of the hull structure? What are the main load mechanisms
acting upon the hull structure?

As no information regarding these questions is available in literature, systematic studies
regarding relevant parameters during a sideways launching process cannot be found either.
This is true for the ship motion as well the loads resulting on the ship hull / resulting hull
structural loads. As for planning and conducting a sideways process knowledge of these
parameters is important, the following questions are to be investigated as well:
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Which parameters of a sideways launching process are the most relevant ones
regarding the ship motion as well as the resulting loads on the hull structure
/ hull structural loads? How big is the influence of each parameters on the
different aspects of a sideways launching process?

Lastly, the focus of research regarding simulation-based approaches for the use case of
water entry problems was mainly on symmetric slamming events in the past. Especially
simulation-based approaches using FSI were mostly applied to symmetric slamming events
or limited to smaller models in the case of asymmetric slamming events (e.g. simulation of
slamming experiments; often of 2D wedges). Investigations of asymmetric slamming events
using models of a ship’s hull structure are up to this day still at early stages of research.
This results in the following question from an methodical point of view:

How does a setup of a sufficient and reliable simulation-based approach look
like, which is able to account for the relevant physical effects of asymmetrical
slamming events as present during a sideways launching process?

Especially in the case of a simulation-based approach using FSI a good knowledge of
relevant parameters and settings for the FSI algorithm of choice [9] as well as a thorough
verification are necessary [117], [118]. This is especially true as these parameters and
settings vary from use case to use case [59].

For answering these research questions different approaches can be used. Besides con-
ventional approaches like the use of rules and regulations of classification societies, analyt-
ical models or conducting model tests, a common choice are simulation-based approaches.
Nowadays, available computational resources are enabling an increased usage of multi-
physics simulation approaches. In such simulation approaches two or more different physical
domains and / or simulation approaches are combined and solved simultaneously.

In naval architecture simulation techniques considering FSI are especially of significance,
because with fluid dynamics and structural mechanics two important disciplines of the
ship design can be assessed simultaneously. Such simulation-based approaches using FSI
allow for a very detailed understanding and assessment of loads resulting on a ship hull, as
the interaction between the media surrounding a ship hull and the ship’s hull structure is
accounted for. This is especially of interest for dynamic loading of the hull structure, e.g.
loads due to the impact with water surface like slamming or a sideways launching process.
Only with such an detailed understanding, a hull structure can be designed and optimized
to a full extent without unnecessary safety margins.

Altogether, these aspects lead up to the following research hypothesis:

A simulation-based approach using FSI is the best-suited choice for assessing
water entry problems / slamming phenomena like a sideways launching process
of a ship, as these are the only approaches able to consider all relevant physi-
cal aspects and phenomena accordingly allowing for a holistic assessment and
optimization of a ship design.
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2.4.2. Structure of this work
The study of the formulated research questions is based on the sideways launching process
of the SPV, as presented in section 1.1. For investigating the above postulated research
hypothesis, different approaches commonly used within naval architecture are applied to
the sideways launching process of the SPV:

• conventional approaches without the use of simulations including:
– rule-based approach
– analytical approach
– experimental approach

• simulation-based approach without FSI

After investigating these approaches, a simulation-based approach using FSI based on an
ALE approach is proposed. A parametric study of relevant settings of the FSI algorithm
is carried out and a verification based on model tests of the sideways launching process of
the SPV is conducted. In addition, different measures to reduce the computational effort
of the chosen ALE approach are discussed.

As all the different approaches are applied to the same problem (sideways launching
process of the SPV), a direct comparison of the results obtained with the simulation-based
approach using FSI with the established approaches is possible. Benefits and drawbacks
of the proposed simulation-based approach using FSI are discussed. Based on the results
obtained from the different approaches the research questions are outlined. Lastly, the
postulated research hypothesis is evaluated by the comparison of the different approaches.

16



3. Theoretical framework

Within this chapter the theoretical framework necessary for the proposed simulation-based
approach using FSI is given. This includes the theory of the ALE approach and FSI
algorithm. In addition, the material models used for the hull structure of the SPV and the
media surrounding the ship hull (air and water) are presented.

3.1. Arbitrary-Lagrangian-Eulerian approach

As already described in the introduction, a sideways launching process is a dynamic process.
Due to the interaction with the free water surface spray roots, water pile up and waves
around the ship hull can be observed. A simulation must be able to capture these effects
sufficiently. Within the proposed simulation-based approach using FSI the problem is
broken down into two parts: the hull structure of the SPV and the media surrounding
the ship hull consisting of air and water. The hull structure of the SPV is described
with a common Lagrangian element formulation. The media surrounding the ship hull
are modelled using an ALE approach. The implementation within the commercial FEM
software LS-DYNA is used for this purpose.

The following explanation of the ALE approach are a brief introduction to this topic. An
in-depth description of the concept of ALE approaches, aspects regarding the numerical
implementation as well as further references can be found in literature, e.g. in the work by
Donea et al. [30]. The implementation of an ALE formulation for FSI problems is discussed
in detail by Souli et al. [92]. Aspects regarding the implementation inside LS-DYNA are
given in the LS-DYNA® Theory Manual [59].

In Lagrangian algorithms, which are mainly used for structural mechanics, the nodes of
the computational mesh are following the displacement of the associated material during
the calculation. Such algorithms are good for tracking interfaces between different materials
(e.g. contact surfaces), but are generally less robust in regards to high distortion. Eule-
rian algorithms are commonly used for fluid dynamics. In the Eulerian approach the mesh
is fixed and the fluid is moving with respect to the grid. Large movements or distortion
(e.g. vortices) can be calculated well. But interface or free surfaces can only be handled
sufficiently with a high mesh resolution at these area and by introducing additional algo-
rithms to track such surfaces. An visualization of both Lagrangian and Eulerian element
formulations is given in Figure 3.1.

ALE methods are combining the Lagrangian and Eulerian approach and are able to over-
come the disadvantages of both approaches to a certain extent. Using an ALE formulation
the nodes can move with a continuum (Lagrangian), be fixed in space (Eulerian) or move
in an arbitrarily way to enable continuous rezoning capability [30]. For this purpose a third
arbitrary referential coordinate is introduced in addition to the Lagrangian and Eulerian
coordinates [92]. This third reference frame is introduced into the ALE formulation by the
initial mesh of the ALE elements. As the nodes can move arbitrary with respect to their
referential coordinates, material can move trough the elements of this referential system.
This is illustrated in Figure 3.1. Therefore, the conversation laws are to be considered and
solved. The conversation laws (mass, momentum and energy) in the ALE formulation can
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Figure 3.1.: different element formulations in comparison

be written as follows [92]:
∂ρ

∂t
= −ρ

∂vmat

∂xi
− vconv i

∂ρ

∂xi
(3.1)

∂vmat

∂t
= − (σij + ρbi) − ρvconv i

∂vmat i

∂xj
(3.2)

∂E

∂t
= − (σijvmat ij + ρbivmat j) − ρvconv i

∂E

∂xj
(3.3)

In equation 3.1 to 3.3 the term ρ is the density of the material, xi the Eulerian coordinates
and vconv i the convective velocities. The convective velocity is defined as the difference of
the velocity of the material vmat and the velocity of the mesh vmesh, so that vconv =
vmat − vmesh. The expression σij is the Cauchy stress tensor, while bi is the specific body
force vector. Lastly, E is the energy. Note that the Eulerian equations of conservation
laws can be obtained, by assuming vconv = vmat [30], [92]. By doing so the velocity of the
referential system vmesh is equal to zero.

In order to solve the conversation laws in the ALE formulation as given in equation 3.1
to 3.3, two calculation steps are used during a time step of the simulation [30], [92]. The
first step is a classical Lagrangian step. The second step, which is also referred to as an
advection step [59], performs a rezone of the computational mesh. Different algorithms and
methods can be used for the rezoning of the mesh depending on the physical problem to
be solved. In LS-DYNA this rezone is done incremental. The nodes of the mesh are only
moved a small fraction of the element size of surrounding elements. This is shown in Figure
3.1. In LS-DYNA different algorithms are implemented for the moving the computational
mesh relative to the material [59], [92]: an equipotential method developed by Winslow
[108], simple averaging of surrounding nodes or a volume weighting algorithm. In addition,
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during the advection step the transport of mass, internal energy and momentum across
element boundaries is calculated [30], [92]. For this purpose different advection algorithms
are implemented in LS-DYNA. The influence of different advection algorithms for the case
study of the sideways launching process is assessed at a later stage. The donor cell with
half index shift and Van Leer with half index shift are investigated. A detailed description
of these algorithms is given in [59].

Due to this freedom of moving the computational mesh, an ALE approach allows for
greater distortions than a classic Lagrangian algorithm while simultaneously providing a
higher resolution than that of an Eulerian algorithm [30]. ALE formulations are especially
useful for tracking moving boundaries or free surfaces, e.g. in the context of FSI problems
[92]. Therefore, the ALE-approach is a well-suited choice for the simulation-based approach
using FSI for the investigated case study of the sideways launching process. The drawback
is higher computational costs for each time step due to the advection step (rezoning of
computational mesh and calculation of advection terms). The computational cost of an
advection step is typically two to five times the cost of the Lagrangian time step [59]. The
computational costs of the ALE approach for the simulation-based approach using FSI are
investigated and discussed for the sideways launching process in detail at a later point of
this work.

3.2. Fluid-structure interaction algorithm

Within the proposed simulation-based approach using FSI the hull structure of the SPV
and the media surrounding the ship hull are modelled completely independent from each
other. While the hull structure is modelled using a Lagrangian element formulation, an
ALE formulation is used for air and water. The connection between these two parts is
done by a FSI algorithm. For this purpose a FSI algorithm based on the penalty method
is utilized. The work of Wriggers [111] is a good source for general information regarding
contact problems and algorithms like the penalty method.

The FSI algorithm applied within the simulation-based approach using FSI is presented
in the work by Aquelet et al. [7]. The FSI algorithm in [7] is similar to the penalty
method commonly used for contact problems using a Lagrangian element formulation. An
visualization of the FSI algorithm proposed in [7] is given in Figure 3.2. The nodes of
the ALE elements (fluid) are the master side, while the nodes of the structure (Lagrangian
formulation) are the slave side within this FSI algorithm proposed in [7]. The FSI algorithm
checks, if the slave side is penetrating into the master side. If penetration is detected, a
spring-damper-system is introduced (see Figure 3.2). The coupling forces Fpen of the FSI
algorithm are calculated similar to a penalty method contact algorithms as a function of
the occurring penetration xpen [7]:

Fpen = kpen · xpen + dpen · ẋpen (3.4)

The term kpen in equation 3.4 is the spring stiffness of the spring-damper-system of
the FSI algorithm, while dpen is the damping coefficient. The spring stiffness of the FSI
algorithm is based on the following equation [7]:

kpen = pfac · Kf · As

Vf
(3.5)
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Figure 3.2.: FSI algorithm based on penalty method

In equation 3.5 Kf is the bulk modulus of the fluid, Vf the volume of the fluid element
containing the master node and As the average area of the structure elements connected to
the slave node. The expression pfac is a user-defined scaling factor for the stiffness, which
is between 0 and 1. Besides a constant factor for pfac, it is also possible to define this factor
as function of the penetration xpen [59].

As water is nearly incompressible due to its high bulk modulus, the stiffness kpen is very
high as well. This can result in high frequency oscillations within the FSI algorithm, which
could potentially lead to numerical instabilities [7]. To avoid such instabilities a damping
force is introduced into the FSI algorithm. This damping force helps to gain a smoother and
more stable response [7]. The damping coefficient dpen is calculated based on a specified
damping ratio Dpen using the ODE of motion of the spring-damper-system:

dpen = 2 · Dpen · kpen

ωpen
= 2 · Dpen · kpen√︃

kpen · ms+mf

ms·mf

(3.6)

The terms ms and mf in equation 3.6 are the nodal masses of the structure and fluid.
The damping ratio Dpen is user specified. A damping ratio close to an optimal damping
(Dpen = 1) is recommended for the best effect of the damping [7]. However, especially for
high damping ratios it is to be checked carefully, if the numerical damping within the FSI
algorithm alters the physical behavior of the investigated problem [7].

As with penalty based contact algorithms, the FSI algorithm utilized within the simulation-
based approach using FSI is complex. A lot of user input based on experience is necessary.
The scale factor pfac for the stiffness and the damping ratio Dpen are highly depending on
the investigated problem [59]. The influence of the settings of the FSI algorithm are to be
checked carefully. The sweet spot between a sufficient coupling (no leakage / penetration
of the fluid through the structure) without introducing undesired numerical effects (oscil-
lations / instabilities, unrealistically high coupling forces among others) is to be found for
different type of applications of the FSI algorithm [7]. For this purpose parametric studies
as well as verifications based on experiments / model tests are suggested by [7], [9], [10],
[117], [118]. Both a parametric study as well as a verification based on model tests of the
sideways launching process of the SPV including sufficient settings for the ALE approach
and FSI algorithm are provided within this work.
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3.3. Material models

Within this section the material models used for the hull structure of the SPV as well as the
media surrounding the ship hull (air and water) within the simulation-based approaches
are presented.

3.3.1. Steel

The hull structure of the investigated SPV is designed with the high-tensile steel alloy
1.0584 (VL D-36). At the impact of the hull structure with the water surface during the
sideways launching process, plastic deformations could potentially occur in a very short
time period. This is especially true, as the peak pressure observed during the impact with
the water surface lasts only a few milliseconds. Therefore, the material model used within
the simulation-based approaches must enable an adequate assessment of plastic deformation
and hardening. In addition, strain rate effects are to be considered.

To account for these two phenomena, according material models for VL D-36 inside the
simulation-based approaches are necessary. As steel alloys can be considered isotropic, the
necessary material models can be derived based on the results obtained from uniaxial tensile
tests. Results of such tensile tests of VL D-36 in the form of engineering stress-strain curves
are given in Figure 3.3a. The data presented in Figure 3.3a are the result of the work by
Kubiczek et al. [55]. These results are used as the basis for the material models for VL
D-36 in the simulation-based approaches within this work. General properties used for the
material model of VL D-36 are provided in Table 3.1.

A general overview of the material behavior of steel alloys within the context of the
design of ship structures can be found in literature, e.g. in the work by Paik [75]. The
behavior of an steel alloy during an uniaxial tensile test can be split into different phases.
After elastic deformation up to yield strength σY , plastic deformation can be observed.
Up to tensile strength Rm at uniform elongation εue no necking occurs. After uniform
elongation is passed, necking of the specimen can be observed. Lastly, the test specimen
fails at elongation of break εbreak.

The elastic part of the deformation is described by Hooks law based on the Young’s
modulus EY and yield strength σY . For considering the plastic deformation inside FEM
simulations corresponding material curves covering the strain range of interest are necessary.
For LS-DYNA true stress-strain curves are needed as an input for suitable material models
[59]. In general, uniaxial tensile tests do provide the engineering stress-strain curves. These
are obtained using the following two relations:

εeng = L − L0
L0

= ∆L

L0
(3.7)

σeng = F

A0
(3.8)

The engineering strain εeng is defined as the ratio of the elongation of the test specimen
∆L and its initial length L0, while the engineering stress σeng is defined as the ratio between
the force F acting upon the test specimen and its initial cross-sectional area A0. In contrast
to engineering stress-strain curves, the strain and stresses for the true stress-strain curves
are calculated based on the current values. The true strain εtrue for an uniaxial tensile test
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Figure 3.3.: material model for VL D-36 based on [55]

is defined as the integral of the elongation:

εtrue =
L∫︂

L0

dL

L
= ln

(︃
L

L0

)︃
= ln (1 + εeng) (3.9)

The true stress σtrue is calculated as the ratio of the current force F acting upon a test
specimen to the current cross-sectional area A as follows:

σtrue = F

A
(3.10)

The current cross section data can be obtained by assuming that the volume of the test
specimen stays constant. This assumption yields the following relationship:

σtrue = F · (1 + εeng)
A0

= σeng · (1 + εeng) (3.11)

With equation 3.9 and 3.11 the true stress-strain curve can be calculated directly based
on the engineering stress-curves obtained from uniaxial tensile tests. However, equation 3.9
and 3.11 are only valid as long as the assumption of a constant volume of the test specimen
is true. After the start of necking at the uniform elongation, a constant volume of the test
specimen is no longer given.

For assessing the material behavior after the uniform elongation different approaches are
possible. A common approach for steel alloys is the use of a power law as proposed by
Hollomon [41]:

σtrue = Khard · εtrue
nhard (3.12)

The expression Khard and nhard in equation 3.12 are the strength and hardening co-
efficient, respectively. These are depending on the steel alloy of interest. For VL D-36
Khard = 864.8MPa and nhard = 0.125 can be used [55]. The power law proposed in [41]
was successfully used to determine the necessary material curves for the simulation of ship
structures in the context of ship collisions in the past. Examples are the work by Peschmann
[78] or Ehlers et al. [31]. However, as the power law in equation 3.12 is only a fit of the
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Table 3.1.: material parameters used for VL D-36
parameter unit value
ρ0 [kg/m3 ] 7,850
EY [GPa] 206
ν [ - ] 0.30
σY

∗ [MPa] 355
CCS [ s−1 ] 2,225
qCS [ - ] 3.33
∗: set to minimal yield strength for

VL D-36 during simulations

material curve, deviations between experimental data and simulations using the power law
can occur. As shown in [55], by using a material curve based on the power law the results
of the tensile tests are underestimated. But assuming that a power law fit does always lead
to conservative results is not true. As shown by Ehlers and Varsta [32] an overestimation
of experimental results could be observed as well.

Therefore, a better approach is to determine the true stress-strain curves directly based
on the on the uniaxial tensile tests. In [32] a concept based on an optical measurement
system called Aramis is presented. A stochastic greyscale pattern is applied to the surface
of the test specimen, which is tracked by a camera system during the uniaxial tensile tests.
This system allows for very precise measurement of the 3D deformation of the test specimen.
As the current cross section A is measured using this approach, the true stresses can be
calculated directly using equation 3.10. As shown in [32], simulation results based on the
true stress-strain curves obtained with Aramis system show very good agreement with the
conducted uniaxial tensile tests.

Another approach to determine true stress-strain curves is given in [55]. Tensile tests
were carried out for VL D-36 for four different test speeds v / strain rates ε̇. The true
stress-strain curves were derived by an optimization routine in combination with a FEM
model of the uniaxial tensile tests in LS-DYNA using the optimization tool LS-OPT. The
true stress-strain curves used in the FEM model were fitted by LS-OPT, so that the results
of the FEM simulations matched the experimental data from the uniaxial tensile tests.
More details are provided in [55] as well as in the work by Schöttelndreyer [89].

As the engineering stress-strain curves in Figure 3.3a show, the material behavior of VL
D-36 is influenced by the strain rate. With an increasing strain rate the yield strength,
tensile strength as well as elongation of break are increased. One common approach to ac-
count for the strain rate effects is the Cowper-Symonds equation [24]. The Cowper-Symonds
equation describes the ratio of the dynamic yield strength σY D to the yield strength under
quasi-static loading σY as a function of the strain rate ε̇:

σY D

σY
= 1 +

(︃
ε̇

CCS

)︃ 1
qCS (3.13)

The coefficients CCS as well as qCS in equation 3.13 are material parameters unique for
each steel alloy. An visualization of the Cowper-Symonds equation 3.13 for different steel
alloys is provided in Figure 3.3b. Common coefficients for the Cowper-Symonds equation
3.13 are given (mild steel obtained by Cowper and Symonds [24] and high tensile steel
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derived by Paik and Chung [76]). In addition, the coefficients obtained in [55] for VL D-36
are provided in Figure 3.3b.

As shown in [55] a more accurate approach than the Cowper-Symonds equation 3.13 is
the use of different true stress-strain curves obtained for different strain rates. By doing
so a material surface is spanned as a function of the current strain rate. Especially the
behavior beyond the uniform elongation up to the failure of the test specimen is covered
more accurately using this approach [55].

For the investigated case study of the sideways launching process a failure of the ship’s
hull structure is not of interest. Therefore, no according failure criteria are considered within
the simulation-based approaches. Regarding the use of different failure criteria suitable for
ship structures, the work of Ehlers and Varsta [32] as well as Schöttelndreyer [89] provide a
good overview. In [32], [89] the applicability of different failure criteria within the context
of ship collisions is investigated.

3.3.2. Media surrounding ship hull

Within the ALE approach, fluids and gasses can be described using thermodynamic equation
of state (EOS). In general, an EOS is linking state variables such as the pressure p, the
volume V or the temperature T . This allows for describing thermodynamic processes of
media surrounding the ship hull.

Air

It is possible to describe gasses by using a general polynomial approach for the EOS [59]:

p = C0 + C1 · µEOS + C2 · µ2
EOS + C3 · µ3

EOS +
(︂
C4 + C5 · µEOS + C6 · µ2

EOS

)︂
· Ei (3.14)

In equation 3.14 the parameters C1 to C6 are material parameters depending on the gas
and thermodynamic process, whereas Ei is the internal energy per unit reference volume.
The expression µEOS in equation 3.14 is the compression, which is defined as follows [59]:

µEOS = ρ

ρ0
− 1 = 1

Vrel
− 1 (3.15)

In equation 3.15 the term ρ is the current density, while ρ0 is a reference density. The
expression Vrel is the relative volume. An ideal gas can be modelled by setting the constants
C1 to C6 in equation 3.14 as follows [59]:

C0 = C1 = C2 = C3 = C6 = 0 (3.16)

C4 = C5 = κ − 1 (3.17)

The value κ in equation 3.17 is the heat capacity ratio of the corresponding gas, which
is defined as the ratio of the specific heat capacity at constant pressure to the specific heat
capacity at constant temperature. By introducing equation 3.16 and 3.17 into equation
3.14, the behavior of the air is modelled according to the ideal gas law. This EOS is also
known as the gamma-law EOS [59]:

p = (1 + µEOS) · (κ − 1) · Ei (3.18)
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Table 3.2.: material parameters used for air
parameter unit value
ρ0 [kg/m3 ] 1.20
κ [ - ] 1.40

Using this EOS it is possible, to describe isentropic processes. Compression and expansion
processes inside the gas can be covered. This allows for assessing the free water surface
during the sideways launching process. In addition, consideration of the effects of hydro-
elasticity for small deadrise angles during the impact with the water surface is possible, as
the compressibility of air plays an important role for this physical phenomena (entrapment
of an air cushion between ship hull and water surface at impact).

For EOS 3.18 only two material parameters are necessary: the density at a reference
state ρ0 and the heat capacity ratio κ. Values for air are provided in Table 3.2 for standard
atmospheric pressure p0 = 101, 325Pa and ambient temperature T0 = 20◦C.

Water

For water the use of different EOS is possible [40]. Analogously to air a general polynomial
approach for the EOS as given in equation 3.14 can be used. Another approach is the Mie-
Grüneisen EOS. The Mie-Grüneisen EOS was originally derived for calculating shock waves
in solids at high pressures and is used often for the assessment of seismological phenomena
[40]. By using suitable parameters for the Mie-Grüneisen EOS it is also possible to describe
fluids like water under impact loads, as water is nearly incompressible due to its high bulk
modulus. Examples for this use case can be found in literature. Within the work published
by Steinberg [93], Shin et al. [91] and Hamashima et al. [39] the Mie-Grüneisen EOS was
successfully used to model water within the context of underwater explosions.

The water within the proposed simulation-based approach using FSI is modelled with the
Mie-Grüneisen EOS. The general form of the Mie-Grüneisen EOS is given by the following
equation [40]:

p = pH − ΓMG

V
· (Ei − EH) (3.19)

In equation 3.19 the term ΓMG is the Grüneisen gamma, which is a material coefficient.
The expression pH and EH are the pressure and energy at the Rankine-Hugoniot state. The
Rankine-Hugoniot state describes the behavior / state of a shock wave travelling through a
medium [40]. By introducing the Rankine-Hugoniot state into the general Mie-Grüneisen
EOS 3.19 and linearising the system, the following EOS can be obtained for describing the
pressure [59]:

p =
ρ0 · c2

0 µEOS ·
[︂
1 +

(︂
1 − ΓMG

2

)︂
· µEOS

]︂
[︃
1 − (SMG 1 − 1) · µEOS − SMG 2 · µ2

EOS
µEOS+1 − SMG 3 · µ3

EOS

(µEOS+1)2

]︃2 + ΓMG · Ei (3.20)

The expression c0 in equation 3.20 is the velocity of sound at a reference state, while
SMG 1 to SMG 3 are material coefficients describing the Rankine-Hugoniot condition inside
the material. With EOS 3.20 compression waves inside a solid or fluid can be assessed.
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Table 3.3.: material parameters used for water
parameter unit value
ρ0 [kg/m3 ] 1,010
c0 [m/s] 1,485
SMG 1 [ - ] 1.79
SMG 2 [ - ] 0.00
SMG 3 [ - ] 0.00
ΓMG [ - ] 1.65

To account for expansion and tension waves inside a material, a second EOS has to be
introduced. For this purpose, the following EOS can be used [59]:

p = ρ0 · c2
0 · µEOS + ΓMG · Ei (3.21)

Using EOS 3.20 and EOS 3.21, water can be modelled as a compressible media. This
material model allows for assessing water under shock and impact loads, like slamming or
a sideways launching process. The material coefficients used for the Mie-Grüneisen EOS
for water are provided in Table 3.3. These values are obtained from [39] and adapted to
the conditions given inside launch basin of the investigated case study.
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Within this chapter the sideways launching process of the SPV is investigated with con-
ventional approaches, that are not based on simulations. This includes a rule-based, an
analytical as well as an experimental approach based on model tests. The applicability,
obtained results, benefits and limitations of each of this three approaches for the use case
of a sideways launching process are discussed.

4.1. Rule-based approach
One common approach for the design of a ship’s hull structure is a rule-based approach.
Different classification societies provide rules and regulations for different ship types, which
are to be met by a ship’s hull structure to gain certain class notations. These rules and
regulations provide assistance and approaches for deriving design loads for different parts
of the hull structure, that cover different load cases. The most common rule-based ap-
proach regarding the design of a hull structure is calculating design loads valid for different
structural components (e.g. shell, bottom structure, decks, bulkheads, superstructure...)
due to local or global load cases. With such a design load the resulting stresses inside a
structural member can be calculated and compared to the permissible stresses as defined
by the specific rule / regulation. As this approach does not need complex calculations or
simulations, this approach is often used during the early design phases of a ship.

Therefore, rules and regulations of common classifications societies, which are members
of International Association of Classification Societies (IACS), are checked regarding any
consideration of the launching process of a ship. Applicable rules and regulations for the
SPV are checked for the following members of IACS (in alphabetical order):

• American Bureau of Shipping (ABS)

• Bureau Veritas (BV)

• China Classification Society (CCS)

• Det Norske Veritas (DNV)

• Korean Register of Shipping (KR)

• Lloyd’s Register (LR)

• Nippon Kaiji Kyōkai (NK)

• Registro Italiano Navale (RINA)

In total, 20 different rules and regulations applicable or relevant for the SPV are checked.
An overview is provided in Appendix A.2. Only in Rules and Regulations for the Classi-
fication of Naval Ships [61], the launching process of a ship is mentioned. Loads resulting
during launching are to be considered (see quote in Appendix A.2). However, no approach
for assessing these loads is provided in [61].

As discussed within the state of the art in chapter 2 of this work, the loads resulting
at the impact with water surface during the sideways launching process are comparable
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to loads observed during slamming events. The rules and regulations are checked regard-
ing approaches for considering and estimating slamming loads as well. Especially bottom
slamming / impact loads are of interest due to the geometric configuration given at the
sideways launching process. Nearly all rules and regulations checked provide load models
to account for bottom slamming / impact loads (compare Appendix A.2).

In order to adapt a load model for bottom slamming / impact loads for the sideways
launching process, it should contain the conditions at the moment of impact with the water
surface. The easiest way to adapt a model for the sideways launching process is based
upon the velocity of the ship hull relative to the water surface vslam as well as the deadrise
angle βimpact (angle between water surface and ship hull at the moment of impact). This
is the case for the design loads as given in [4], [5], [49], [61], [71]. Purely empirical load
models, where the design loads are calculated based solely upon different correction factors
using the ship main dimensions, ship form, ship speed among others cannot be adapted.
No information / correlation regarding the conditions at the moment of impact with the
water surface can be derived from such an approach. Such empirical approaches are given
in [17], [19], [27], [28], [62], [86].

In almost all cases only (quasi-)static loads are provided by the checked rules and regu-
lations of classification societies. However, for a local analysis of parts of a hull structure
quasi-static approaches are problematic, as hydro-elasticity plays an important role [18].
As high impact pressures might occur, a direct application on the structure within a quasi-
static approach could induce severe structural failure [18]. To overcome this issue to some
extent, a dynamic load model is preferable compared to a quasi-static one. Only LR pro-
vides a dynamic load model in the event of bottom slamming in [61]. The impact loads
in the form of a design pressure on the bottom plating is defined as a function of the
velocity and deadrise angle, which can be idealized using a triangular pulse load [61]. A
load model for the sideways launching process of the SPV based on [61] is proposed for the
simulation-based approach without FSI later on in this work.

Besides rules and regulations, BV [18] DNV [25] as well as ABS [3] do provide further,
more in-depth knowledge regarding slamming loads in the form of guidelines or recom-
mended practices. In [18], [25] common analytical theories for assessing the resulting loads
at the impact of a wedge with the the water surface are presented. In [3] it is discussed
how to assess slamming phenomena using defined conditions for a ship (speed, loading con-
dition, heading) combined with environmental conditions (wave environments) to calculate
the ship motion relative to the water surface. Based on the relative motion the slamming
pressure is to be derived using appropriate theories and then converted to a design slamming
pressure used for the strength assessment of a hull structure.

4.2. Analytical approach
In the past decades computational resources were not as widely available as today. For
assessing a sideways launching process analytical approaches were used like the one provided
in [56] or [115]. In the following, the problem is split into two parts for the analytical
approach:

• ship motion

• loads resulting on the ship hull
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Based on the corresponding ODE of motion an analytical approach is proposed, which
is able to predict the motion of the SPV during the sideways launching process. For the
loads resulting on the ship hull at the moment of impact with the water surface common
analytical approaches for the assessment of slamming phenomena are investigated regarding
their applicability for the sideways launching process.

4.2.1. Ship motion based on ordinary differential equations of motion
For each of the different phases of the sideways launching process as given in Appendix A.1
the corresponding ODE of motion are derived. Regarding the ship motion the following
parameters are especially of interest during the sideways launching process:

• maximal roll angle

• trajectory of the ship

• point of deepest immersion

To cover these parameters, the ODE of the ship motion can be reduced to three DOF
instead of complete six DOF [56], [115]. Therefore, only the translation in y-direction
(horizontal movement), z-direction (vertical movement) and rotation about the x-axis (roll
angle) are considered for deriving the according ODE during the analytical approach by
using the following relations:

vx = ωy = ωz = 0 (4.1)

For the DOF of interest, the following system of ODE is valid:⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

mtot ·
(︂

∂vy

∂t − vz · ωx

)︂
= Fy

mtot ·
(︂

∂vz
∂t + vy · ωx

)︂
= Fz

Ixx tot · ∂ωx
∂t = Mx

(4.2)

Within the analytical approach the ship and palls are idealized as one single rigid body.
For the mass, position of the center of gravity (COG) as well as moment of inertia in the
equations below the sum of the ship and palls is used, which are denoted by the subscript
tot (=total). For better readability, only "ship" is used instead of "ship and palls" within
this section.

In equation 4.2 the parameter mtot is the mass of the ship, whereas Ixx tot is the moment of
inertia around the corresponding x-axis of the ship. The expression vi are the translational
velocities in the corresponding direction, while ωi are the angular velocities around the
given axis of the ship. On the right hand side of equation 4.2 are the external forces Fi and
moments Mi acting upon the ship. Equation 4.2 is given for a ship-fixed coordinate system
with the origin at the principle axis of the ship. Thus the off-diagonal elements of the inertia
matrix are zero (Ixy = Ixz = Iyz = 0) as well as the static moments (Sx = Sy = Sz = 0),
which simplifies the underlying ODE.

The ODE system as given in equation 4.2 does only consider inertia forces resulting from
the ship itself. The influence of the water surrounding the ship hull is not included. In
naval architecture the concept of added masses is a common approach for considering the
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inertia effects of water. Details regarding the concept of added masses can be found in
literature. The work of Korotkin [53] can be seen as one of the standard works regarding
the topic of added masses of ship structures.

Using this approach the inertia effects are considered as virtual or added masses λij and
are added to the corresponding ODE of the ship motion. If all six DOF are considered, a
ship does have 36 different added masses: λ11 up to λ66. If the assumption of infinite fluid
symmetry conditions are met, the following condition is true [53]:

λij = λji (4.3)

This reduces the terms of added masses from 36 to 21 independent terms. The inves-
tigated ship hull is symmetrical regarding the xz-plane. Due to this, the following added
masses are equal to zero [53]:

λ23 = λ24 = λ34 = 0 (4.4)

By introducing the added masses into the system of ODE as given in equation 4.2, the
following system of ODE for the ship motion inside water can be obtained:⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

(mtot + λ22) · ∂vy

∂t − (m + λ33) · vz · ωx = Fy

(mtot + λ33) · ∂vz
∂t + (m + λ22) · vy · ωx = Fz

(Ixx tot + λ44) · ∂ωx
∂t + (λ33 − λ22) · vy · vz = Mx

(4.5)

This system of ODE can be used to asses the ship motion in phase 4 — dropping and
raise, while the ship is able to move freely in the water. For all the previous phases the
boundary conditions (BC) imposed by the geometry / kinematics of the sideways launching
system are to be taken into account in ODE 4.2 and 4.5.

Phase 0 — rotation

This phase is visualized in Figure A.1 and A.2. In this phase the rocker arms are lifted
by a crane with a designated force Fcrane counteracting the weight forces of the ship. The
rocker arms and ship will rotate about the designated rotational axis of the rocker arms
(compare Figure A.1; rotation axis denoted with ∗). The following moments act around
the rotational axis of the rocker arms during phase 0:

Mcrane (φ) = Fcrane · [dycrane 0 · cos (φ) − dzcrane 0 · sin (φ)] (4.6)

Mweight (φ) = −mtot · g · [dyCOGtot 0 · cos (φ) − dzCOGtot 0 · sin (φ)] (4.7)

An overview of different forces resulting in the moments as given in equation 4.6 and 4.7
is provided in Figure A.1. The corresponding arms of lever can be obtained from Figure
A.1 as well. The COG of the rocker arms lies very close to their rotational axis. Therefore,
forces and moments induced by the rocker arms are neglected.

Based on the two external moments the following ODE of motion can be derived for
phase 0:

∂ωx

∂t
= 1

(I∗
xx tot + I∗

xx ra) · [Mcrane + Mweight] (4.8)
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The moments of inertia of the ship I∗
xx tot as well as the rocker arms I∗

xx ra in equation
4.8 are defined with the rotational axis of the rocker arms as the point of reference. These
are constant during phase 0. The roll angle of the ship is equal to the rotation of the
rocker arms during phase 0 due the kinematics of the sideways launching system. The
coordinates of the COG of the ship in the global coordinate system can be calculated using
trigonometry.

The end of phase 0 is reached, if the rotation around the x-axis φ is equal to the inclination
of the slipway φsw. At this angle the rocker arms are flat on the ground as illustrated in
Figure A.2.

Phase 1 — sliding

This phase is visualized in Figure A.2 and A.3. In this phase the ship slides down the
slipway. The physics of the problem is identical to an inclined plane including friction.
Therefore, the weight force can be split into the following three different parts:

• downhill force Fd

• normal force Fn

• frictional force Ff

The resulting downhill force Fd acting upon the ship can be calculated based on the
weight force by using trigonometry:

Fd = mtot · g · sin (−φsw) (4.9)
The same approach is true for the normal force Fn, which is acting upon the slipway:

Fn = mtot · g · cos (φsw) (4.10)
Based on the normal force Fn, the frictional force Ff acting against the downhill force

during the sliding process can be calculated as follows:
Ff = Fn · µsw (4.11)

The expression µsw in equation 4.11 is the coefficient of sliding friction between the palls
and slipway. Values for µsw for different launching systems and conditions are given in
[56]. Depending on the launching system, type of grease, resulting grease pressure and
temperature µsw the range lies typically between 0.015 and 0.030 [56].

The two forces resulting in the sliding motion of the ship in this phase are the down-
hill force Fd and the frictional force Ff . As illustrated in Figure A.3, the normal Fn is
counteracted by the reaction force inside the slipway Fpier:

Fpier = −Fn (4.12)
During this phase the ship do only move in the yz-plane and do not rotate around the x-

axis. This results in y and z as the two active DOF during this phase. Using trigonometric
relationships, the following system of ODE can be derived for phase 1:⎧⎪⎨⎪⎩

∂vy

∂t = 1
mtot

· (Fd − Ff ) · cos (φsw)

∂vz
∂t = − 1

mtot
· (Fd − Ff ) · sin (−φsw)

(4.13)

The end of phase 1 is reached, if the COG of the ship is aligned with the edge of the pier
(yCOGtot ≥ 0) as shown in Figure A.3.
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Phase 2 — tipping

This phase is visualized in Figure A.3 and A.4. In this phase the COG of the ship is beyond
the edge of the pier, so that it starts to tip. The centre of the rotation is the edge of the
pier as marked with † in Figure A.3. The motion during this phase consists of two parts:
a sliding movement and a forced rotation around the edge of the pier as a fixed axis of
rotation. Both motions are acting simultaneously and can be superimposed.

For the sliding motion of the ship the same forces as in phase 1 are valid. In contrast to
phase 1 the inclined plane is not fixed in space. The ship starts to rotate around the edge
of the pier. This edge is designed with a small radius at its edge. The center of this radius
is the center of the forced rotation of the ship. The normal force of the ship will always act
perpendicular to the inclined plane towards the center of the forced rotation. Therefore,
the normal force Fn, the downhill force Fd and frictional force Ff will rotate together with
the ship. This is illustrated in Figure A.4. The corresponding equations as given in phase
1 are now a function of the current rotation φ around the x-axis:

Fd (φ) = mtot · g · sin (−φ) (4.14)

Fn (φ) = mtot · g · cos (φ) (4.15)

Ff (φ) = Fn · µsw (4.16)

With an increasing rotation around the x-axis of the ship, the forces resulting for the
sliding movement will start to point more and more in the z-direction accelerating the
rotation around the edge of the pier. This results in a tipping motion around the edge
of the pier. The moment resulting in the tipping motion Mtip is defined by the following
forces (compare Figure A.3 and A.4):

• y-component of the difference of downhill and frictional force Fd − Ff

• z-component of the difference of downhill and frictional force Fd − Ff

• z-component of the normal force Fn

The tipping moment Mtip can be calculated as follows:

Mtip (yCOGtot , zCOGtot , φ) = − (Fd − Ff ) · cos (φ) · [zCOGtot − zpier]
− (Fd − Ff ) · sin (−φ) · [yCOGtot − ypier]
+Fn · cos (φ) · [yCOGtot − ypier]

(4.17)

The corresponding arms of lever for each component are given in Figure A.3 and A.4.
During this phase all three DOF are active and have to be considered for the system of
ODE. Based on the kinematics of this phase, the following system of ODE can be derived
for phase 2: ⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

∂vy

∂t = 1
mtot

· (Fd − Ff ) · cos (φ)

∂vz
∂t = − 1

mtot
· (Fd − Ff ) · sin (−φ)

∂ωx
∂t = 1

I†
xx tot

· Mtip

(4.18)
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The moments of inertia of the ship I†
xx tot in equation 4.18 are defined with the edge of

the pier as the point of reference, which is variable during phase 2. It is a function of the
distance between the edge of the pier as the axis of rotation and the current position of the
COG of the ship.

The end of phase 2 is reached, when the ship has the first contact with water surface as
illustrated in Figure A.4.

Phase 3 — tipping and immersion

This phase is visualized in Figure A.4 and A.5. In this phase the palls are still in contact
with the pier, while the ship start to immerse in the water. Because of the contact of the
palls to the pier, the forces and moments of phase 2 are still valid.

Due to the contact of the ship with the water surface, additional hydrostatic and hydro-
dynamic forces are acting upon the ship body. The hydrostatic force Fhyd stat is based on
the buoyancy ∇ of the ship:

Fhyd stat (yCOGtot , zCOGtot , φ) = ρw · g · ∇ (4.19)

This hydrostatic force as stated in 4.19 is a function of the actual buoyancy of the ship
and therefore depending on the actual position of the ship relative to the water surface. In
addition, hydrodynamic forces act upon the ship. In accordance with [56] these hydrody-
namic forces are idealized as resistance forces. This results in the following hydrodynamic
force Fhyd dyn y acting upon the ship hull in the y-direction:

Fhyd dyn y (yCOGtot , zCOGtot , φ, vy) = ρw

2 · cw xz · Axz · v2
y · vy

|vy|
(4.20)

In equation 4.20 the term Axz is the projected area of the centerline of the ship below
the waterline (area in global xy-plane). The term cw xz is a dimensionless coefficient of
resistance valid for the centerline area of the ship.

The same approach is used for the hydrodynamic force in the z-direction Fhyd dyn z:

Fhyd dyn z (yCOGtot , zCOGtot , φ, vz) = ρw

2 · cw xy · Axy · v2
z · vz

|vz|
(4.21)

The expression Axy is the waterline area of the ship (area in global xy-plane), whereas
cw xy is again a dimensionless coefficient of resistance valid for the waterline area of the
ship. In accordance with [56] a coefficient of 1.00 is used for both cw xz and cw xy. The
expression vi/|vi| are added in equation 4.20 and 4.21 to account for the direction in which
the hydrodynamic force components are acting.

Based on the hydrostatic and hydrodynamic forces, an additional moment is acting upon
the ship. This moment Mupright will counteract the tipping moment Mtip. The following
force components are to be considered for Mupright:

• z-component of hydrostatic force Fhyd stat

• y-component of hydrodyanmic force Fhyd dyn y

• z-component of hydrodyanmic force Fhyd dyn z
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An overview of this forces and their arms of lever can be obtained from Figure A.5 as
well as Figure A.6. The hydrostatic force is acting upon the center of bouyancy (COB) of
the ship as marked with ⋄ in Figure A.5. It is assumed that the hydrodynamic components
of the forces will attack at the centroid of the centerline or waterline area, respectively,
marked with □ in Figure A.6.

Based on the hydrostatic and hydrodynamic force components with their corresponding
arms of lever, the following moment Mupright can be derived:

Mupright (yCOGtot , zCOGtot , φ) = Fhyd stat · [yCOB − yCOGtot ]
−Fhyd dyn z ·

[︁
yAxy − yCOGtot

]︁
+Fhyd dyn y · [zAxz − zCOGtot ]

(4.22)

The system of ODE for phase 3 can be derived by expanding the system of ODE used for
phase 2 as given in equation 4.18 with the hydrostatic and hydrodyanmic force components,
the moment Mupright as well the corresponding added masses λii. This results in the
following system of ODE for phase 3:⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

∂vy

∂t = 1
(mtot+λ22) · [(Fd − Ff ) · cos (φ) − Fhyd dyn y]

∂vz
∂t = 1

(mtot+λ33) · [− (Fd − Ff ) · sin (−φ) + Fhyd stat − Fhyd dyn z]

∂ωx
∂t = 1(︁

I†
xx tot+λ44

)︁ · [Mtip + Mupright]

(4.23)

During phase 3 and 4 it is assumed, that the palls are hydrodynamic transparent struc-
tures. No hydrostatic and hydrodynamic force components are considered for the palls.

The end of phase 3 is reached as soon as the palls loose contact to the edge of the pier.

Phase 4 — dropping and raise (free ship motion)

During the last phase the ship is able to move freely, as Figure A.6 is illustrating. A
contact of the palls to the pier is not given anymore. Therefore, only the hydrostatic and
hydrodyanmic force of the ship are acting upon the ship as external forces. These forces
are given in 4.19 to 4.21. The resulting moment Mupright as given in equation 4.22 is still
valid, too. In addition, the weight force of the ship is acting in the z-direction.

Because the ship is moving freely, the system of ODE for the ship motion considering
the inertia effects of the surrounding water as stated in equation 4.5 is valid. Considering
the above mentioned external forces and moments, the following system of ODE can be
derived for phase 4:⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

∂vy

∂t = 1
(mtot+λ22) · [(mtot + λ33) · vz · ωx − Fhyd dyn y]

∂vz
∂t = 1

(mtot+λ33) · [− (mtot + λ22) · vy · ωx − mtot · g + Fhyd stat − Fhyd dyn z]

∂ωx
∂t = 1

(Ixx tot+λ44) · [− (λ33 − λ22) · vy · vz + Mupright]

(4.24)

The calculation of phase 4 is ended, as soon as the ship is in the upright position (φ ≥ 0).
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4.2.2. Impact loads on ship hull due to slamming

A configuration comparable to the sideways launching process of the SPV was investigated
experimentally in [44], where also an analytical model to assess the resulting loads at
impact with the water surface is proposed. Due to limitations of the model proposed in [44]
(hydro-elasticity not accounted for and differences between experimental data and proposed
model for configurations with higher degree of asymmetry and small deadrise angles) and
the high effort necessary for implementation (complex systems of equation, discretization
of structure and iterative solution scheme necessary), the use of this model is not further
considered for assessing the loads resulting on the hull of the SPV. Other applicable models
like [69], [114] lack thorough verification based on experimental results.

Because of this no further investigation of modelling the slamming loads based on an-
alytical approaches is conducted. The cost benefit ratio (effort for implementation of an
appropriate model compared to the limitations of even the more sophisticated models)
within the context of the ship design process does not justify the use of such an approach.
An implementation and adaptation for a sideways launching process of a ship during the
ongoing ship design process, where design decisions (sideways launching process safe for
SPV → yes or no?) are to be made on a sound basis, are not feasible.

4.2.3. Numerical implementation

To evaluate the ship motion, the systems of ODE for the different phases of the sideways
launching process are to be solved. Not all phases of the analytical approach can be solved
in an analytical closed-form. Beginning with phase 3 — tipping and immersion, a closed
analytical solution will not be possible. The systems of ODE are a function of the current
floating position of the ship, which changes over time. This is true for the buoyancy ∇, the
position of the COB, the projected area of the centerline of the ship below the waterline Axz

as well as the waterline area Axy or the added masses λii. Therefore, the systems of ODE
are solved with numerical methods. The implementation of the analytical approach for the
ship motion is done in the programming language Visual Basic for Application (VBA).

Solving of ODE

For solving the systems of ODE the four-stage Runge-Kutta method is chosen. Details
regarding this method can be found in literature. Within this work the implementation is
done according to the work by Griffiths and Higham [36]. Although the four-stage Runge-
Kutta method is more complex to implement and does need more computational resources
per time step compared to an Euler integration scheme [36], it is chosen because of its high
accuracy. The error is O

(︁
t4
RK

)︁
[36]. During the analytical approach a constant time step

size of ∆tRK = 0.001s is used. This small time step is chosen due to the large movement
and rapid changes in the floating position of the ship during phase 3 and 4.

Numerical integration schemes

In order to solve the system of ODE using the stage-for Runge-Kutta method, the buoyancy
∇, position of the COB, projected area of the centerline of the ship below the waterline
Axz, waterline area Axy as well as added masses λii are to be determined for each time
step. For this purpose the assumptions of strip theory are used. A brief introduction to
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the topic of strip theory and underlying numerical methods is provided in literature. One
example is the work by Moctar et al. [68].

Using the strip method, the ship is divided into several transverse ship sections / frame
contours. External forces or moments acting upon the hull and added masses are computed
for each of these transverse sections separately and independent from each other. After-
wards, the data obtained for each frame contour are integrated along the x-axis of the ship.
One drawback of this approach is the assumption of a flow of the water around the ship
hull, which is confined to the yz-plane. 3D effects around the ship hull are neglected [68].

For the numerical integration the frame contours of the ship hull investigated are idealized
as polygons. Each frame contour is described by a given set of n points in the yz-plane by
the coordinates yi and zi. The point n and n+1 of the frame contour are then connected by
straight lines forming the polygon. Exemplary frame contours of the investigated ship hull
are shown in Figure 4.1. To account for the details of each frame contour, the points are
spaced equally with a distance of 100mm along each frame contour. Depending on the size
of the frame contour, this spacing results in 360 up to 530 points for each frame contour.
By using polygons the area of each frame Aframe can be calculated with the following
integration scheme as given by Bourke [15]:

Aframe = 1
2 ·

n−1∑︂
i=0

(yi · zi+1 − yi+1 · zi) (4.25)

Equation 4.25 is valid for a closed polygon, which does not intersect itself. The centroid
of each frame contour can be calculated by the following equations [15]:

yAframe
= 1

6 · Aframe
·

n−1∑︂
i=0

(yi + yi+1) · (yi · zi+1 − yi+1 · zi) (4.26)

zAframe
= 1

6 · Aframe
·

n−1∑︂
i=0

(zi + zi+1) · (yi · zi+1 − yi+1 · zi) (4.27)

The projected area of the centerline of the ship below the waterline Axz as well as the
waterline area Axy are calculated using the same integration scheme.

For the integration across all frame contours along the x-axis of the ship, Simpson’s rule
of integration is used. The Simpson’s rule of integration can be formulated as follows [33]:

Sn (f) =
n/2∑︂
i=1

hSR i

3 · [f (x2i−2) + 4 · f (x2i−1) + f (x2i)] (4.28)

In equation 4.28 the sum Sn of the function f is approximated by n integration intervals
with a width of hSR i. For Simpson’s rule of integration an even number of integration
intervals n / odd number of interpolation points i is needed [33]. The investigated SPV is
divided into 59 frame contours evenly spaced among its length.

Within the analytical approach Simpson’s integration rule is used to calculate the buoy-
ancy ∇, the corresponding position of the COB as well as the added masses λ220, λ33 and
λ44 for the complete ship. Due to it’s high accuracy (error of O

(︁
h4

SR

)︁
[33]) Simpson’s

integration rule is commonly used in naval architecture to calculate stability data of a ship
[82].

36



4.2. Analytical approach

x/L = 0.00 x/L = 0.25 x/L = 0.50 x/L = 0.75 x/L = 1.00

Figure 4.1.: exemplary frame contours used within analytical approach

Added masses

For the calculation of added masses around the ship hull, the concept of Lewis-frames
is used for the analytical approach. Lewis [57] used the method of conformal mapping to
calculate the added mass of duplicated ship frame contours. Lewis was able to calculate the
flow around ship like contours in the complex plane and map the results back to a circle, for
which an analytical solution for the added mass can be obtained. With this approach the
added masses around a ship-like contour can be calculated if adequate mapping functions
are chosen. Details regarding this approach can be found in literature, such as [53], [57].
Note that this approach is valid for a two-dimensional contour in an ideal incompressible
and unlimited flow in a two-dimensional plane [53], [57]. The following equations are valid
for the added mass λij of a duplicated frame contour [53]:

λ220 =
2 · ρw · B2

frame

π
· k220 (4.29)

λ33 =
π · ρw · T 2

frame

8 · k33 (4.30)

λ44 =
π · ρw · T 4

frame

256 · k44 (4.31)

In equation 4.29 to 4.31 the term Bframe is the breadth of the frame contour, whereas
Tframe is the depth of each frame contour. The coefficients k220, k33 as well as k44
are a function of the contour of the ship frame. These coefficients are depending on
the aspect ratio Bframe / (2 · Tframe) and the plumpness of the ship frame defined as
βframe = Aframe / (Bframe · Tframe) [53]. Note that equation 4.29 does take the pres-
ence of a free water surface into account. Values for k220, k33 as well as k44 for a wide
variety of frame contours can be found in [53].

Equation 4.29 to 4.31 are valid for symmetrical frame contours and not applicable to
inclined ship frames. Therefore, a different approach is chosen. The added masses are
calculated using Lewis-frames for different draughts of the SPV (0 · Tdesign to 2.5 · Tdesign).
For each frame the necessary input data Bframe, Tframe, Aframe, the aspect ratio and the
plumpness are calculated. Based on these values, the coefficients k220, k33 as well as k44
are approximated based on the data provided in [53]. In the next step, the added masses
λ220, λ33 and λ44 are calculated for each ship frame based on equation 4.29 to 4.31. The
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total added masses for the ship are calculated using Simpson’s rule of integration (equation
4.28). Using this approach the added masses are obtained as functions of the buoyancy
of the SPV. The current added masses at each time step during phase 3 and 4 are then
approximated as a function of the current buoyancy of the SPV.

It shall be noted this approach is only an estimation of the added masses of the SPV,
because the roll angle during the sideways launching process is not considered. The added
masses based on equation 4.29 to 4.31 are valid for duplicated frame contours, where sym-
metry of the ship hull regarding the xz-plane is given. This not true for an inclined ship,
so that discrepancies with the actual added masses are to be expected.

4.2.4. Results
For an evaluation of the results of the analytical approach the roll angle as well as the
trajectory of the COG are compared to the results obtained by the model tests conducted
within the experimental approach. The results for the design point are used for this purpose
(see Table 4.2 for details). As Figure 4.3 shows, the behaviour up to the end of phase 2
are virtually identical. This shows, that the proposed ODE are capturing the physical
behavior behind the sideways launching process accordingly and are solved correctly by
the presented numerical implementation. However, beginning with the start of phase 4 the
results obtained with the analytical approach differ compared to the experimental approach.
Whereas the maximal roll angle does fit well (compare Figure 4.3a), the trajectory of
the COG as obtained by the analytical approach is off (compare Figure 4.3b). The path
travelled in the y-direction is significantly longer compared to the model tests.

The obvious explanation is the influence of the free water surface. The ship and water
surface do interact with each other. Waves and spray form besides the ship hull right after
the impact with surface. The water rises up the ship hull (formation of a spray root). This
interaction results in different hydrodynamic conditions as assumed within the analytical
approach. Especially the following aspects are influenced by the free water surface / spray
root forming during the sideways launching process:

• The projected area of the centerline Axz is bigger

• The centroid of Axz is higher than assumed

• The waterline area of the ship Axy is bigger

• The projected draught of the ship hull is bigger, which results in a change of the
buoyancy ∇ and added masses λii

(a) assumption for analytical approach (b) behavior observed during model tests

Figure 4.2.: interaction of ship hull with water surface
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Figure 4.3.: results of analytical approach

All these aspects can not be captured explicitly by the proposed systems of ODE of the
analytical approach. The systems of ODE as given in section 4.2.1 do not consider any
change of the waterline. The height of the waterline is constant at zwl during all phases of
the analytical approach. This is visualized in Figure 4.2.

Minor tweaks to the system of ODE can be done to account for these effects. An overview
of the proposed modifications are given in Appendix A.3. These modifications are found
iteratively based on the results for the design point of the model tests. As Figure 4.4
shows, introducing the modifications as proposed in Table A.1 into the according system of
ODE does yield in results closer to experimental approach. The roll angle and velocity are
almost identical, whereas the trajectory of the COG shows a much better agreement with
the behaviour during the model tests.

However, it shall be noted that by introducing these modifications to the system of ODE,
the consideration of the free water surface and the interaction with the ship hull inside the
analytical approach are fitted especially to the conditions as present during the design point
of the model tests. In addition, the presented modifications can only be derived if results
for a ship with a given loading condition are known — e.g. based on model tests. For
verifying these modifications, the different test setups as investigated during model tests
are assessed using the analytical approach with the proposed modifications to the systems
of ODE considered. The maximal roll angles are compared, which are given in Appendix
A.3. The differences between the analytical approach and model tests are quite significant.
A factor between 0.62 up to 1.42 for the maximal roll angle between the analytical approach
and model tests can be observed (compare Figure A.7).

4.2.5. Benefits and Limitations

The analytical approach is a very useful tool in the context of the ship design process. The
setup of the corresponding ODE of motion and numerical integration schemes is straight
forward and can be done without too much effort. This is especially true, if only phase 0
up to the end of phase 2 are considered, as for these ODE of motion no implementation of
strip theory is necessary. The computational time up to the end of phase 2 is less than one
minute.
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Figure 4.4.: results of analytical approach — modified settings

For the ship design process as well as other approaches (experimental or simulation-
based), the results at the end of phase 2 are of particular interest. The influence of relevant
parameters during the sideways launching process like the loading condition of the SPV,
the height of the palls, the water level inside the launch basin (tidal range) or the coefficient
of friction between the palls and the slipway on the configuration given at the moment of
impact with the water surface can be investigated. This is especially of interest, as the
deadrise angle and speed of the ship hull at the impact have an significant influence on the
resulting loads on the hull of the SPV. In addition, the results at the end of phase 2 are
used for the derivation of the text matrix for the experimental approach as well as the initial
conditions for further investigations using both simulations-based approaches (without FSI
and with FSI). This includes the position of the SPV relative to the water surface as well
as the speed right before the impact with the water surface.

However, the analytical approach has clear limitations. The approach based on the ODE
of motion is only a reliable tool for the prediction of the behaviour during the sideways
launching process up to the point of the first contact of the ship hull with the water surface
(end of phase 2). The free ship motion can not be assessed accurately with the proposed
analytical approach by solving the system of ODE using strip theory. The influence of the
free water surface and resulting interaction with the ship hull is not accounted for with the
proposed approach (see Figure 4.2). This results in a wrong estimation of the hydrodyanmic
forces acting upon the ship hull. In addition, due to the use of the strip theory the proposed
analytical approach is not able to predict local loads on the ship hull.

One possibility to improve the current analytical approach could be combining the cor-
responding ODE of motion of the sideways launching process as given in section 4.2.1 with
the model proposed in [44] (see section 2.3 for details regarding [44]). The model in [44]
could be used to assess the impact loads upon the ship hull starting at the first contact with
the water surface (start of phase 3) and use the resulting forces within the corresponding
systems of ODE in phase 3 and 4 of the analytical approach. Such an approach would
comparable to [38], [54]. However, the implementation of the model proposed in [44] is
complex, because a discretization of the ship hull and implementation of an iterative solu-
tion scheme is necessary. As the focus of this work is on a simulation-based approach using
FSI, such a combination of these two models is potentially the work for future research.
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4.3. Experimental approach

In 2020 model tests of the sideways launching process of the SPV were conducted at a ship
model basin. During these model tests the ship motion and pressure at different locations
on the ship hull were measured. The goal of the model tests was gaining a understanding for
feasible limits to ensure a safe sideways launching process. In addition, the data obtained
from the model tests was used as the basis for the verification of the proposed simulation-
based approach using FSI.

Different parameters of the sideways launching process were varied during model tests.
This included the loading condition of the ship, the height of the water level inside the
launch basin (tidal range), the height of the palls used during launching and the coefficient
of friction between the palls and the slipway. A parametric study was conducted, where
the influence of these parameters on the resulting ship motion as well as resulting pressure
on the ship hull was investigated. If not stated otherwise, all results from the experimental
approach are presented for the full scale version of the SPV.

4.3.1. Setup of model tests

The model tests of the sideways launching process were conducted to account as closely
to the conditions of the potential construction shipyard of the SPV as possible. The test
setup at the ship model considered the slipway and did enable a free six DOF motion of
the ship model. The model tests were carried out based on Froude similarity. An overview
of the different data measured during the model tests as well as the applied scaling laws is
provided in Table A.2 in Appendix A.4.

Ship model

A ship model in the scale of λsm = 32 was used for the model tests. A photograph of the
model is shown in Figure 4.5. The model contained the complete watertight volume of the
ship as given during the sideways launching process. Therefore, the complete shell of the

Figure 4.5.: ship model used for model tests
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ship hull, three decks including their bulwarks, necessary transversal walls (like the back
wall of hangar or front wall of the deckhouse) were modelled. These parts were all built
using natural fiber reinforced composites (NFRPC). The average thickness of the shell was
approx. 4mm, whereas the decks and transversal walls were built using an average thickness
of 5mm. Additional support frames built with wood were added the ship model below the
transversal walls to add rigidity (compare Figure 6.3).

Besides the hull structure, the superstructure of the ship (yardarm and mast modules)
was considered during model tests. In addition, relevant appendages were considered. This
included a pair of rudders, fin stabilizers and bilge keels as well as two propulsion shafts with
bossing, V-brackets, hub of propellers and dummy propeller blades. The superstructure
and appendages were built with ABS plastic using 3D-printing technology. The different
appendages can be seen in Figure 4.5.

Loading conditions

Four different loading conditions were investigated during the model tests:

• LC01: LC02 with tanks in bottom structure filled to lower COG of ship

• LC02: weight distribution as designated for sideways launching process (tanks empty)

• LC03: COGz 5% higher than LC02

• LC04: COGz 10% higher than LC02

Note, that LC01 is used as the design point during the parametric study conducted with
the model tests (compare Table 4.2). An overview of the most important parameters of the
loading conditions is given in Table 4.1. All values provided in Table 4.1 are normalized.
The reference frame for each value for the radii of gyration iii is the corresponding COG.
All values are provided for a dry ship without added masses. The loading conditions were
realized by trimming weights inside the ship model, whose positions were set accordingly to
match the specified loading conditions. For LC01 additional weights were added, to account
for the increase of weight due to the contents inside the tanks of the bottom structure.

These loading conditions were investigated to assess a variety of different weight distri-
butions feasible for the sideways launching process. One one hand the influence of actively

Table 4.1.: loading conditions used for model tests
parameter unit LC01 LC02 LC03 LC04

∆ [t ] 0.926 · ∆design 0.837 · ∆design 0.837 · ∆design 0.837 · ∆design

COG∗
x [m] 0.465 · Lpp 0.458 · Lpp 0.465 · Lpp 0.465 · Lpp

COGy [m] 0.000 · Bwl 0.000 · Bwl 0.000 · Bwl 0.000 · Bwl

COGz [m] 0.466 · Dmain 0.507 · Dmain 0.533 · Dmain 0.560 · Dmain

GM0 [m] 0.630 · Tdesign 0.580 · Tdesign 0.490 · Tdesign 0.398 · Tdesign

ixx [m] 0.412 · Bwl 0.417 · Bwl 0.406 · Bwl 0.408 · Bwl

iyy [m] 0.250 · Lpp 0.258 · Lpp 0.257 · Lpp 0.257 · Lpp

izz [m] 0.248 · Lpp 0.257 · Lpp 0.257 · Lpp 0.257 · Lpp
∗: referred to aft perpendicular
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lowering the position of the COG by filling tanks in the bottom structure could be assessed.
On the other hand upper limits regarding a feasible or safe position of the COG could be
investigated. A shift of the COG during the detailed design phase of the ship is still possible
due to different reasons. Examples are more detailed weight calculations or changes of the
level of equipment as specified for the sideways launching process.

Launch basin, slipway and palls

The launch basin and slipway were built with wooden plates and aluminium supports in
accordance to the conditions at the shipyard. An illustration of the launch basin and the
slipway is given in Figure 4.6. The slipway of the model was equipped with two low-friction
roller conveyors to simulate the sliding process of the ship. Two palls were mounted to the
ship model, that allowed for rolling down the roller conveyors. These palls were built with
wood and fixed to the ship model. Using these roller conveyors, the friction between the
palls and the slipway was not modelled directly. The friction was considered by controlling
the sliding speed during model tests. This was done by a winch system located at the
top of the slipway, which is marked in Figure 4.6. This winch system was connected with
strings to the palls of the ship model. At the beginning of the sideways launching process
the winch was accelerated to the defined sliding speed and the rate of rotation was fixed.
Shortly before the ship model started to rotate around the edge of the pier, the connection
between the palls and winch system was released by a little ramp located on the slipway.
This release mechanism is marked in Figure 4.6.

In addition, the water level within the basin could be raised or lowered by pumps allowing
for the investigation of the influence of the water level inside the launch basin (tidal range).

roller conveyors

winch system

release mechanism

edge of pier

(axis of rotation)

launch basin 

like at shipyard

Figure 4.6.: test setup used for model tests
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Test matrix

Different conditions for the sideways launching process were investigated. Especially pa-
rameters, that can change during the ship design process, and relevant external parameters
were varied. This included the following aspects:

• change of loading conditions, especially a change of the COG / GM0

• height of palls hp

• water level hwl (influence of tidal range)

• coefficient of friction µsw between palls and slipway

The test matrix as given in Table 4.2 gives an overview of all conducted model tests. The
specified speed vyz in Table 4.2 is defined as the sliding speed at the end of the slipway,
right before the ship start ro rotate around the edge of the pier. This point is identical the
end of phase 1 of the analytical approach as shown in Figure A.3 (see 4.2.1 for details).
The speeds vyz for the different test setups specified in Table 4.2 are calculated using the
analytical approach. The water level hwl is measured from the edge of the pier to the water
surface (negative value = water level below edge of pier), whereas the height of the palls
hp is specified as the distance between the slipway and the flat keel of the SPV.

Within this frame of the parametric study only one parameter at a time was changed
between the different test setups. By doing so, the influence of each of the four parameter
could be investigated systemically. All investigations are started from the design point. In
addition, different "worst case" scenarios were investigated. In contrast to the parametric
study, for each "worst case" scenario several parameters were changed simultaneously. The
intention of the "worst case" scenarios was getting a better understanding of feasible limits
for the sideways launching process.

A visualization of the different conditions is presented in Figure 4.7. Those two graphs
visualize the different conditions at the moment of impact of the ship hull with the water
surface. The data presented in both figures are obtained by the analytical approach. In
Figure 4.7a the conditions at the moment of impact are given for the COG of the SPV.
The x-axis plots the translational velocity of the ship in the yz-plane (vyz impact), while
the y-axis represents the rotational velocity about the x-axis of the ship at the moment of
impact (ωx impact). Initially while preparing the models test, it was assumed that a higher
translational velocity vyz impact would be more critical regarding the hull structure (higher
kinetic energy), while a higher rotational speed (ωx impact) will be more critical regarding
the stability of the ship (higher rotational energy). As Figure 4.7a indicates, the "worst
case" scenarios are all in the lower right corner. This results in more critical conditions for
the sideways launching process. This is true for the stability of the SPV as well as the loads
on the hull structure.

In Figure 4.7b a closer look is taken upon the conditions given at the ship hull at the
moment of impact of the SPV with the water surface. The x-axis represents the velocity
vslam perpendicular to the water surface, while the y-axis represents the angle βimpact

between the ship hull and the water surface at the moment of impact. In accordance
with slamming experiments, an increased vslam should correspond to higher loads on the
ship hull. The angle at impact βimpact did not change significantly for the different test
setups. An average of about -1.1◦ could be observed. As Figure 4.7b shows, the "worst
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Table 4.2.: test matrix used for model tests

design point for parametric study:
case LC0 µsw 0 [ - ] hwl 0 [m] hp 0 [m] vyz 0 [m/s] remark
— LC01 0.03 -0.50 1.00 5.90 = LC_01

variation of loading condition / COG:
case LC µsw [ - ] hwl [m] hp [m] vyz [m/s] remark
LC_01∗ LC01 µsw 0 hwl 0 hp 0 5.90 design point
LC_02∗ LC02 µsw 0 hwl 0 hp 0 5.90
LC_03 LC03 µsw 0 hwl 0 hp 0 5.90
LC_04 LC04 µsw 0 hwl 0 hp 0 5.90
∗: conducted 4x for replicating pressure measurement

variation of height of palls:
case LC µsw [ - ] hwl [m] hp [m] vyz [m/s] remark
HP_01 LC01 µsw 0 hwl 0 hp 0 5.90 = LC_01
HP_02 LC01 µsw 0 hwl 0 hp 0 + 0.50 5.90

variation of water level:
case LC µsw [ - ] hwl [m] hp [m] vyz [m/s] remark
WL_01 LC01 µsw 0 hwl 0 hp 0 5.90 = LC_01
WL_02 LC01 µsw 0 hwl 0 − 0.50 hp 0 5.90
WL_03 LC01 µsw 0 hwl 0 − 1.00 hp 0 5.90
WL_04 LC01 µsw 0 hwl 0 − 0.66 hp 0 5.90 wrong hwl

variation of coefficient of friction:
case LC µsw [ - ] hwl [m] hp [m] vyz [m/s] remark
FC_01 LC01 0.25 · µsw 0 hwl 0 hp 0 6.66
FC_02 LC01 0.50 · µsw 0 hwl 0 hp 0 6.42
FC_03 LC01 0.75 · µsw 0 hwl 0 hp 0 6.17
FC_04 LC01 µsw 0 hwl 0 hp 0 5.90 = LC_01
FC_05 LC01 1.25 · µsw 0 hwl 0 hp 0 5.63
FC_06 LC01 1.50 · µsw 0 hwl 0 hp 0 5.35
FC_07 LC01 2.00 · µsw 0 hwl 0 hp 0 4.72

investigation of "worst case" scenarios:
case LC µsw [ - ] hwl [m] hp [m] vyz [m/s] remark
WC_01 LC01 0.25 · µsw 0 hwl 0 − 0.50 hp 0 + 0.50 6.65
WC_02 LC02 0.25 · µsw 0 hwl 0 − 0.50 hp 0 + 0.50 6.65
WC_03 LC03 0.25 · µsw 0 hwl 0 − 0.50 hp 0 + 0.50 6.65
WC_04 LC04 0.25 · µsw 0 hwl 0 − 0.50 hp 0 + 0.50 6.64
WC_05 LC01 0.25 · µsw 0 hwl 0 − 0.66 hp 0 + 0.50 6.65 wrong hwl

Σ 19 different test setups and 26 measurement series
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Figure 4.7.: test matrix used for model tests — conditions at impact with water surface

case" scenarios are all in the right hand side as well, which should correspond to higher
loads on the ship hull during these test setups.

In total 19 different test setups were investigated with a total of 26 measurement series.
The two test setups LC_01 and LC_02 were conducted four times each. This was done
to evaluate the sensitivity of the pressure measurement due to it’s dynamic nature. The
two test setups WL_04 and WC_05 were not specified before conducting the model tests.
These test setups were investigated due to a wrong water level within the test basin of the
ship model test facility during model tests (see remark in Table 4.2).

Measurement equipment

During model tests different results were measured. An overview of the measured variables
including the used measurement devices is provided in Table A.2 in Apendix A.4.

The ship motion was measured using an optical tracking system called Qualisys. The
ship motion was measured for all six DOF. For this purpose the ship model was equipped
with markers at different positions, which were captured by the optical tacking system. The
position of these markers is shown in Figure 4.8. In addition, an inertial measurement unit
inside the ship model was used to capture the accelerations during the sideways launching
process. As with the optical tracking system, the inertial measurement unit did capture
the accelerations for all six DOF.

The resulting pressure-time-signals at four different points on the ship hull were inves-
tigated using pressure transducers. The arrangement of pressure transducers is shown in
Figure 4.8. The pressure transducers were arranged around the area, where the ship hull did
have the first contact with the water surface. The pressure transducers were offset in longi-
tudinal as well as horizontal direction. These positions were determined beforehand using
the analytical approach. This allowed to capture the presumably highest peak pressures
at the impact of the ship hull with the water surface. The pressure-time-signals were mea-
sured using miniature pressure transducers XTM-190 -series from Kulite. The measurement
area of the pressure transducers were circular in shape with a diameter of 3.8mm corre-
sponding to 0.122m in full scale. The pressure transducers used a sampling frequency of
4,800Hz corresponding to 848.5Hz in full scale. Pressure transducers with a high sampling
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Figure 4.8.: measurement devices used during model tests

frequency were chosen to capture the highly dynamic peak pressures sufficiently. The mea-
sured pressure-time-signals consisted of the hydrodyanmic as well as hydrostatic pressure.
The pressure-time-signals were calibrated on the standard atmosphere p0 of 101,325Pa.

4.3.2. Results
In general, the test setup was able to successfully reproduce the behaviour of a ship during
the sideways launching process. Using the eject mechanism at the end of the slipway, the
ship was able to rotate freely around the edge of the pier and started to incline before the
impact with the water surface. An impression of the model tests is presented in Appendix
A.4 as a series of pictures. For further assessment, the results of the model tests are split
into two parts: the ship motion and the resulting loads on the ship hull.

Ship motion

The model tests allow for a detailed assessment of the ship motion, as the ship motion was
measured for a long time period. For the design point LC_01 the measured ship motion
is plotted in Figure 4.9. As the test setups LC_01 and LC_02 were measured four times
each, the sensitivity of the measurement of the ship motion could be evaluated. Table A.3
demonstrates, that the test setup was able to replicate the ship motion very reliable. For
the maximal roll angle |φmin| a coefficient of variation CV below 1% was given.

During the parametric study the SPV was able to upright itself. No capsizing could be
observed for any case. For the design point of the model tests (LC_01) a maximal roll
angle of 32.1◦ was given, while for the loading condition as designated for the sideways
launching process (LC_02) a maximum roll angle of 39.3◦ was reached. The biggest max-
imum roll angle of 74.6◦ was observed during WC_04. In cases with high maximal roll
angles (especially LC_04 and WC_04) the main deck comes into contact with water and is
partially flooded. This observation is important for the prevention of further flooding due
to openings in the main deck or ventilation ducts, overflow pipes among others located in
that area.

In all cases, sufficient clearance between the SPV (including palls and appendices) and
the launch basin (both sides and bottom) could be observed. The SPV did more or less
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Figure 4.9.: results of model tests — ship motion @ LC_01 (run No. 2)

center itself within the launch basin without applying external forces (e.g. use of trosses).
This behavior can be seen in Figure 4.9b, as well.

The interaction between the ship hull and water surface was clearly visible during model
tests. The water rose up significantly the portside (PS) of the ship’s hull, reaching much
higher levels than water surface at rest. This behavior is similar to slamming experiments
like [44]. In addition, significant waves and spray were forming reaching several meters in
height. The waves rose easily above the opposite side of the pier of the launch basin. The
pictures in Appendix A.4 give a good impression of these observations.

The influence of the different parameters varied during model tests on the ship motion in
the form of the maximal roll angle |φmin| is visualized in Figure 4.10. Besides the loading
condition, the influence of the remaining parameters on the maximal roll angle can be
nearly approximated using linear relationships.

In Figure 4.10a the influence of the coefficient of friction µsw is shown. With an increasing
coefficient of friction and decreasing ship speed at the edge of the pier, the maximal roll
angle did increase. This behaviour is to be expected, as the SPV had more time to rotate
around the edge of the pier and built rotational energy, before the impact with the water
surface. The influence on the maximal roll angle is only minor. An increase of µsw by a
factor of two, did result in an increase of approx. 2.5◦ of the maximal roll angle during
model tests. A decrease of µsw by a factor of two, did result in a decrease of approx. 0.9◦

of the maximal roll angle.
In contrast to the maximal roll angle, the trajectory of the COG is strongly influenced

by the coefficient of friction. For test setup FC_07 (slowest ship speed) the COG travelled
a distance of 29.6m in y-direction in reference to the edge of the pier, while during FC_01
(fastest ship speed) this distance was about 38.0m. The difference of 9.4m is equal to an
increase of approx. 31.8%. With an increasing ship speed vyz the translational energy was
higher, resulting in a greater distance needed to decelerate the SPV.

In Figure 4.10b and 4.10d the influence of the height of palls hp and water level hwl inside
the launch basin on the maximal roll angle during model tests is plotted. Both phenomena
are based on the same physical effect: an increase of the height of palls like a decrease of
the water level did result in a higher drop height of the SPV around the edge of the pier.
The SPV had more time to tip around the edge of the pier and to build more rotational
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Figure 4.10.: results of model tests — parametric study of maximal roll angle

energy before the impact with the water surface. As with the influence of the coefficient
of friction, the influence of height of the drop is only of minor significance for the resulting
maximal roll angle during model tests. An increase of 0.50m will result in an increase of
2.2◦ of the maximal roll angle, while a decrease of 0.50m will result in an increase of 3.3◦.

Interestingly, the influence of the water level is slightly bigger than the height of the
palls. By increasing the height of the palls, the moments of inertia around the pier I†

xx tot

in the system of ODE as given in equation 4.18 is increased noticeable due to the parallel
axes theorem / Steiner’s theorem. This resulted in a slower rotation around the pier, so
that less rotational energy is built up during the tipping phase compared to a decrease of
the water level.

As to be expected, the loading condition of the SPV had the most significant influence
on the maximal roll angle during model tests. The influence of the loading condition is
plotted in Figure 4.10c as a function of the metacentric height GM0. A small change of the
metacentric height, e.g. from loading condition LC_01 to LC_02 (compare Table 4.1), did
increase the maximal roll angle by 7.1◦. This change was bigger as with all other parameters
(coefficient of friction, height of palls or water level). If the COGz is raised by additional
10% (LC_04 compared to LC_02), the maximal roll angle nearly doubled. In the case of
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LC_04 a maximal roll angle of 67.6◦ was observed, which is equal to an increase of 35.5◦

(+111%) compared to LC_01.
Although the influence by shifting COGz regarding the ship motion was significant, this

behaviour was to be expected. For this purpose the illustration as given in Figure A.6
is quite useful. If COGz is shifted upwards, the distance between the point of origin of
the hydrostatic and hydrodyanmic forces and the COG of the ship is drastically reduced.
This will results in a smaller arm of lever for the moment Mupright (see equation 4.22).
This results ultimately in smaller moment Mupright, which will upright the ship inside the
launch basin. Therefore, the ship will need more time to counteract the given rotational
energy and momentum resulting in a higher maximal roll angle |φmin|. The physics are
similar as with the cross curves of stability of a ship. An increase of COGz will ultimately
decrease the arm of lever and range of stability of a ship. Details regarding the stability of
a ship in general as well as the more explanations of the underlying physics can be found
in literature, e.g. in [82].

In contrast to the coefficient of friction, height of palls or water level, the influence of
GM0 on the maximal roll angle |φmin| was non-linear. The non-linear behaviour was given
due to the hull form of the SPV. As Figure 4.1 shows, the hull form does have a knuckle line
above the design waterline. Above this knuckle line the frame contours point inwards. If the
roll angle during sideways launching gets high enough, the knuckle line comes into contact
with the water. Due to the inwards frame contours, the point of origin of the hydrostatic
forces does only shift slowly outwards creating a sufficient arm of lever. A much higher roll
angle will be needed, to create a sufficient Mupright. This effect is obvious, while comparing
the maximal roll angle of LC_04 and LC_03 to LC_02. While an increase of COGz of
5% in the case of LC_03 will increase the maximal roll angle by 6.5◦ (+16.6%) in relation
to LC_02, the shift of COGz of 10% in the case of LC_04 results in increase of 28.4◦

(+72.4%) in relation to LC_02.
As a result, an exact and detailed weight calculation and estimation of the COG is crucial

during the design phase. Small changes of COGz can drastically alter the maximal roll an-
gle reached during the sideways launching process. A higher maximal roll than estimated,
can lead to unplanned flooding of decks or further flooding via openings (ventilation ducts,
overflow pipes among others) if not anticipated. All other parameters (ship speed / coef-
ficient of friction, height of palls, water level) are only of minor importance in comparison
to the loading condition.

Loads on ship hull

Exemplary pressure-time-signals measured during model tests are shown in Figure 4.11.
The data shown in Figure 4.11 is calibrated to the standard atmospheric pressure p0.
For the pressure transducers, that came into contact early during the sideways launching
process, high and harsh peak pressures could be observed. For the pressure-time-signals
as shown in Figure 4.11 this was true for P2 and P4. Those peak pressures were only
of very short duration and could only be observed for one or two measurement intervals.
For pressure transducers, which were later in contact with the water surface like P1, the
pressure-time-signals were not as harsh and the peak is smoother and longer.

As shown in Table 4.2, the two test setups LC_01 and LC_02 were measured four times
each to account for uncertainties and fluctuations during measurement of the pressure-time-
signals. An overview of the peak pressure pi max measured for these to two test setups is
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Figure 4.11.: results of model tests — pressure-time-signals @ LC_01 (run No. 2)

given in Table 4.3 for all conducted runs. To account for effects of the water surface like
surface tension during model tests, two runs of each test setup have been conducted at
choppy conditions while the other two runs have been conducted at calm water conditions
(glass-smooth). However, as Table 4.3 suggests, no systematic influence of the water surface
on the maximal pressure is noticeable.

In addition, Table 4.3 provides the mean value X̄, the standard deviation SD as well
as the coefficient of variation CV of the peak pressures pi max. This data is visualized in
4.12a. This bar chart shows the mean values of the peak pressures pi max mean including
the standard deviation as error bars.

As Figure 4.12a illustrates, the fluctuations were noticeably higher for pressure transduc-
ers, that showed sharp peak pressures during impact. This was especially true for pressure
transducer P2 for both test setups LC_01 and LC_02. During LC_01 the coefficient of
variation was 22.5%, while during LC_02 it was 17.2%. These fluctuations are inherent
to slamming problems. As Figure 4.11b shows, the peak of pressure was extremely sharp
and could only observed at one sampling frame during measurement. This was still true,
although the chosen pressure transducers used a high sampling frequency of 4,800Hz. Thus
small variations during measurements (e.g. slight variation of the initial conditions or tim-
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Table 4.3.: results of model tests — peak pressure at different pressure transducers

LC_01:

transducer pi max in [kPa] @ run X̄i SDi CVi

No. 1 No. 2 No. 3 No. 4 in [kPa] in [kPa] in [%]
P1 432 425 419 474 438 21 4.85
P2 1,221 1,024 935 881 1,015 228 22.50
P3 520 557 594 482 538 42 7.79
P4 977 1,031 982 720 927 122 13.12

calm water ✓ ✓ X X - - -

LC_02:

transducer pi max in [kPa] @ run X̄i SDi CVi

No. 1 No. 2 No. 3 No. 4 in [kPa] in [kPa] in [%]
P1 472 467 484 477 475 6 1.26
P2 1,092 1,184 1,093 908 1,069 184 17.22
P3 521 482 704 708 604 103 17.10
P4 747 744 760 838 772 39 4.99

calm water ✓ X ✓ X - - -

Table 4.4.: results of model tests — impulse at different pressure transducers

LC_01:

transducer Ji 50ms in [kPa·s ] @ run X̄i SDi CVi

No. 1 No. 2 No. 3 No. 4 in [kPa·s ] in [kPa·s ] in [%]
P1 9.73 9.91 9.27 9.51 9.61 0.23 2.48
P2 9.84 9.82 10.09 10.84 10.15 0.65 6.40
P3 8.29 8.42 9.01 9.35 8.77 0.43 4.92
P4 8.90 8.86 8.43 8.58 8.69 0.20 2.26

calm water ✓ ✓ X X - - -

LC_02:

transducer Ji 50ms in [kPa·s ] @ run X̄i SDi CVi

No. 1 No. 2 No. 3 No. 4 in [kPa·s ] in [kPa·s ] in [%]
P1 9.75 9.87 9.87 9.74 9.81 0.06 0.63
P2 9.99 9.96 10.03 9.20 9.79 0.45 4.57
P3 8.98 8.69 8.98 8.84 8.87 0.12 1.35
P4 9.51 9.46 9.02 9.25 9.31 0.20 2.10

calm water ✓ X ✓ X - - -
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Figure 4.12.: results of model tests — peak pressure and impulse

ing during measurement) did result in different peak pressures. Based on data provided
in [23], a difference of the deadrise angle of 1◦ (flat bottom vs. deadrise angle of 1◦) does
result in a difference of the peak pressure of roughly 10% for the impact speeds observed
during the model tests of the sideways launching process.

Investigations regarding uncertainties related to the measurement of the resulting peak
pressure during slamming experiments can be found in literature. In [58] the systematic
error were determined with 1.1% based on a sophisticated test setup designed for best
possible repeatability. In [94] it is shown, that uncertainties during slamming experiments
with flat bottom structures are significantly higher. Between 6.5% for a rigid and 7.4% for a
flexible bottom structure were observed. In [44] it is discussed, that the level of uncertainty
rises even further by a factor between two and three for slamming experiments with a high
level of asymmetry (high ratio between horizontal and vertical speed like given during the
sideways launching process).

Considering these investigations, the fluctuations of the peak pressure observed during
model tests are within an expected and feasible range. However, due to the high coefficient
of variation of the peak pressure, a parametric study based on these values is not reliable.
This is especially true, because during the parametric study only one run of each test setup
was conducted.

Therefore, a different approach based on the impulse is used to compare different test
setups. In general the impulse J is defined as follows:

J =
∫︂

Fdt (4.32)

The force F in equation 4.32 can be substituted with p · A, so that the impulse can be
calculated using the measured pressure-time-signal as a basis. For comparing the results of
the parametric study the pressure-time-signal is integrated per unit area over a time period
of 50ms after the peak pressure peak pi max occurs. The value for Ji 50ms is calculated using
the following equation based on a trapezoidal integration scheme:

Ji 50ms =
tpi max +50ms∫︂

tpi max

(pi − p0) dt (4.33)
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The atmospheric pressure p0 is subtracted in equation 4.33 as it is constant during all
measurements. The resulting impulses are marked in Figure 4.11 as the hatched areas below
the pressure-time-signals. As this Figure shows, the impulse Ji 50ms covers the range, where
the peak pressures already decayed.

Guedes Soares [37] proposed, that the slamming force acting upon a ship hull is the sum of
two different components. The first component is the impact with the water surface, which
is described by the harsh peak pressure. As observed during model tests of the sideways
launching process, this peak pressure only lasts for a few milliseconds [37]. The second
component of the slamming force is defined by the rate of change of the hydrodynamic
momentum as the hull enters into the water [37]. Based on calculations carried out for
different ship sections, Fonseca et al. [35] were able to show that the second component
of the slamming force (change of hydrodyanmic momentum) is larger than the first one
(peak pressure) for ship sections with a small deadrise angle. Hence the impulse Ji 50ms

can be used as an good representation of the loads transferred on the ship hull right after
impact with the water surface, as both components of the slamming forces are considered
adequately.

As with the peak pressure, the mean value X̄, the standard deviation SD as well as the
coefficient of variation CV were calculated to assess the fluctuation of the impulse Ji 50ms.
These values are given in Table 4.4. A visualization of the mean value Ji 50ms mean and
corresponding standard deviation can be found in Figure 4.12b. The impulse is a lot less
sensitive to fluctuations. The coefficient of variation of the impulse is significant lower than
of the peak pressure. For P2 the coefficient of variation is reduced from 22.5% to 6.4% for
LC_01 and from 17.2% to 4.6% in case of LC_02. This corresponds to a reduction by a
factor of approx. 3.5.

Hence, the impulse is more robust to assess the loads on the ship’s hull structure after
the impact with the water surface and is used to compare the different test setups of the
parametric study. Pressure transducer P2 is used as the basis of the parametric study,
as P2 is the pressure transducer with the highest impulse in case of LC_01 and LC_02
(compare Figure 4.12b).

In Figure 4.13a the influence of the coefficient of friction µsw on the resulting impulse is
plotted. The influence can be approximated using a linear regression. As expected a lower
coefficient of friction and thus higher ship speed does result in a higher impulse. If µsw =
0.25·µsw 0, which corresponds to an increase of the translational speed of the ship at impact
vyz impact of about 8.9% (compare Figure 4.7a), an increase of about 12.9% of JP 2 50 ms can
be observed. If the ship speed vyz impact is decreased by 13.7% (µsw = 2.00 · µsw 0), the
impulse JP 2 50 ms is decreased by 11.7%. The influence of the coefficient of friction on the
impulse is moderate. As discussed later on, the rotation around the edge of the pier is more
relevant for the resulting loads on the ship hull of the SPV. The tipping of the SPV around
the edge of the pier is only slightly influenced by the coefficient of friction. The speed at
impact on the ship hull vslam remains nearly constant for all investigated coefficients of
friction (compare Figure 4.7b).

The same is true for the influence of the loading condition on the impulse, as Figure 4.13c
shows. Like the coefficient of friction, the speed at impact on the ship hull vslam remained
nearly constant for all investigated loading conditions (compare Figure 4.7b). Due to a
constant vslam only slight variations of the impulse could be observed during model tests.

A more significant influence on the impulse is given by altering the water level hwl or
the height of the palls hp during model tests. This influence is illustrated in Figure 4.13d
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Figure 4.13.: results of model tests — parametric study of impulse (shown for P2)

and 4.13b, respectively. Both parameters are based on the same physical phenomena: the
height of the drop during phase 2 — tipping is increased resulting in higher rotational speed
at the moment at impact (compare Figure 4.7a). Due to the hull shape of the SPV (sloped
bottom), the higher rotational speed did correspond to a higher speed at impact of the ship
hull vslam. This effect can be seen in Figure 4.7b.

An increase of the drop height of 0.50m corresponds roughly in an increase of 9.0% of
the resulting impulse JP 2 50 ms. As the influence of the drop height can be approximated
linearly (see Figure 4.13d), the impulse JP 2 50 ms is increased 18.1% if the drop height is
raised by 1.00m. For comparison: if µsw = 0.25 · µsw 0, which is quite an significant change
of the coefficient of friction for a full-scale sideways launching process (compare [56]), the
resulting impulse JP 2 50 ms is increased by about 12.9%. This level of increase is already
achieved by a change of 0.70m of the drop height — either by a change of the height of
palls or the water level (tidal effects).

As the investigation of the different parameters varied during model tests emphasizes,
the speed at impact on the ship hull vslam has the main influence of the impulse. This
relationship between vslam and the impulse Ji 50ms is visualized in Figure 4.14 for all four
pressure transducers. Note, that impulse as plotted in Figure 4.14 is corrected for the
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angle between the ship hull and the water surface βimpact as given in Figure 4.7b. For this
purpose the correction factor [1 − tan (2 · βimpact)]−1 as suggested by Lloyd’s Register [61]
for bottom slamming is used.

For all four pressure transducers the impulses resulting from a change of the coefficient of
friction as well as loading condition fluctuates around the design point. If the drop height
was changed by altering the water level or height of palls, a shift of vslam accompanied by
an increase of the impulse is clearly visible Figure 4.14. The same is true for the worst case
scenarios, were both water level or height of palls were changed simultaneously. For all four
pressure transducers the resulting impulse can be approximated using a linear regression.
This is in contrast to empirical equations given in rules and regulations of classification
societies for the resulting pressure on the bottom in case of slamming, where the resulting
loads are described often as a quadratic function of vslam.

However, the slope of the linear regression is not constant for all four pressure transducers.
While a slope of 1.12kPa·s2/m can be observed for P4, a slope of 2.13kPa·s2/m is given for
P1. The differences of the slope for the different pressure transducers can be explained by
the fact, that for each different test setup (especially true while changing the drop height)
a different part of the ship hull did come into contact with the water surface first. This is
also the reason for the small fluctuations of βimpact in Figure 4.7b. Due to the form of the
ship hull, P1 will come into contact earlier with the water surface with an increasing drop
height than e.g. P4. Therefore, a higher increase of the impulse for P1 can be observed.

From a ship design point of view, a precise estimation of the drop height during the
sideways launching process is very important, in order to assess the resulting loads on the
ship hull accurately. The height of palls hp are to be minimized, while allowing for sufficient
clearance during the sideways launching process as well as for installation of systems during
the construction phase (e.g. propulsion shaft and propellers, rudders among others). The
water level hwl should be as high as possible. The tidal range at the launch basin is to be
used efficiently if applicable, e.g. launching at high tide or even spring tide.

It shall be noted, that the observations regarding the loads on the ships hull are specific
for the given shape of the hull of the SPV, which has a sloped bottom, in combination with
the geometry of the investigated slipway. This combination did result in a deadrise angle of
nearly 0◦ for every test setup investigated during the model tests. For different ship forms
(e.g. plump hull forms like bulker or tankers with no sloped bottom) or a change of the
geometry of the slipway, these observations will be different. In such cases the conditions
at the impact are different (vslam as well as βimpact), so that the influence of the individual
parameters (coefficient of friction, loading condition, water level and height of palls) may
shift significantly.

4.3.3. Benefits and limitations

The experimental approach based on model tests of the sideways launching process of
the SPV does provide a lot of benefits regarding the ship design process. A lot of different
setups and configurations were investigated during model tests. The experimental approach
is an excellent method for conducting parametric studies for this use case. The influence
of different loading conditions of the SPV, height of palls, water level (influence of tidal
range) and the coefficient of friction between the palls and the slipway were investigated
with the experimental approach.

With a time frame of two days for 26 measurement series of the sideways launching
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Figure 4.14.: results of model tests — influence of velocity of ship hull on impulse

process, the experimental approach is a really fast way to assess a wide design space. This
approach is extremely useful to get an understanding of physical aspects of the problem
itself as well as the influence of different parameters on the behavior of the SPV during the
sideways launching process. Relevant parameters can be identified well based on the model
tests. Regarding the ship motion the vertical position of the COG has the most significant
influence on the resulting maximal roll angle, which is one of the most important aspects
of the ship motion (compare questions in Figure 1.2). This is visualized in Figure 4.10c.
Evaluating the pressure-time-signals based on the impulse resulting during a 50ms time
period right after impact, the speed of the ship hull at impact normal to the water surface
vslam is the most important parameter. The relationship between vslam and the resulting
loads is given in Figure 4.14. The speed vslam is mainly influenced by the height of the
palls and the water level inside the launch basin.

Using the experimental approach important design parameters regarding the sideways
launching process can not only be qualified, but quantified as well. In order to minimize the
maximal roll resulting during the sideways launching process (more safety against capsizing;
less openings in direct contact with water), the COG of the SPV should be as low as possible.
An exact and detailed weight calculation and estimation of COGz is crucial during the
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design as well as construction phase. Small changes of COGz can significantly increase the
maximal roll angle during the sideways launching process (compare Figure 4.10c; non-linear
relationship). To decrease the resulting hull structural loads during the sideways launching
process, the height of the drop around the edge of the pier is to be minimized. That means,
the height of the palls should be as low as possible while allowing for sufficient clearance
between the ship hull and pier during the sideways launching process. In addition, the
water level inside the launch basin should be as high as possible. The tidal range should
be used to actively reduce the loads resulting on the hull of the SPV (launch at high tide
or even spring tide). The correlation between the height of the drop around the pier and
the resulting hull structural loads can be made using the relationships provided in Figure
4.14.

Besides a good general understanding of the different parameters important for the side-
ways launching process, the results obtained from the experimental approach are an ex-
cellent basis for verification purposes. The proposed simulation-based approach using FSI
based on the ALE approach is thoroughly verified using the data measured and obtained
during the the model tests.

There are drawbacks and limitations regarding the use of the experimental approach as
well. First, the experimental approach is expensive. For successfully conducting the model
tests, a lot of effort for preparation was necessary (developing an adequate test setup,
derivation of test matrix, construction of ship model and test setup among others). As
the model tests cannot be conducted at the shipyard itself, but rather at a ship model
basin, the planning has to be done in advance. Changes to the ship design or the sideways
launching process, which are to be checked additionally after the initial model tests, cannot
be assessed ad hoc. Further investigations and model tests are depending on the time slots
available at the ship model basin.

In addition, the experimental approach is only feasible starting at a certain of the ship
design process, mainly during the basic design phase. Although important parameters of
the ship design like the loading condition could be quickly varied during the model tests,
the shape of the hull has to be close the final design. Alterations of the ship hull (e.g. main
dimensioning, changes to the lines plan) cannot be realized without much effort. Eventually
a complete new ship model would be necessary, if the changes of ship hull form are too
drastic.

Lastly, the loads measured during the model tests in the form of pressure-time-signals do
not allow for a direct assessment of the resulting hull structural loads of the SPV. Additional
simulations are to be carried out. However, the data obtained from the experimental
approach can be used within the context of the simulation-based approach without FSI.
Within this work a load model based on the results obtained from the model tests is
proposed, which allows for the assessment of the hull structural loads resulting right after
the impact with the water surface using simulations without FSI. The obtained results are
discussed and compared to the results based on the simulation-based approach using FSI
later on in this work.
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fluid-structure interaction

Besides rule-based, analytical or experimental approaches, simulation-based approaches are
common during the ship design process. Within this section the most common simulation-
based approach used for the design of a ship’s hull structure based on FEM is investigated.
These simulations are not utilizing any form of FSI. Therefore, external load models ac-
counting for the loads resulting on the hull of the SPV during the sideways launching process
have to be derived and applied to a FEM model of the hull structure. After presenting
the according FEM models of the hull structure of the SPV, different approaches for load
modelling are proposed. Lastly, the results obtained with the simulation-based approach
without FSI in the form of the resulting hull structural loads at highly loaded areas of the
hull structure of the SPV are discussed.

5.1. Overview of highly loaded areas

Based on simulations without FSI as well as with FSI different areas of the hull structure of
the SPV could be identified, which are highly loaded during the sideways launching process.
This includes parts of the shell plating, web frames of the shell, floor plating (especially
around manholes / inspection holes) as well as plating of transversal bulkheads. The highly
loaded areas are limited to PS around amidships (0.35 < x/L < 0.65).

For each of these for highly loaded areas the resulting hull structural loads for one rep-
resentative shell element are evaluated and assessed. The location of the corresponding
elements and their element coordinate system are illustrated in Figure 5.1. All resulting
hull structural loads are normalized with their corresponding permitted limit values σperm

or τperm. Besides the resulting stresses the bending deformation of one highly loaded shell
panels is assessed. A complete overview of the hull structural loads for the chosen elements
of the hull structure is provided in Appendix A.12.

5.2. Modelling of hull structure

For the investigation of the resulting hull structural loads during the sideways launching
process, the following FEM models of the hull structure of the SPV were used:

• global FEM model

• detailed FEM model of highly loaded areas

• combined FEM model (combination of global and detailed FEM model)

A description of each FEM model is provided below. A comparison of the general prop-
erties and size of each FEM model is given in Table 5.1. All values in Table 5.1 are rounded
to the nearest hundred.
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Figure 5.1.: highly loaded areas of the hull structure of the SPV

Table 5.1.: properties of different FEM models of the SPV
parameter unit global detailed combined

shell elements [ - ] 197,600 2,236,800 2,452,100
beam elements [ - ] 110,900 155,900 248,000

nodes [ - ] 203,900 1,914,300 2,386,500

Modelling approach

The different FEM models of the SPV are based on a 3D computer-aided design (CAD)
model of the hull structure inside the CAD software AVEVA Marine. An interface called
AVEVA Hull Finite Element Modeler in AVEVA Marine is used to idealize and prepare
the CAD model for FEM simulations. The functionality of this interface is described by
Bohm et al. [14]. Besides [14], the use of this interface within early phases of the ship
design process is discussed by Bayatfar et al. [11] or Ulbertus and Schöttelndreyer [98].
Final pre-processing and meshing is conducted within the software Altair HyperMesh.

The different FEM models are modelled in accordance to guidelines and recommendations
as provided in Class Guideline: Finite element analysis (DNV-CG-0127) [26] by DNV.
Hence, only differences of the corresponding FEM models compared to [26] are described
below. The different element types used for the FEM models of the hull structure inside
LS-DYNA are provided in Appendix A.5.

Global FEM model

A global FEM model of the hull structure of the SPV was set up, that considers all pri-
mary members of the hull structure (shell, bottom structure, decks, bulkheads, walls, web
frames, superstructure among others). In contrast to conventional global FEM models of
commercial ships, the level of detail of the global FEM model of the SPV is equal to the
recommendations for partial ship structural analysis according to [26]. An average element
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5.2. Modelling of hull structure

between size 400x400mm and 300x300mm is used. This element size is a good comprise
between assessing the structural dynamic behavior of the hull structure on a global level
and the local behavior of structural components like decks or walls.

Figure A.10 provides a view inside the global FEM model. Plates / panels are modelled
using shell elements (compare grey elements in A.10). The same is true for the web of
frames and girders. Stiffeners, flanges and pillars are modelled using beam elements with
according offsets to account for the corresponding moment of inertia (compare blue elements
in A.10). Openings smaller than the average element size are considered by reducing the
plate thicknesses in the area of openings according to [26].

Detailed FEM model of highly loaded area

Different parts of the hull structure are highly loaded during the sideways launching process.
As the model tests showed, the resulting loads at impact are comparable to slamming
events. These impact loads are especially critical for the shell of the hull structure and its
supporting structural members (web frames, bottom structure and bulkheads). To assess
the resulting hull structural loads accordingly, a detailed FEM model of these areas was set
up. The extent of the detailed FEM model is visualized in Figure 5.2. A look inside the
detailed FEM model is given in Figure A.11.

The detailed FEM model is modelled in accordance to the requirements for local structure
strength analysis as defined in [26]. A fine mesh size of 50x50mm is used. All structural
members are modelled as shell elements. Only the bulbs of the bulbous profiles are modelled
with beam elements (compare Figure A.11).

The chosen mesh size enables a detailed analysis of plating subjected to lateral loads
and the resulting bending deformation. This is especially important for the shell plating
of the hull structure subjected to the high impact loads. In addition, plates and stiffeners
subjected to compression and shear loads are able to buckle during the dynamic simulations
(e.g. floor plating or bulkheads). Another aspect is the consideration of the stiffness as
given by the connection of stiffeners to transverse structural members. This is accounted
for by using solely shell elements within the detailed FEM model (compare Figure A.11).
The stiffness of such connections is especially relevant for the longitudinal stiffeners of the
shell plating.

Combined FEM model

In the combined FEM model the detailed FEM model of the highly loaded areas is integrated
into the global FEM model of the hull structure. This combination is illustrated in Figure
5.2. Within the combined FEM model the stiffness as well as the mass and inertia of
the complete hull structure is considered during simulations. As discussed later, this is
important for the proposed simulation-based approach using FSI.

For combining both FEM models, the area of the global FEM model adjacent to the
detailed FEM model is gradually refined to fit the mesh of the detailed FEM model. The
area of transition is shown in Figure A.12. The models are connected by merging the
coinciding nodes at the cutting edges. The longitudinal stiffeners of the global FEM model
(beam elements) are connected to the longitudinal stiffeners of the detailed FEM model
(shell elements) by overlapping the beam elements with the shell elements. This enables a
transfer of bending moments of the stiffeners.
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Figure 5.2.: overview of combined FEM model of the SPV

Boundary conditions

The BC used for the hull structure of the SPV are given in Appendix A.5. Within the
simulation-based approach without FSI the BC for the global and combined FEM model
as given in Figure A.13 are used, while for the detailed FEM model BC_01 and BC_02 as
shown in Figure A.14 and A.15 are used.

Weight distribution

Masses modelled inside the FEM models of the SPV are split into different parts. As the
hull structure is modelled using shell and beam elements, its mass is considered accord-
ingly. Bigger components and systems installed during the sideways launching process of
the SPV are modelled explicitly with *CONSTRAINED_NODAL_RIGID_BODY_INERTIA in LS-
DYNA. Examples are the main engines, gear box, gensets or propeller. Paint, insulation
or flooring material, which will vibrate together with the hull structure, are considered as
homogenous surface masses. For decks an additional mass of 40kg/m2 is used, whereas for
walls and bulkheads 25kg/m2 is considered. Lastly the difference between the modelled
mass and the mass given by a loading condition of the SPV is considered. This difference
is distributed on stiffer nodes of the hulls structure like crossing points of walls and decks,
so that the local structural dynamic behavior of the hull structure is not altered.

By modelling the masses in the described way, the loading condition (weight, position of
COG as well as moments of inertia) are considered accordingly inside the different FEM
models. The modelling of mass is done sequentially for each web frame of the SPV with the
use of according macros. An in-depth description of this modelling approach is provided in
the work by Burchard [16].

Two different loading conditions are investigated within the simulation-based approaches:
LC LAUNCH and LC LSW. The loading condition LC LAUNCH resembles the weight
distribution of the SPV as planned during the sideways launching process, while LC LSW
is the weight distribution of the fully equipped ship (light ship weight). An overview of
both loading conditions is given in Appendix A.5. Figure A.9 shows the distribution of the
weight along the x-axis of the SPV.

Added masses

For the simulations without FSI the added mass around the hull structure of the SPV
are to be considered separately. In [53] approaches for considering added masses around
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vibrating hull structures are provided. In the event of the sideways launching process,
a lateral bending deformation of the different plate fields of the shell plating is to be
expected. This mode of deformation is comparable to the vibration of multi-span plates
as given in [53], where the plate fields oscillate between the stiffeners of the shell while the
longitudinal stiffeners remain rigid. The added mass λplate for that mode of deformation
can be calculated based on the following equation [53]:

λplate = ρw · apanel · µpanel

(︄
apanel

bpanel
, npanel

)︄
(5.1)

In equation 5.1 apanel is the distance between the stiffeners, while bpanel is the length of
the panel. The coefficient µplate is function of the aspect ratio of the panel (apanel / bpanel)
and number of plate fields nplate. Values for µpanel can be found in [53] for different BC
(symmetric vs antisymmetric eigenmode; freely supported vs clamped edges). For the
SPV µplate is determined for freely supported edges and an antisymmetric form of oscilla-
tions, as the symmetric form of oscillations is only possible for plates with an aspect ratio
aplate / lplate ≥ 2.5 [53].

For a typical panel of the shell plating located at the inclined bottom structure of the
SPV, an added mass of λplate = 168kg/m2 is obtained using equation 5.1. The ratio of the
added mass to the weight of the shell plating is about 3.3 for a typical panel. The added
masses within the simulation-based approach without FSI are considered as non-structural
mass per unit area within the definition of the different sections of the shell elements inside
LS-DYNA.

5.3. Load models

Two different load models to account for the loads resulting on the hull of the SPV during
the sideways launching process are proposed. One load model is based on rules and regu-
lations by classification societies, while the other is based on the results obtained from the
experimental approach. Lastly, the option of a load model based on CFD simulations is
discussed.

5.3.1. Rule-based approach

As discussed in section 4.1, different rules and regulations of classification societies provide
equations for assessing loads acting upon a ship’s hull structure during slamming events.
In [61] an approach for impact loads on bottom plating in case of slamming events is given,
which allows for a dynamic load model (compare Appendix A.2). The pressure pbi in
[kN/m2] can be calculated as follows [61]:

pbi = 0.5 · ksl · v2
slam (5.2)

The factor ksl in equation 5.2 is a hull form shape coefficient [61]:

ksl =

⎧⎪⎨⎪⎩
28 · [1 − tan (2 · βimpact)] , βimpact < 10◦

π
tan(βimpact) , βimpact ≥ 10◦

(5.3)
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5. Simulation-based approach without fluid-structure interaction

According to [61] it can be assumed, that the pressure-time signal of such an slamming
event can be represented by a triangular pulse load. The time period for the rise and fall
of the impulse tr can be calculated according to the following equation [61]:

tr = 1
4 · √

pbi
(5.4)

Based on this approach provided in [61] the following rule-based load model is proposed,
which describes the pressure prb on the shell plating of the hull structure of the SPV during
the sideways launching process as the following function of time:

prb =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 , t < timpact

pbi · t−timpact

tr
, timpact ≤ t < (timpact + tr)

pbi − (pbi − pdyn) · t−(timpact+tr)
tr

, (timpact + tr) ≤ t < (timpact + 2 · tr)

pdyn , t ≥ (timpact + 2 · tr)

(5.5)

A visualization of this rule-based load model is given in Figure 5.3. In equation 5.5 the
pressure prb is split into four parts. If no contact with the water surface is given (t < timpact),
the resulting loads are zero. As soon as the shell plating is in contact with the water surface,
the pressure rises linear to pbi within the time period of tr. After the peak is reached at
t = timpact + tr, the pressure drops linear within the time period tr to the hydrodynamic
pressure pdyn acting upon shell plating. As only a very short time period is assessed using
this load model, the resulting hydrostatic pressure is neglected, as pdyn >> pstat at the
moment of impact. The hydrodyanmic pressure pdyn is calculated as follows:

pdyn = ρw

2 · v2
slam (5.6)

A comparison of this rule-based load model with a pressure-time-signal obtained from
model tests is given in Figure 5.3b. The rule-based load model does result in lower loads
compared to model tests. The impulse J50 ms transferred in 50ms into the ship’s hull struc-
ture is roughly 54% of the impulse as measured during model tests at pressure transducer
P2 (pressure transducer with first contact to the water surface). The impulse of the rule-
based load model is 5.51kPa·s (see Figure 5.3a), whereas the mean impulse at P2 for case
LC_01 is 10.15kPa·s (compare Table 4.4).

For calculating the pressure prb according to equation 5.5 the following input data is
necessary: timpact, vslam and βimpact. These three parameters are calculated using the
analytical approach. Due to the shape of the hull of the SPV (no parallel midship section),
these information are needed for each shell element of the shell plating separately, as dif-
ferent parts of the hull structure will get in contact with the water surface at a different
time.

For the implementation of the rule-based load model in LS-DYNA different approaches
are possible [59]. One way is developing a function / model inside the loading subroutine
via *USER_LOADING and compiling a new version of LS-DYNA using a Fortran compiler.
A brief introduction of how to set up a subroutine via *USER_LOADING is given by Adoum
and Lapoujade [2]. This approach is quite complex as for implementing *USER_LOADING a
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Figure 5.3.: rule-based load model

deep understanding of the internal variables of LS-DYNA and compiling of a new version
of LS-DYNA are necessary. Therefore, this approach will not be used, as the load model
will be tied to a specific executable and version of LS-DYNA. Changes made to the load
model within *USER_LOADING will make re-compiling of the solver necessary. Therefore,
the alternative way of *DEFINE_FUNCTION together with *LOAD_SEGMENT_SET is used to
implement the rule-base load model as defined in equation 5.5.

This is realized by splitting the shell plating of the ship’s hull structure into different
segments. Each segments consists of the shell elements between longitudinal stiffeners /
girders located on the shell. For each of these segments a separate function is defined
using *DEFINE_FUNCTION. For each segment timpact, vslam and βimpact are calculated for the
moment where zi ≤ zwl is given at the centre of each segment. These values are then used
as the basis, to set up the load models as described by equation 5.5. This procedure is done
for the shell plating (PS) of the SPV from centreline to one deck above the inner bottom
at the highly loaded area between 0.35 < x/L < 0.65. This results in approx. 670 different
functions to be set up for the simulation-based approach without FSI. This implementation
yields in a high preprocessing effort, as for different conditions of the sideways launching
process all functions are to be set up again / updated.

An exemplary implementation of this load model for an segment of the shell can be
found in Appendix A.6. The definition of the function in *DEFINE_FUNCTION is based on
the programming language C++. A combination of VBA and Python macros is used to
set up the functions based on the results of the analytical approach.

5.3.2. Experimental approach

Another approach is the development of a load model based on the results of the experi-
mental approach as presented in section 4.3.2. The development of a load model based on
model tests / experiments is a possible approach according to classification societies [3],
[29]. The requirements are, that a sufficient amount of data is collected during experiments.
Different conditions and configurations are to be checked and pressure-time-signals are to
be measured at different locations on the model. These requirements are fulfilled for the
experimental approach as presented in section 4.3.
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5. Simulation-based approach without fluid-structure interaction

For the use of a load model derived from the experimental approach within the context
of the ship design process, an universal and adaptable load model is preferable. Therefore,
a generalization of the measured pressure-time signals is conducted. The pressure-time-
signals observed during model tests showed a harsh peak pressure followed by a quick
decay towards the dynamic pressure. The same behavior can be observed in other slamming
experiments as well, e.g in [43], [58], [94].

Such a behavior can be approximated by the use of an exponential function. The following
load model is proposed, to assess the pressure pmt resulting on the hull of the SPV based
on the results of the model tests:

pmt =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0 , t < timpact

kv · kβ · pmt max · e−kmt·(t−timpact) , timpact ≤ t < (timpact + tr mt)

pdyn , t ≥ (timpact + tr mt)

(5.7)

A visualization of this load model is provided in Figure 5.4. In equation 5.7 the pressure
pmt resulting on the ship hull is described in three stages. In the first stage, no contact
with the water is given (pmt = 0). After the impact of the ship hull with the water surface
at t = timpact the pressure rises instantly to the maximal peak pressure pmt max. The peak
pressure is obtained from model tests as given in Table 4.3 corrected by p0. Afterwards, a
decay of the pressure is described by the exponential function, where the decaying behavior
is defined by the decay constant kmt. The time of the decay to the dynamic pressure pdyn

(third phase) is defined by the expression tr mt. Values for kmt and tr mt in equation 5.7
can be derived by using the following conditions and solving the corresponding system of
equations for those two parameters:

• the impulse resulting on the ship hull Ji 50ms as used for the assessment of the model
tests in section 4.3.2 is equal for the load model and model tests

• continuity between phase two and three of the proposed load model as given by
pmt = pdyn at t = timpact + tr mt

In Figure 5.4a values for equation 5.7 obtained for pressure transducer P2 at test setup
LC_01 are provided. These values are used, as P2 does result in the highest impulse for
the design point of the model tests (compare Table 4.4). A comparison of the proposed
load model with measured pressure-time-signal is given in Figure 5.4b. The proposed load
model is able to fit the measured data well.

As discussed in section 4.3.2, the resulting impulse Ji 50ms is a function of the speed at
the ship hull at the moment of impact vslam. As illustrated in Figure 4.14, the impulse can
be described as a function of vslam by the means of a linear approximation. To account
for this effect inside the proposed load model, the factor kv is introduced in equation 5.7.
Based on the slope of the linear approximation as observed for pressure transducer P2 as
given in Figure 4.14b, the factor kv can be calculated as follows:

kv = 1 + 0.1784 · (vslam − 5.42) (5.8)

Equation 5.8 scales the resulting pressure pmt according to the slope as approximated in
Figure 4.14b. Values for vslam are to be input in [m/s] in equation 5.8.
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Figure 5.4.: load model based on experimental approach

In addition to the speed at impact, the deadrise angle βimpact does have a significant
influence on the resulting loads during a slamming event [23]. As Figure 4.7b shows, the
deadrise angle was approx. zero during all model tests. Due to this, no correction of the
load model based on the conducted model tests is possible. Therefore, the influence of the
deadrise angle is accounted for by the approach as provided in [61]. Based on equation 5.3
the factor kβ can be formulated as follows:

kβ =

⎧⎪⎨⎪⎩
1 − tan (2 · βimpact) for βimpact < 10◦

π
28·tan(βimpact) for βimpact ≥ 10◦

(5.9)

Equation 5.9 results in the same scaling of pressure as function of the deadrise angle as
used for the rule-based load model in section 5.3.1.

The implementation of the load model based on the experimental approach is done in
LS-DYNA analogously to the rule-based load model (see section 5.3.1). An exemplary
implementation of this load model can be found in Appendix A.7.

5.3.3. Computational fluid dynamics

A third option for the simulations without FSI is a load model based on CFD simulations.
Such an approach is pretty common in naval architecture for determining loads during
slamming events [1], [104]. It is further referenced in rules and regulations, e.g. in [3], [18],
[25]. As already discussed in section 2.2, the sideways launching process of a ship is from a
physical point of view pretty similar to the launch of a FFLB. One example for a simulation-
based approach without FSI is proposed in [20], where CFD and FEM simulations were
combined in order to assess the hull structural loads resulting inside a FFLB during its
launch and water entry phase. This approach is a one-way coupling from CFD to FEM
without actual FSI, meaning that the resulting pressure of the CFD simulations is mapped
for defined time steps onto the mesh of the FEM model of the FFLB. As one-way coupling
together with quasi-static FEM simulations was used, no effects of hydro-elasticity were
considered during simulations in [20].
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5. Simulation-based approach without fluid-structure interaction

As discussed in [18], quasi-static approaches for water entry problems are problematic.
Especially in cases where effects of hydro-elasticity are of importance — which is true for
the sideways launching process of the SPV — (βimpact ≈ 0◦), loads can be severely overes-
timated [18]. Therefore, an approach similar as proposed in [20] is not further investigated
for the sideways launching process of the SPV, as no clear benefits compared to the load
model based on the experimental approach or the simulation-based approach with FSI as
proposed within this work are given.

5.4. Results

Within the following section, the results of the simulation-based approach without FSI
are discussed. The resulting hull structural loads inside the SPV are assessed and the
underlying load mechanism is investigated. Additionally, the influence of the different load
models as well as FEM models of the SPV are discussed.

5.4.1. Ship motion

The load models proposed for the simulation-based approach without FSI do not allow for
an assessment of the ship motion during the sideways launching process. For assessing the
ship motion, other approaches have to be used additionally. Possible are an experimental
approach as presented in section 4.3 or the use of CFD simulations.

5.4.2. Hull structural loads

Resulting load mechanism

The dominant load mechanism observed with the simulation-based approach without FSI
are hull structural loads resulting from the impact with the water surface. The principle
of this load mechanism is illustrated in Figure 5.5. The loads resulting from this load
mechanism are acting upon the shell of the hull structure and are transferred into its
supporting structure (web frames and bottom structure). The resulting hull structural
loads for highly loaded areas are shown and explained in Figure 5.6.

As the model tests showed, a deadrise angle of nearly 0◦ between could be observed for all
test setups (compare Figure 4.7b). This configuration leads to very high peak pressures right
after impact with the water surface. Lateral bending deformation of the shell plating with
high bending stresses inside the shell plating can be observed, as shown in Figure 5.6a. At
very highly loaded areas (first contact with the water surface with highest speed at impact),
parts of the shell plating undergo minor plastic bending deformation (compare Figure 5.6b).
For the sideways launching process of the SPV such a plastic bending deformation of the
shell plating is unacceptable.

Besides the shell plating, the structural members supporting the shell are highly loaded.
Inside the floor plating moderate compression stresses right after impact with the water
surface are observed, as presented in Figure 5.6d. Only in areas with manholes / inspection
holes higher, localized stress concentrations can be observed due to notch effects. The
web frames supporting the shell are higher loaded. Inside the corner of the web frames
high compression stresses are present, as shown in Figure 5.6c. The plating of the web
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model tests + combined FEM model of SPV + LC LAUNCH)
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frames could buckle under these compression loads, resulting in a loss of the stability of the
corresponding web frame and the formation of a plastic hinge.

These high hull structural loads resulting from this load mechanism are limited to the
area of first contact of the hull of the SPV. Potential damages or failure of the hull structure
would be limited locally to individual structural components. Potential failure modes are
permanent plastic deformation of the shell plating due to lateral bending and / or buckling
of structural members supporting the shell such as the bottom structure and web frames
due to the resulting compression loads.

The loads during the impact of the SPV with the water surface are mainly influenced by
the speed of the hull at the moment of impact vslam, as the model tests showed (compare
Figure 4.14). The main parameter influencing the resulting impulse on the ship hull is the
height of the drop around the edge of the pier. A change of the drop height can either be
achieved by altering the height of the palls or a lower water level inside the launch basin
(low tide). As a consequence regarding the sideways launching process of the SPV, the
height of the drop around the edge of the pier should be as low as possible to actively
reduce the hull structural loads resulting from this load mechanism. The height of the palls
should be as low as possible while allowing for a sufficient clearance between the edge of the
pier and the SPV. The tidal range should be used to the full extent (high tide; preferably
spring tide). The influence of the drop height is investigated later in this work based on
the proposed simulation-based approach using FSI.

Influence of load models

Simulations without FSI are carried out with the both the rule-based load model as well
as the load model derived from the experimental approach. The influence and differences
of the two load models on the hull structural loads are investigated using the combined
FEM model of the SPV. A comparison between the two load models of the resulting hull
structural loads for the highly loaded areas is provided in Figure A.36.

Besides the shape of the pressure-time-signal (triangular vs. exponential function), the
main difference between the rule-based load model and load model based on the experimen-
tal approach, is the impulse transferred into the ship hull after the impact with the water
surface. Comparing Figure 5.3a and Figure 5.4a, the impulse Ji 50ms is 84% higher based
on the experimental approach. This is almost a factor of two between both load models.

These lower loads in the rule-based load model are reflected in the resulting hull structural
loads as Figure 5.7 shows. The bending stresses resulting inside the shell plating are about
four times lower for the rule-based load model compared to the experimental approach,
as Figure 5.7a shows. The same factor can be observed for the corner of the web frame
(compare Figure 5.7b). Using the rule-based load model no plastic bending deformation of
the shell plating as shown in Figure 5.6b can be observed. No part of the hull structure is
highly or even critically loaded while using the rule-based load model.

The factor of nearly two for the impulse does not translate proportionately into the
resulting hull structural loads. One explanation for this difference is the different form of
the pressure-time signals. The pressure-time signal derived from the experimental approach
shows a much steeper form compared to the model as given by rules of LR [61] (compare
Figure 5.3a and 5.4a). The harsher pressure-time signal does result in more severe hull
structural loads.

If the design of the hull structure of the SPV against the hull structural loads resulting
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Figure 5.7.: resulting hull structural loads — influence of different load models (combined
FEM model of SPV + LC LAUNCH)

from the sideways launching process were based solely on simulations without FSI, the
application of the rule-based load model is not recommended. There is the possibility of
severely underestimating the hull structural loads including subsequent damages of the hull
structure of the SPV during the sideways launching process.

Influence of FEM models of hull structure

The influence of the FEM models of the SPV on the hull structural loads within the context
of the simulation-based approach without FSI is investigated using the load model based
on the experimental approach. A comparison of the resulting hull structural loads for the
highly loaded areas is provided in Figure A.37. An overview of the different BC used for
the FEM models of the SPV is given in Appendix A.5.

The global FEM model of the SPV is not able to account geometrically for the bend-
ing deformation of the shell plating, as only one shell element is used over the width of
an average panel of the shell plating. Therefore, the resulting stresses in x-direction are
underestimated by roughly a factor of three compared to the detailed or combined FEM
model. This difference is visualized in Figure 5.8a. The same behavior can be observed for
the supporting members of the shell. While the resulting loads inside the floor plating are
quite comparable (see Figure A.37d), for the web frame as well as the bulkhead a factor
of approx. two between the global and detailed FEM model of the hull structure can be
observed. This difference is shown for the web frame in Figure 5.8b.

There are two reasons for this difference. One one hand, the global FEM model is not
able to account sufficiently for the stress concentrations around hot spots like corners of the
web frames (notch effect). The detailed FEM model can cover these effects due to the finer
mesh size. On the other hand, the shell plating plus supporting members (floor plating
and web frames) of the global FEM model are stiffer compared to the detailed FEM model
of the highly loaded area. As the shell of the hull structure is able to undergo a bigger
bending deformation in the detailed FEM model, a shift of the the hull structural loads can
be observed. Inside the global FEM model the loads are distributed more evenly among
all supporting members of the shell, while in the detailed FEM model a transfer of the
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Figure 5.8.: resulting hull structural loads — influence of different FEM models of SPV
(load model based on model tests + LC LAUNCH)

resulting loads towards the bulkheads can be observed. Due to the higher stiffness of the
bulkheads compared to rest of supporting members of shell, the bulkheads are subjected to
higher loads inside the detailed FEM model.

As the hull structural loads resulting during the sideways launching are underestimated by
a factor between two and three compared to the detailed FEM model, the global FEM model
is not a suitable choice for the hull structural design in the event of the sideways launching
process. As the resulting stresses are underestimated, damages to the hull structure during
the sideways launching process could potentially occur if only a global FEM model is used.

The detailed FEM model as well as the combined FEM model of the hull structure show
pretty similar results, especially at the moment of impact with the water surface. Both
models are a valid choice for the simulation-based approach without FSI, as both models
are able to capture and assess relevant details and components of the hull structure. As
Figure A.37 shows, the influence of the different BC on the resulting hull structural loads
using the detailed FEM model is negligible.

5.5. Benefits and limitations

Benefits of the simulation-based approach without FSI are the lower modelling as well as
computational effort compared to the proposed simulation-based approach using FSI. The
resulting hull structural loads obtained with a detailed FEM model of the highly loaded
areas of the hull structure are very similar compared to the combined FEM model of the
SPV, which considers the complete hull structure (compare Figure 5.2). Therefore, the
model inside the simulation-based approach without FSI can be limited to the area of
interest saving necessary modelling effort. In addition, the computational effort is lower
compared to the simulations using the ALE approach by at least a factor of two. The
necessary computational effort of both simulation-based approaches is discussed in more
detail later within this work.

One of the major difficulties of the simulation-based approach without FSI is assessing
the resulting loads on the ship hull as present during the sideways launching process. An
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adequate load model has to be derived. Two load models are proposed: a rule-based
load model and a load model based on an experimental approach (model tests). As a
comparison of the resulting hull structural loads show, the results of these two load models
differ significantly. The impulse transferred into the hull structure of the SPV is 84% higher
using the load model based on the experimental approach. This difference results in approx.
four times higher hull structural loads inside the shell plating and its supporting structure
like the web frames (compare Figure 5.7). If solely the rule-based load model were used
during the design of the SPV, local damages or failure of the hull structure as explained in
section 5.4.2 could occur during the sideways launching process.

It has to be noted that the proposed load model based on the experimental approach
is only valid for the investigated SPV. Due to the combination given by the shape of the
hull (inclination of bottom structure) and the geometry of the slipway, the deadrise angle
during the sideways launching is approx. zero for all investigated configurations. This is
visualized in Figure A.4. For other ship types with flat bottom structures, the bilge will
be most likely the point of first contact with the water surface resulting in vastly different
deadrise angles at the moment of impact. As the peak pressure resulting on a structure
decreases significantly if the deadrise angle of the structure is increased [23], applying the
proposed load model based on the experimental results to different geometric configuration
or other ship types will presumably result in too high loads.

One major drawback of the simulation-based approach without FSI compared to the
prosed simulation-based approach using FSI is the fact, that the proposed load models do
not allow for an assessment of the resulting ship motion during a sideways launching process.
For this purpose different approaches are to be used in addition to the simulation-based
approach without FSI, like the experimental approach or CFD simulations. Furthermore,
there are physical effects, which are not accounted for by the simulation-based approach
without FSI. Like the analytical approach proposed in section 4.2, the simulation-based
approach without FSI is not able to account for the elevation of the water surface and its
interaction with the ship hull during the immersion of the SPV.

As the deadrise angle between the hull of the SPV and the water surface during the side-
ways launching is approx. zero for all investigated configurations, the interaction between
the ship’s hull structure and the water surface plays an important role regarding the peak
pressure observed at the moment of impact. The peak pressure at impact is reduced by
up to 30% for an elastic bottom structure compared to a rigid one [94]. Therefore, the
load model obtained from the experimental approach is too conservative, as the stiffness
of the ship model used during model tests is significant higher (≈ rigid bottom structure)
and not in scale with the hull structure of the SPV (= elastic bottom structure). Effects
of hydro-elasticity are not accounted for.
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6. Simulation-based approach using
fluid-structure interaction

After investigating the use of simulations without FSI for the sideways launching process
of the SPV, a simulation-based approach using FSI based on an ALE approach is proposed
within this section. After explaining the general setup of the ALE approach, a parametric
study of relevant setting of the FSI algorithm for the use case of the sideways launching
process is conducted. Using these results, a verification of the ALE approach based on
the model tests of the sideways launching process of the SPV is conducted. In addition,
the necessary computational effort for the ALE approach is discussed and compared to
simulations without FSI. Different approaches for optimizing the performance of the ALE
approach are investigated. Lastly, the results obtained with the simulation-based approach
using FSI (ship motion and hull structural loads) are discussed. This includes a parametric
study regarding the resulting hull structural loads.

6.1. Setup of Arbitrary-Lagrangian-Eulerian approach
The model of the sideways launching process is set up using three different, independent
parts: a FEM model of the hull structure of the SPV, the launch basin at the shipyard and
the surrounding fluids (air and water) using an ALE element formulation. An illustration
of the setup of the simulation-based approach using FSI is given in Figure 6.1. General
properties of the FEM of the ALE domain are provided in Table 6.1. All values in Table
6.1 are rounded to the nearest hundred.

The coupling of the ALE elements with the FEM model of the SPV and launch basin is
done by *CONSTRAINED_LAGRANGE_IN_SOLID in LS-DYNA. This function activates the FSI
algorithm based on the penalty method. The theoretical framework behind this approach
is explained in section 3.2. By using this penalty method, the FSI between the hull of the
SPV and surrounding fluids is accounted for. This approach allows to describe the hull
structure of the SPV with a classic Lagrangian element formulation.

Therefore, the same models of the SPV as for the simulation-based approach without
FSI can be used, which are described in section 5.2. No modifications of these models are
needed. This enables a modular modelling approach with very quick swapping of the FEM
model of a ship’s hull structure. A more detailed description of this modular modelling
approach is given in [98]. This is very handy especially during the early design phase. The
FEM model can be updated and swapped easily to account for alterations or an increasing
level of detail of the hull structure as the design phase progresses.

The surrounding media of the ship hull (air and water) are modelled using 3D ALE
elements together with the corresponding EOS as described in section 3.3. Cubical 3D
elements with eight nodes and an aspect ratio of 1 are used for the ALE domain, which
results in simple and fast generation of the mesh of the ALE domain. An one point ALE
multi-material element formulation (ELFORM=11 in LS-DYNA) is utilized for the ALE do-
main. The multi-material element formulation allows mixing different fluids inside ALE
elements. With this element formulation the free water surface including waves and spray
are accounted for. As explained in section 3.1, the mesh of the ALE domain is only used
as a reference frame for the start of the simulation. The different media inside the ALE
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Figure 6.1.: setup of ALE approach for the sideways launching process of the SPV

Table 6.1.: properties of FEM model used for ALE domain
parameter unit value

solid elements (pier) [ - ] 55,200
ALE elements (total) [ - ] 7,302,000

ALE elements (area of refinement) [ - ] 6,597,400
nodes [ - ] 7,570,000

domain are initialized in LS-DYNA as so-called multi-material groups. The water inside the
launch basin is initialized using *INITIAL_VOLUME_FRACTION_GEOMETRY inside LS-DYNA.
Using this function, the different multi-material groups inside the ALE domain are initial-
ized according to given geometric specifications independently from the initial mesh of the
ALE domain. This functionality allows for very fast setup of different conditions. E.g the
water level inside the launch basin can be changed by defining it as a parameter inside
*INITIAL_VOLUME_FRACTION_GEOMETRY.

Based on the results as provided in [99], an element length of LALE = 500mm is used
for the ALE elements during simulations. In order to assess the interaction of the ship hull
with the water in more detail, the area the ship will immerses into the water is refined
locally. Within this area of refinement the element size of the ALE domain is halved to
LALE refine = 250mm, as shown in Figure 6.1. Due to the size of the launch basin at
the shipyard, the ALE-domain is large. Around 7.3 million 3D ALE elements are used for
modelling the water and air inside the launch basin (see Table 6.1).

The launch basin is considered inside the FEM model, as Figure 6.1 shows. It is consid-
ered solely to account for the interaction between the water surface and the launch basin
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(e.g. reflection of waves inside the launch basin). The launch basin is modelled based on
the conditions at the potential construction shipyard of the SPV using 3D solid elements
(Lagrangian element formulation; linear elastic material model).

The simulation-based approach using FSI starts just before the first contact of the ship’s
hull with the water surface to save computational time. The starting point is shown in 6.1.
The initial conditions are calculated using the analytical approach as proposed in section
4.2.1. The conditions at the end of phase 2 — tipping are used as initial conditions for the
simulation-based approach using FSI. This includes the position of the SPV relative to wa-
ter surface (yCOG impact, zCOG impact and φimpact) as well as the velocity (vy impact, vz impact

and ωx impact). The velocities are initialized using *INITIAL_VELOCITY_GENERATION in LS-
DYNA. Besides the inertia loads of the ship, only gravitational loads are acting within the
simulation-based approach using FSI.

6.2. Parametric study of settings used for fluid-structure
interaction

As suggested in [9], [10], a parametric study regarding different settings and parameters
was carried out due to the complexity of the ALE approach and the FSI algorithm based on
the penalty method. The goal was to investigate, which parameters are relevant regarding
the results of the sideways launching process (ship motion and hull structural loads). Each
parameter was varied one at time starting from a baseline. The settings for the baseline were
derived based on experience with the simulation of underwater explosion for the design of
naval vessels as presented in [98]. A more in-depth description of the conducted parametric
study is given in [99]. Only the most relevant aspects and results are considered within
this section. An overview of all investigated parameters is provided in Appendix A.8. All
results obtained from this parametric study are given in Appendix A.8 as well.

Due to the size of the ALE domain and complexity of the simulation model of the SPV,
the parametric study was carried using a smaller FEM model resembling the conditions
given at a sideways launching process. This FEM model is shown in Figure 6.2 and consists
of a simple rectangular box structure comparable to a pontoon, a small fluid domain and
a launch basin. The dimensions and initial conditions used for the box structure are given
in Figure 6.2. The setup of this model is exactly as described in section 6.1.

Similar parametric studies regarding the setup of the ALE approach and relevant settings
of the FSI algorithm can be found in literature. One example is the work by Wang et al.
[107], who carried out such a parametric study for the water entry problem of a sphere. As
found in [107], the density ratio DR between ALE and Lagrangian elements is the most
relevant parameter. The density ratio DR is defined as follows:

DR = LALE

LLagrange
(6.1)

In equation LALE and LLagrange are the sizes of the ALE and Lagrangian elements.
In [107] DR ≈ 0.5 is suggested, while in [59] DR ≈ 1.0 is recommended for a sufficient
coupling based on the penalty method. The setup of the ALE domain together with the
global FEM model of the SPV result in 0.6 ≤ DR ≤ 0.7 for the proposed simulation-based
approach using FSI. A similar value is used as the baseline for the conducted parametric
study (DR = 0.625, see Figure 6.2).
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Figure 6.2.: FEM model used for parametric study of FSI settings

6.2.1. Motion of box structure

Different aspects of the ship motion are of interest during the sideways launching. Only the
two most important aspects of the box structures motion are discussed within this section:
the trajectory of the box structure and the maximum roll angle.

The different FSI settings influence the motion of the box structure in two different ways.
On one hand, the fluid can be made stiffer. This can be obtained if a coarser element size
of the ALE elements (NLVL=1 | DR = 1.25) is used. The box structure is decelerated
more quickly and does not travel as far in the transverse direction (see Figure A.24e). This
deceleration increases the maximum roll angle due to higher resistance of the fluid (see
Figure A.22e). The box structure gets "stuck" inside the fluid.

On the other hand, the fluid can be made less stiff resulting in a more dynamic behavior
of the box structure. This can be done by setting the coupling direction inside the FSI
algorithm to DIREC=2 (compression only). The box structure is not decelerated as fast
and will immerse deeper (see Figure A.25a). The roll angle is higher, too. But in contrast
to the stiffer fluid, the box structure will upright itself more dynamically (compare Figure
A.22a). This more dynamic behavior is apparent, if a closer look is taken on ωx at t (φ = 0)
in Figure A.21. The roll velocity is almost 50% higher compared to the baseline and all
other simulations of this parametric study.

Besides the mesh size of the ALE elements and direction of coupling, other parameters
do not significantly influence the motion of the box structure. This is especially true for
the maximum roll angle, as Figure A.18 shows. The motion of the box structure is quite
robust in regards to the setup of ALE approach and settings of the FSI algorithm.
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6.2.2. Hull structural loads inside box structure
Besides the motion of the box structure, the influence of the investigated parameters on the
resulting hull structural loads inside the box structure are investigated. For this purpose
the resulting equivalent von-Mises stresses of chosen shell elements located at the centre of
the bottom and side plating are assessed (compare Figure 6.2).

Figure A.26 and A.27 show, that the direction of coupling DIREC as well the mesh size
of the ALE elements (NLVL | change of DR) are the most relevant parameters for the
resulting hull structural loads inside the box structure. A coupling direction of DIREC=2
(compression only) does result in slightly higher stress levels, while simultaneously showing
a smoother stress-time-signal with less fluctuations.

As Figure A.26e as well as A.27e illustrate, the mesh size of the ALE elements is extremely
important if stresses inside a structure are of interest. Using NLVL=1 (DR = 1.250 |
coarser ALE mesh than baseline) the fluctuations of the stresses are very high. In fact, the
fluctuations are so high, that no reasonable evaluation of stresses inside the box structure
is possible. When using NLVL=3 (DR = 0.313 | finer ALE mesh than baseline), the stresses
are smoother and seem to be filtered.

If the frequencies of fluctuations are compared, they appear to be in correlation with
the encounter frequency between the Lagrangian elements of the box structure and ALE
elements of the fluid. This could indicate that the fluctuations as seen in Figure A.26 and
A.27 could be induced numerically by the FSI algorithm, while the Lagrangian elements
travelling through the ALE elements. For the first part of the simulation the encounter
frequency fencounter between the Lagrangian elements and ALE elements can be roughly
estimated using the following equation:

fencounter ≈ vy · cos (φ)
LALE

(6.2)

A plot of fencounter can be found in the Appendix in Figure A.28a to A.30a. By using fast
Fourier transform (FFT) the stress-time-signals are transferred into the frequency domain.
The results of the FFT are given in Figure A.28a to A.30b. If a closer look is taken on the
baseline (see Figure A.29b), the encounter frequency can be identified as peaks inside the
frequency domain based on the FFT. This backs up, that the fluctuations of the stresses
are induced numerically by the FSI algorithm.

In the case of NLVL=1 the encounter frequency is nearly halved compared to the baseline.
The frequency sweep is slower, so that each encounter frequency is acting upon the box
structure for a longer time period. Additionally, for the case of the box structure an
eigenmodes around 11Hz, 17Hz and 20Hz can be observed based on the peaks in the FFT
(compare Figure A.29b). The encounter frequency in the case of NLVL=1 is within the range
of these eigenmodes, so that resonance occurs. The numerical fluctuations induced by the
FSI algorithm excite these eigenmodes, which are an explanation for the severe fluctuation
of the resulting stresses as observed in Figure A.26e. In contrast to NLVL=1, the encounter
frequency is nearly doubled while using NLVL=3 compared to the baseline. The frequency
sweep is way faster, meaning that each encounter frequency is only acting for a very short
time period on the box structure. Possible eigenmodes are excited for a much shorter time
period reducing stress fluctuations quite drastically. In addition, the encounter frequency
lies above the observed eigenfrequencies.

To avoid resonance / high fluctuations of the stresses inside Lagrangian elements, a check
whether fencouter ≈ feigen of the Lagrangian structure is advisable. The mesh size of the
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ALE domain should be checked and account for this phenomena. A smaller element size for
the ALE elements will result in a faster frequency sweep of the encounter frequency. This
results in less fluctuations minimizing the risk of resonance inside the Lagrangian elements.
Using a higher damping in the FSI algorithm (DAMP in *CONSTRAINED_LAGRANGE_IN_SOLID),
reduces these fluctuations only slightly (compare Figure A.26c). The use of DIREC=2 (com-
pression only) does result in lower fluctuations compared to DIREC=1 (tension and com-
pression), as Figure A.26a shows.

All other parameter do not majorly influence the stresses observed inside the plating of
the box structure. Only the fluctuations are altered slightly by the different parameters.
The stress levels on a global scale are not altered significantly.

6.3. Verification of Arbitrary-Lagrangian-Eulerian approach

Before applying the proposed simulation-based approach using FSI on the sideways launch-
ing process of the SPV, a thorough verification of the utilized ALE approach and FSI
algorithm for this use case is necessary. Therefore, a verification of the ALE approach is
done based on the model tests as conducted in section 4.3. Two aspects are important: the
ship motion and the loads resulting on the ship hull. Especially the loads at the impact
with the water surface are to be checked.

During the verification process the results and knowledge obtained by the parametric
study as given in section 6.2 are used to find settings adequate for the use case of a sideways
launching process. This includes settings regarding the general setup of the ALE approach
as well as the different aspects of the FSI algorithm. All relevant settings for the proposed
simulation-based approach using FSI are provided in Appendix A.10.

Slamming experiments

Before conducting a verification of the ALE approach based on the complex model tests of
the sideways launching process (three DOF, high level of asymmetry, βimpact ≈ 0, influence
of hydro-elasticity), a verification based on simpler slamming experiments (one DOF, sym-
metric, βimpact ̸= 0, no effects of hydro-elasticity) is advisable. Such verifications can be
found in literature. One of the earliest examples for such a verification is [7]. More recent
examples for the use of an ALE approach for slamming and water entry problems can be
found in [96], [97], [106], [107], [116].

The settings for the proposed simulation-based approach using FSI as given in Appendix
A.10 were verified using slamming experiments as well. For this purpose the slamming ex-
periments conducted in [43] were used. As shown in [99], the kinematics of the wedge (dis-
placement and velocity), the loads resulting on the bottom plating of the wedge (pressure-
time-signals) as well as the effects of hydro-elasticity (deformation of bottom plating) could
be assessed very well with the settings as provided in Appendix A.10.

FEM model of experimental approach

A verification of the ALE approach was conducted based on the model tests of the sideways
launching process, which is also presented in [99]. The test setups LC_01 and LC_02
according to Table 4.2 were used for verification purposes, as for these test setups several
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measurement series (4x each) are available. The results within this section are limited to
LC_01 (design point).

A FEM model was set up as closely as possible to the conditions of the model tests. The
same setup for the ALE approach as proposed in section 6.1 was used. The according initial
conditions (position relative to the water surface and speed of ship model) were obtained
from the results of the model tests. The ALE domain was scaled down by the model scale
(λsm = 32). This results in element size of 7.8mm in the area of refinement for the ALE
elements. The FEM model of the SPV was set up to in accordance with the ship model
as used during the model tests. A depiction of this FEM model is shown in Figure 6.3.
General properties of this FEM model can be found in Table A.7. The element size is in
scale with the global FEM model of the SPV resulting in average element size of approx.
12.5mm. Masses relevant during model tests (e.g. measurement equipment and trimming
weights) were considered according to weight calculation sheets provided by the ship model
basin. Using *CONSTRAINED_NODAL_RIGID_BODY_INERTIA, these masses were connected to
the shell elements of the ship model as illustrated in Figure 6.3. Great care was taken to
model the weight distribution in the FEM model as closely to the model tests as possible.

As the deadrise angle was nearly zero during model tests, effects of hydro-elasticity are
of importance for the resulting peak pressure on the hull of the SPV [18], [94]. Therefore,
the elasticity of the hull of the ship model was considered during the verification to obtain
reasonable results. As mentioned in section 4.3.1, the hull of the ship model was built
using NFRPC. As the ship model was built in single production, no information regarding
the thicknesses and orientation of different NFRPC layers are available, which could be
considered accordingly inside the FEM model. Hence, a linear, isotropic material model
was used for the NFRPC. This corresponds to a quasi-isotropic laminate lay-up [90].
Average values for hand lay-up for the material model of the NFRPC were used inside the
FEM model. The material properties used for the FEM model are given in Table A.6.
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Figure 6.3.: verification of ALE approach — FEM model of ship model
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Ship motion

For the verification of the ALE approach the ship motion is compared to the results of the
model tests. For this purpose the roll angle as well as the trajectory at the COG are used.
In Figure 6.4 the ship motion obtained with the ALE approach is compared to the results
of the model tests. Note, that these results are given in model scale, as the FEM model of
the experimental approach was set up in model scale. In addition, a detailed comparison
of the results obtained with the ALE approach and model tests is given in Appendix A.9.
The simulation results are compared with images captured during model tests at the ship
model basin.

The roll angle resulting with the ALE approach shows very good agreement with the
model tests. The maximal roll angle is virtually identical, as Figure 6.4a shows. Using the
ALE-approach |φmin| = 31.3◦ compared to 32.2◦ observed during model tests for LC_01.
The difference is about -2.8%, which is just slightly higher as the coefficient of variation
observed during the measurement of the maximal roll angle (see Table A.3). Therefore,
one of the most critical parameters of the sideways launching process regarding the ship
motion can be assessed adequately with the proposed simulation-based approach using FSI.
Similar observations can be made for the dynamic behavior of the roll motion of the SPV.
The roll angle as well as roll velocity resulting with the ALE approach are very close the
results of the model tests.

Only slight deviations of these two signals compared to the model tests can be observed.
These deviations can be explained by the model scale. During model tests a lot of very fine
spray at the ship hull was given. As soon as these effects are apparent (see second to fourth
picture of Figure A.32), slight divergence between the ALE approach and model tests can
be observed. This point is marked in Figure 6.4a. The chosen element size for the ALE
domain is not fine enough to account for these effects.

In addition, slight deviations of the resulting roll period of the SPV are given. The
results obtained with the ALE approach show a slightly higher roll period compared to
model tests. On explanation for this phenomena are the added masses. As shown in [99],
the added masses resulting with the ALE approach are overestimated by approx. 10%.
Slightly higher added masses result in a more inert motion of the ship, as the ODE of
motion 4.5 suggests.

As illustrated in Figure 6.4b, the trajectory of the COG resulting with the ALE approach
shows good agreement with the model tests as well. The point of deepest immersion
(clearance between ship and bottom of launch basin) is almost identical. The only difference
is that the SPV is decelerated more quickly while using the ALE approach. Based on the
parametric study of the different FSI settings as conducted in section 6.2, this behavior
indicates that the mesh size of the ALE elements is slightly too big (compare Figure A.24e
as well as A.25e). Using an finer element size for the ALE domain would result in a slower
deceleration of the SPV. The density ratio DR between the ALE and Lagrangian elements
is with 0.6 ≤ DR ≤ 0.7 slightly higher than the suggestion in [107] (DR = 0.50). However,
an element size of 7.8mm (250mm in full scale) for the ALE domain is a good compromise
between accuracy and computational effort, as discussed later on within this chapter.

In total, the ship motion during the sideways launching process can be assessed very well
with the proposed simulation-based approach using FSI. Especially the maximal roll angle
resulting with the ALE approach is virtually identical to the results obtained during model
tests. The dynamic behavior of the SPV can be assessed well using the ALE approach,
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Figure 6.4.: verification of ALE approach — ship motion @ LC_01 (model scale)

too. Only minor deviations can be observed. The ship motion is slightly more inert with
the ALE approach. From a design point of view these differences are negligible for the
assessment of the sideways launching process of the SPV.

Pressure on ship hull

Besides the motion, the pressure-time-signals obtained with the ALE approach are com-
pared with model tests. A comparison for all four pressure transducers is given in Figure
6.5. Note, that these results are given in model scale. The pressure-time-signals shown for
the ALE approach are lowpass-filtered using a cutoff frequency fcutoff = 250Hz.

The pressure-time-signals resulting with the ALE approach show adequate agreement
with the model tests. The peak pressure at impact with the water surface can be assessed
with the ALE approach - especially for P2 to P4. The results for P1 are bit attenuated
compared to model tests (see Figure 6.5a). As P1 came into contact with the water later
than the other pressure transducers, the peak pressure is dominated by the spray root
forming at the ship hull [43], [44], [102]. As already discussed, the mesh size used for the
ALE domain is not fine enough to account for the spray forming in model scale sufficiently.

A big challenge while evaluating the pressure-time-signals resulting with the ALE ap-
proach are high frequency fluctuations. There are four main reasons for these fluctuations.
As described in section 3.3.2, water is modelled using the Mie-Grüneisen-EOS. Using this
EOS water is modelled as a compressible medium. Due the high bulk modulus of water
small changes of the density will result in high fluctuations of the pressure. Secondly, a FSI
algorithm based on the penalty method is used for the simulation-based approach using FSI
(see section 3.2). This method induces high frequency oscillations by the transfer of forces
into the water as discussed in detail in [7]. Although these fluctuations can be reduced by
using a higher value for the damping inside the FSI algorithm, the fluctuations could not
be avoided completely. Thirdly, the pressure transducers used during model tests have a
specified area of measurement (→ spatial filtering), whereas the monitoring of the pressure-
time-signals within the ALE approach is limited to a point without any expansion. Lastly,
due to the very small ALE domain in model scale, pressure fluctuations travelling in the
form of pressure / shock waves inside the water basin are reflected very quickly back to the
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Figure 6.5.: verification of ALE approach — pressure-time-signals @ LC_01 (model scale)

pressure transducers. Based on the given geometry of the launch basin in model scale and
the speed of sound of water, a shock wave travelling from the water surface to the bottom
of the launch basin back to the water surface needs about 0.50ms.

These reasons explain why the pressure-time-signals based on the ALE approach contains
a lot of high frequency fluctuations and are more noisy compared to the signals obtained
with the pressure transducers used during model tests (compare Figure A.31d). Therefore,
the use of a lowpass filter is necessary to obtain pressure-time-signals suited for comparison
with the results of the model tests. Choosing an adequate cutoff frequency is always a com-
promise (high fcutoff → noisy signal vs. low fcutoff → attenuation of peak pressure). The
influence of the chosen cutoff frequency is investigated in Figure A.31. A cutoff frequency
of 250Hz is a good compromise.

As discussed in section 4.3.2, the assessment of the pressure peak is not a meaningful way
to asses the loads resulting on the ship hull. The peak pressure observed during model tests
of the sideways launching process were subjected to a certain degree of fluctuation. In case
of the ALE approach the deviation of the peak pressure is further determined by the chosen
cutoff frequency for the lowpass filter. For this reason the evaluation of the loads resulting
on the ship hull is based on the impulse analogously to the results of the model tests (see
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Table 6.2.: verification of ALE approach — impulse at different pressure transducers (full
scale)

transducer Ji 50ms in [kPa·s ] difference
model test ALE approach in [%]

P1 9.61 8.11 -15.61
P2 10.15 10.51 +3.55
P3 8.77 9.34 +6.54
P4 8.69 9.82 +13.00

section 4.3.2 for details). As the model used for the verification of the ALE approach is
in model scale, the impulse is evaluated based on the resulting pressure-time-signals in
model scale and afterwards transferred to full scale. The following equation is used for this
purpose:

Ji 50ms ALE =

⎡⎢⎢⎣
tpi max +50ms·λ−0.5

sm∫︂
tpi max

(pi − p0) dt

⎤⎥⎥⎦ · λ3.5
sm (6.3)

The impulses resulting with equation 6.3 are given in Table 6.2. The impulses obtained
with the ALE approach are in good accordance with the results obtained using model tests.
The deviation of the impulse between the ALE approach and model tests is slightly higher
as the uncertainties observed during model tests (compare Table 4.4). Besides deviation of
the peak pressure due to filter settings, another aspect are the initial conditions used for
the FEM model of the verification. Slight deviations between model tests and the FEM
model can significantly alter the results obtained with the ALE approach. As mentioned
above: Based on data provided in [23], a difference of the deadrise angle of 1◦ does result
in a difference of the peak pressure of roughly 10% for the impact speeds observed during
the model tests.

All in all, the proposed simulation-based approach using FSI is able to assess the loads
resulting on the ship hull sufficiently on an integral level. The ship motion obtained with
the ALE approach is almost identical to the results of the model tests. If the pressure
resulting with the ALE approach and transferred via the FSI algorithm onto the hull of
the SPV were just slightly off, the ship motion would be altered significantly over the time
period simulated for the verification.

6.4. Optimization of computational effort

One of the drawbacks of the ALE approach is the increased computational effort and
thus necessary simulation time compared to the simulation-based approach without FSI.
However, some settings of the ALE approach as well as FSI algorithm can be optimized for
decreasing the computational effort. An overview of the investigated aspects is provided in
Figure 6.6. The influence of each of these different aspects on the computational effort is
discussed in the following section. All investigations within this section are based upon the
combined FEM model of the SPV. All values are provided for simulations using 16 cores on
an Intel Xeon Gold 6154 processor @3.70GHz (boost speed) and LS-DYNA release R13.1.

By considering all measures as given in Figure 6.6, a speedup of 3.4 is achieved for the
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Figure 6.6.: influence of different settings on computational effort of ALE approach

simulation-based approach using FSI compared to the baseline as given in [98]. About 6.5
days are needed to simulate one second of real time of the sideways launching process. For
comparison, this is about 1.9 of the computational effort for the simulations without FSI
(compare Figure 6.6). For the assessment of the different aspects of the sideways launching
process of the SPV the following computational times are necessary:

• 3 days: assessment of hull structural loads (about 400ms simulation time necessary)

• 16 days: maximal roll angle on PS

• 52 days: maximal roll angle on starboard (STB)

• 68 days: one full roll period of the SPV

The assessment of the ship motion is despite all optimizations still expensive regarding the
computational effort. For assessing the maximum roll angle during the sideways launching
process about 16 days of computational time is necessary. In contrast to the ship motion,
the resulting hull structural loads can be assessed rather quickly within three days. As
discussed later, this allowed for an optimization of necessary reinforcements of the hull
structure of the SPV regarding their weight using the ALE approach.

Homogenous mesh of hull structure

One of the biggest room for adjustment of computational effort is given by the mesh used
for the FEM model of the SPV. As in both simulation-based approaches an explicit time
integration scheme is used, the time step is determined by the mesh of the FEM model.
Each element has a characteristic time step ∆te. If this time step is exceeded, the explicit
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Figure 6.7.: influence of mesh on characteristic time step ∆te

time integration scheme can become unstable. The calculation of the characteristic time
step ∆te in LS-DYNA for different element types is given in [59].

The characteristic time step is defined by the element size used within the FEM model.
A finer mesh size (smaller elements) does result in a smaller characteristic time step. In
addition, elements with an aspect ratio not equal to one do have a smaller characteristic
time step. This effect becomes more severe the worse the aspect ratio of an element is
[59]. Especially the second aspect is important to keep in mind while modelling the hull
structure within FEM model to be used with an explicit time integration scheme.

As the hull structure of the SPV is irregular (especially at the bottom structure and
shell), a completely homogenous mesh is not possible. However, by taken care during pre-
processing and meshing of the hull structure, elements with a really bad aspect ratio can be
avoided. In Figure 6.7 two meshes used for the connection of two stiffeners with different
heights are shown. The more homogeneous mesh as shown in Figure 6.7b increases the
characteristic time step by nearly a factor of five compared to Figure 6.7a. This translates
directly into a decrease of the computational effort of approx. 80%, as fewer calculation
steps are to be carried for a given time period. This decrease of computational effort is
valid for both simulation-based approaches.

Local refinement of ALE domain

The local refinement functionality inside LS-DYNA allows for splitting the initial ALE ele-
ments in a specified area by a factor of 2 (NLVL=1 in *CONTROL_REFINE_ALE), of 4 (NLVL=2)
and so forth. The theoretical framework and numerical implementation inside LS-DYNA
are described in the work by Aquelet [8]. By using a local refinement of the ALE domain
as shown in Figure 6.1, the area of interest of can be meshed using a sufficient element size
without meshing the whole ALE domain with a finer element size. The density ratio DR
between ALE and Lagrangian elements within the refined area is ≈ 0.71 (250mm/≈350mm
based on global FEM model of the SPV).

For the domain as shown in Figure 6.1, local refinement is used for the area of interaction
with the hull of the SPV (spray root and waves forming) as well as the water surface inside
the launch basin (reflection of waves). Therefore, the local refinement is used for a big
part of the ALE domain (compare Figure 6.1). In total, about 7.3 million ALE elements
are used, from which 6.6 million elements are located in the area of refinement. If the
complete ALE domain was meshed without the local refinement with consistent element

87



6. Simulation-based approach using fluid-structure interaction

size of 250mm, about 12.6 million ALE elements would be necessary. By using the the
local refinement function the number of ALE elements is reduced by roughly 5.3 million or
42%. The reduction of ALE elements does decrease the computational effort by an almost
similar margin of 36%, as Figure 6.6 shows.

The local refinement function is useful to reduce the necessary computational effort.
However, it is not able to reduce the element size of the ALE domain at will. In [107]
DR ≈ 0.50 is recommended for water entry problems. Reducing DR from ≈ 0.71 to
≈ 0.50, would result in an increase of the number of ALE elements by a factor of 2.9. This
would yield in 21.3 million ALE elements, meaning that DR ≈ 0.50 is not feasible due to the
very high computational effort needed. But as shown in section 6.3 within the verification
of the ALE approach, DR ≈ 0.71 allows for a sufficient assessment of the relevant physical
phenomena of the sideways launching process.

FSI settings

Another way for reducing the computational effort of the simulations with the ALE ap-
proach is optimizing the FSI settings. As explained in section 3.1 within the theoretical
framework, the ALE approach uses two calculation steps per time step. The first step is
a classical Lagrangian step, while during the second step (advection step) a rezone of the
computational mesh is performed and the transport of mass, internal energy and momen-
tum across element boundaries is calculated. In LS-DYNA the number of cycles or time
steps between two advection steps can be set inside the card *CONTROL_ALE with the option
NADV.

The characteristic time step of the simulation-based approach using FSI is defined by
the FEM model of the SPV. For the combined FEM model of the SPV ∆te is equal to
2.33 · 10−6s. This order of magnitude is a lot smaller as the physical phenomena, which
are relevant for the advection step (free water surface and contact surface between the hull
of the SPV and water). As the parametric study of the relevant FSI settings in section
6.2 suggests, a value of NADV=50 is a good compromise between computational effort and
stability of the simulation using the ALE approach. A higher value for NADV can lead to
numerical instabilities (divergence or even abort of the simulation). By setting NADV=50,
the advection step is done only every 50th time step. As Figure 6.6 shows, the computational
effort is reduced by 24% compared to the baseline of NADV=1 as used in [98].

Parallelization using MPP version of LS-DYNA

For the FEM software LS-DYNA two different versions are available: symmetric multi-
processing (SMP) and massively parallel processing (MPP). The difference between SMP
and MPP lies within the parallelization of the simulation. The MPP version of LS-DYNA
is developed to run on a number of computers connected in a network in the form of a
computational cluster [60]. An overview of the differences between the architecture of the
SMP and MPP version of LS-DYNA can be found in [60] as well as [74].

MPP allows for better scalability of larger models with several million elements, as the
model is split and distributed into smaller parts on more processors enabling a more efficient
computation per processor. For most models a benefit regarding the use of MPP is reached
after using more than eight cores [60]. Nowadays, MPP is state of the art for the simulation
of big and complex models on a cluster environment. Examples are crash simulations in
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the automotive sector as presented by Kondo and Makino [48] or Makino [65].
For the sideways launching process MPP is well suited choice for the simulation-based

approach using FSI. One one hand the simulation model is big. For comparison: with
roughly 10.1 million elements the model size is comparable to crash simulations in the
automotive sector [48], [65]. On the other hand the computational costs per time step are
high due to the advection step necessary for the ALE approach as well as the FSI algorithm.
With MPP computational resources are used more efficiently due to a better distribution
of the work load on each of the different cores of the cluster.

Before starting a simulation with the MPP version of LS-DYNA, the FEM model is
divided into several parts, which are then assigned to each of the cores. This process is
called decomposition. In general, the position of the cutting planes is based on the recursive
coordinate bisection (RCB) method in LS-DYNA [60], [74]. The RCB method divides the
model in such a way, that the the estimated computational costs per core are distributed
evenly based upon the computational costs per element. The use of the RCB method for the
FEM model of the sideways launching process is shown in Figure A.33. Using MPP together
with the RCB method for the decomposition instead of the SMP version of LS-DYNA, the
computational effort can be reduced by 13%.

However, as careful monitoring of the work load on each core shows, with the RCB
method for decomposition the work load is not distributed evenly across all cores. The
local refinement of the ALE domain using *CONTROL_REFINE_ALE is not accounted for.
Due the finer mesh size (ALE as well as Lagrangian elements) the computational costs
are way higher amidships compared to the fore and aft of the SPV. This is due to higher
number of elements to be considered by the FSI algorithm. Lastly, the elements of the SPV
and ALE elements are distributed arbitrary on the different cores and are not grouped
together (compare Figure A.33). This results in high communication effort between the
different cores due to the FSI algorithm.

In LS-DYNA different methods for controlling the decomposition of a model can be used
depending on the problem to be solved within the simulation. The method of decomposition
will effect the computational performance with the MPP implementation. Examples for
the influence of different decompositions are discussed in [48], [60], [74]. For the sideways
launching process the approach for decomposition used for crash simulations is adapted.
For crash simulations, the FEM model of the car is often split perpendicular to the direction
of motion as shown in [48], [60], [74]. By doing so, the computationally expensive crash
area of the car is distributed more evenly among all computational cores. For the sideways
launching process the FEM model is split along the x-axis of the ship perpendicular to its
mean direction of motion (y-axis).

One example for such a decomposition is given in the Appendix A.10. The resulting
decomposition can be seen in Figure A.34. A manual decomposition is chosen, where the
cutting planes are set along the x-axis. The border are chosen, so that each of the cores
has an almost similar working load. Furthermore, the Lagrangian elements of the SPV and
corresponding ALE elements for the FSI algorithm are grouped together on the different
cores (compare Figure A.34). This reduces communication costs between the cores during
the simulations.

As Figure 6.6 shows, the computational effort is reduced by additional 30%, if the op-
timized decomposition is used instead of the RCB method. In total, with the optimized
decomposition the computational effort is reduced by approx. 39% compared to the SMP
version of LS-DYNA.
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6.5. Results

Within the following section, the results of the simulation-based approach using FSI are
discussed. The ship motion as well as the resulting hull structural loads during the sideways
launching process are assessed for both loading conditions LC LAUNCH and LC LSW. A
comparison with the results obtained from the simulation-based approach without FSI
is given. Additionally, the influence of the same parameters as investigated within the
experimental approach on the resulting hull structural loads are assessed.

6.5.1. Ship motion

Based on the simulation-based approach using FSI it is possible to asses the motion of the
SPV on a very detailed level. Besides the roll angle and velocity (→ height of waterline
on side of SPV sides), the trajectory at the COG (→ clearance between SPV and launch
basin) was investigated. These results are plotted in Figure 6.8. In addition, a picture
series of the ship motion obtained with the ALE approach for LC LAUNCH is provided in
Appendix A.11.

The simulations were carried out up to the point, where a complete roll period of the
SPV is captured. That includes the tipping around the edge of the pier, the maximal roll
angle on PS |φmin|, up-righting of the vessel, the first zero crossing, the maximal roll angle
on STB φmax and up-righting of the vessel to the second zero crossing (compare Figure
6.8a). One complete roll period is simulated due to two reasons. Firstly, by capturing
both maximal roll angles (PS as well as STB) the height of the waterline on each side of
the vessel can be assessed. This information can be used for planning which openings are
to be closed during the sideways launching process to prevent uncontrolled flooding of the
SPV. Secondly, by simulating such a long time period it can be checked how the SPV is
decelerated during the sideways launching process and if additional measures are necessary,
to control the ship motion after the sideways launching of the SPV (e.g. use of trusses /
counter weights for stopping).

Both loading conditions of the SPV are safe to use regarding the resulting ship motion.
The maximal roll angle on PS |φmin| is moderate. In the case of LC LAUNCH |φmin| =
35.9◦ and for LC LSW |φmin| = 39.9◦ can be observed (compare Figure 6.8a). For LC
LAUNCH the main deck is not immersed into the water, as shown in the picture series
in Appendix A.11. In the case of LC LSW minor green water can be observed on the
main deck, as the maximal roll angle is slightly higher. Sufficient clearances between the
SPV including palls and appendages and the launch basin are given (compare Figure 6.8c).
Similar to the model tests the trajectory of the SPV is more or less stopped directly at the
centre of the launch basin (compare Figure 6.8c and picture series in Appendix A.11). The
greatest part of the speed at the COG in the yz-plane is lost during the first two seconds
after the first contact with the water surface (compare Figure 6.8d).

The ship motion observed for both loading conditions is quite similar. No significant
differences regarding the trajectory or velocity at the COG are given. The major difference
is the roll motion of the SPV. As the position of the COG in z-direction COGz is 3.5% higher
for LC LSW compared to LC LAUNCH, the maximal resulting roll angle on PS |φmin| is
increased by roughly 4.0◦. This is an increase of 11.1%, which emphasizes the non-linear
dependency between COGz and |φmin| as observed during the model tests (compare Figure
4.10c). As the moment of inertia around the x-axis is 11.7% higher for LC LSW compared
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Figure 6.8.: results of ALE approach — ship motion

to LC LAUNCH, the roll motion of the SPV is more inert in the case of LC LSW. The SPV
needs more time to completely upright itself (difference of about 0.9s). The roll period is
increased by approx. 1.3s.

All in all the, the motion of the SPV during the sideways launching process obtained with
the simulation-based approach using FSI is in good accordance with the behavior observed
during model tests as discussed in section 4.3.2. One of the effects observed during the
verification of the ALE approach based on the model tests is not present during the full-
scale simulation. As discussed in section 6.3, a slight discontinuity in the roll velocity can
be observed for the ALE approach right after the spray root is braking and a lot of fine
spray was forming during model tests. This effect is not present in the full scale simulation,
as Figure 6.8b shows. The simulations in full scale back up the hypothesis in section 6.3,
that this effect is dominated by the the model scale (very fine spray during model tests;
see picture series in Appendix A.4). As shown in Figure 6.9, the spray root forming in full
scale is much more homogeneous / continuous compared to the model tests. The mesh size
chosen for the ALE elements allows for a clear location and identification of the forming
spray root during the immersion of the SPV.

In addition, an area of ventilation / flow separation can be observed on the bottom
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Figure 6.9.: results of ALE approach — interaction between ship hull and water surface

structure (STB) in Figure 6.9. This configuration is similar to type B flow (flow separation
and ventilation) as observed in the slamming experiments conducted in [44]. Type B flow
was observed for configurations with higher degree of asymmetry and small deadrise angles
[44], which is true for the sideways launching process of the SPV as well.

6.5.2. Hull structural loads

Resulting load mechanism

The load mechanism as seen with the simulations without FSI (load mechanism 01 →
impact with water surface) can be observed based on the simulation-based approach using
FSI as well. However, a second load mechanism can be observed using the simulations
with FSI. The hull structural loads resulting from this load mechanism are caused by
transversal forces due to the deceleration of the hull structure of the SPV after immersing
into the water. The principle of this second load mechanism is illustrated in Figure 6.10.

While immersing into the water the transverse / sway motion of the SPV from sliding
down the slipway is stopped rather abruptly. As illustrated in Figure 6.10, especially the
bottom structure of the vessel is decelerated, while the upper part wants to remain its
transversal motion due to the inertia of the hull structure. This behavior results in high
shear stresses inside transversal members of the hull structure. For the SPV this is especially
true for the bulkhead plating at engine rooms between the bottom structure and the next
higher, continuous deck. The resulting hull structural loads are shown in Figure 6.11.

As Figure 6.11a and 6.11b show, the shell of the hull structure and its supporting members
like the web frames are highly loaded right after the impact with the water surface (→ load
mechanism 01). However, at the web frames a switch of the loading direction is given due
to the deceleration of the hull structure of the SPV (compare Figure 6.11b). In addition,
inside the plating of the bulkhead high membrane and shear stresses are present due to this
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Figure 6.11.: resulting hull structural loads — load mechanism 02 (combined FEM model
of SPV + LC LSW)

93



6. Simulation-based approach using fluid-structure interaction

load mechanism. These are shown in Figure 6.11c and 6.11d.
Right after the impact with the water surface, the greatest deceleration of the SPV can be

observed during the first second (compare Figure 6.8d). This results in high membrane and
shear stresses inside the bulkhead plating while immersing into the water. Shear buckling
of parts of the bulkhead plating as marked in Figure 6.11c and 6.11d are the result of these
high loads. This shear buckling is combined with out-of-plane plastic deformation of the
affected bulkhead plating. The resulting stresses inside the affected parts drop suddenly
(loss of load bearing capacity). After the first second, where the spray root starts to form
as illustrated in Figure 6.9, the SPV is decelerated more steadily (compare Figure 6.8d).
The resulting hull structural loads start to plateau around a certain level as Figure 6.11c
and 6.11d show.

Such damages / this failure mode could only be observed within the simulation-based
approach using FSI. As the bulkheads are the main load bearing components for the second
load mechanism, this failure mode could potentially result in progressive collapse behavior
if bigger parts of the bulkhead plating undergo shear buckling. A loss of shear stiffness of
the bulkheads could result in great deformations of the shell and its supporting members
equalling a total loss of the affected part of the hull structure in a worst case scenario.
The resulting hull structural loads inside the bulkheads are to be assessed very carefully to
ensure a safe sideways launching process of the SPV.

Parametric study

As the simulations with FSI allow for a detailed assessment and understanding of the re-
sulting hull structural loads during the sideways launching process of the SPV, a parametric
study was carried out. The same parameters as during the model tests were investigated re-
garding their influence on the resulting hull structural loads. This includes different loading
conditions, the height of drop around the pier hdrop (change of height of palls hp or water
level hwl) and the coefficient of friction µsw. An overview of the investigated parameters
is given in Table 6.3. In Table 6.3 the conditions at the moment of impact with the water
surface are provided as well. This includes the speed of the sway motion vsway impact (speed
of SPV at COG in ys direction in local ship coordinate system → see Figure A.1) and speed
of impact at the ship hull vslam. An overview of the resulting hull structural loads is given
in Appendix A.12 (Figure A.39 to A.41).

The experimental approach showed, that vslam is the main influence regarding the re-
sulting loads on the hull structure in the form of the impulse Ji 50ms (see Figure 4.14). The
height of the drop was the most relevant parameter regarding vslam. For the parametric
study an increase of hp by 0.50m was used (see Table 6.3). This results in an increase of
vslam by 15.3%. Based on the load model proposed in 5.3.2 used within the simulation-
based approach without FSI, this is equal to an increase of the impulse resulting on the
ship hull by approx. 16.1%.

As discussed in section 5.4.2, the loads right after impact of the ship hull with the water
surface are responsible for load mechanism 01 as illustrated in Figure 5.5. The resulting
hull structural loads are acting upon the shell plating and it’s supporting members like
web frames or the floor plating. However, the increase of the impulse by approx. 16.1%
does not correlate directly with a corresponding increase of the resulting hull structural
loads as shown in Figure 6.13. The resulting hull structural loads at the corner of the web
frame right after the impact with the water surface are very similar. As the corner of the
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Table 6.3.: parametric study of hull structural loads based on simulations with FSI

conditions as planned for sideways launching process (baseline):
LC µsw [ - ] hwl [m] hp [m] vsway impact [m/s] vslam [m/s]
LAUNCH µsw 0 hwl 0 hp 0 9.42 5.48

variation of loading condition:
LC µsw [ - ] hwl [m] hp [m] vsway impact [m/s] vslam [m/s]
LSW µsw 0 hwl 0 hp 0 9.55 5.51

variation of height of drop:
LC µsw [ - ] hwl [m] hp [m] vsway impact [m/s] vslam [m/s]
LAUNCH µsw 0 hwl 0 hp 0 + 0.50 9.94 6.32

variation of coefficient of friction:
LC µsw [ - ] hwl [m] hp [m] vsway impact [m/s] vslam [m/s]
LAUNCH 0.50 · µsw 0 hwl 0 hp 0 10.00 5.57

web frame is highly loaded during the sideways launching process, local plastic deformation
combined with out-of-plane buckling can be observed. The higher loads by an increased
height of the drop result in higher plastic deformations, while the resulting hull structural
loads as shown in the form of stresses remain on a similar level (compare Figure 6.13a).

Besides a higher vslam, the increase of the height of drop is joined by an increase of
vsway impact. Table 6.3 shows, that the increase of hp by 0.50m is corresponding to an in-
crease of vsway impact of approx. 5.5%. Based upon Figure 6.13b, the increase of vsway impact

correlates directly with an increase of the hull structural load inside the bulkhead plating
resulting from load mechanism 02. The resulting membrane stresses are offset by nearly
0.25 · σperm if compared to hp 0 (compare Figure 6.13b), while the offset of the resulting
shear stresses oscillates between 0.10 · τperm and 0.20 · τperm (compare Figure A.40f).

The same effect is given, if the coefficient of friction µsw was decreased. As Table 6.3
suggests, a decrease of the coefficient of friction to 0.50·µsw 0 does result in approx. the same
vsway impact as in increase of hp by 0.50m. A similar offset of the resulting hull structural
loads due to the deceleration of the ship’s hull structure can be observed. The resulting
membrane stresses are offset by roughly 0.20 · σperm if compared to µsw 0 (compare Figure
6.14b), while the offset of the resulting shear stresses is corresponding to approx. 0.25·τperm

(compare Figure A.41f).
Only the distribution of the resulting hull structural loads due to load mechanism 02

differs slightly (membrane ↔ shear stresses). This is due to different angle between the
ship and the water surface at the moment of impact (φx impact = 14.1◦ for hp = hp 0 +0.50m
vs φx impact = 12.5◦ for µsw = 0.50 · µsw 0) combined with a slightly different trajectory of
the ship. A decrease of the coefficient of friction results in higher shear stresses inside the
bulkhead plating. Due to the observed failure mode of shear buckling, higher shear stresses
are more critical regarding the design of the hull structure of the SPV. That means, that
the coefficient of friction µsw between the slipway and palls has to be known very precisely
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Figure 6.12.: resulting hull structural loads — influence of different loading conditions (com-
bined FEM model of SPV)
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Figure 6.13.: resulting hull structural loads — influence of drop height (combined FEM
model of SPV + LC LAUNCH)
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Figure 6.14.: resulting hull structural loads — influence of friction (combined FEM model
of SPV + LC LAUNCH)
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before the sideways launching process, to avoid potential damages due to load mechanism
02.

For investigating the influence of different loading conditions, the resulting hull structural
loads of both LC LAUNCH and LC LSW were assessed and compared. Especially the
difference of the weight of the SPV is of interest. The SPV is nearly 11.2% heavier based
on LC LSW compared to LC LAUNCH (compare Table A.5). As Figure 6.12a indicates,
the resulting hull structural loads due to the impact with the water surface (load mechanism
01) are virtually identical between both loading conditions. No significant difference of the
resulting hull structural loads inside the corner of the web frame can be observed. This is to
be expected, as the conditions at impact with the water surface were very similar (compare
Table 6.3).

In contrast to load mechanism 01, the resulting hull structural loads due load mechanism
02 are influenced noticeable by the loading condition. Based on Figure 6.12b an offset of
around 0.20 · σperm of the membrane stresses inside the bulkhead plating is given by the
higher weight of the SPV at LC LSW compared to LC LAUNCH. The resulting offset of the
shear stresses is even higher with up to 0.40 · τperm (compare Figure A.39f). The influence
of the loading condition on the resulting shear stresses inside the bulkhead plating is the
highest of all three parameters investigated.

The loading condition used for the sideways launching process is to be monitored very
carefully during the design as well as construction phase of the SPV. Not only is the
ship motion — especially the maximal resulting roll angle — very sensitive regarding the
position of the COG, but also are the resulting hull structural significantly influenced by
the weight of the SPV. This is especially true load mechanism 02 (deceleration of the hull
structure of the SPV).

Comparison to simulations without FSI

A comparison of the resulting hull structural loads with both simulation-based approaches
for the highly loaded areas of the SPV is given in Appendix A.12 (see Figure A.36). This
comparison is based upon the combined FEM model of the SPV and load model based on
the model tests as proposed in section 5.3.2.

The loads after impact with the water surface acting upon the shell plating and its
supporting structural members (load mechanism 01) show good agreement between the
simulation-based approach without FSI and using FSI. As Figure 6.15a demonstrates, the
hull structural loads resulting within the web frame due to load mechanism 01 are very
similar. The same is true for the shell plating. The resulting plastic bending deformation
is almost identical for the investigated panel of the shell plating, as Figure A.36b shows.
In general, the hull structural loads resulting from load mechanism 01 are slightly higher
using the simulations with FSI. Based on Figure A.36 the difference for the investigated
shell plating as well as web frame are approx. 10%.

The main difference between the simulation-based approaches without FSI and using
FSI is, that the simulations without FSI are not able to account for hull structural loads
resulting from the deceleration of hull structure of the SPV (load mechanism 02). The
simulations without FSI showed no switch of the loading direction inside the corner of the
web frame. No significant membrane or shear stresses inside the bulkhead plating can be
observed (see Figure 6.15b). In addition, no shear buckling of the bulkhead was induced
during simulations without FSI (compare Figure 6.15b).

97



6. Simulation-based approach using fluid-structure interaction

0.00 0.05 0.10 0.15 0.20
t [s]

2.0

1.5

1.0

0.5

0.0

0.5

1.0

1.5

2.0

y
/

pe
rm

 [-
]

fluctuation around 0 perm

 no switch of loading direction

ALE approach experimental

(a) corner of web frame (middle surface)

0.00 0.05 0.10 0.15 0.20
t [s]

1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00

x
/

pe
rm

 [-
]

fluctuation around 0 perm
 no membrane stresses

no shear buckling

ALE approach experimental

(b) bulkhead plating (middle surface)

Figure 6.15.: resulting hull structural loads — comparison between simulations without and
with FSI (combined FEM model of SPV + LC LAUNCH)

Therefore, corresponding damages / failure modes linked to load mechanism 02 cannot
be assessed using the simulation-based approach without FSI. As explained above, the po-
tential damages due to this load mechanism could be severe if progressive collapse behavior
would be induced into the hull structure of the SPV. The resulting hull structural loads
inside the highly loaded bulkheads are to be assessed ideally with the proposed simulation-
based approach using FSI to ensure a safe sideways launching process of the SPV.

Influence of FEM models of hull structure

Two different FEM models of the SPV were used within the simulation-based approach
using FSI: the detailed FEM model of the highly loaded area as well the combined FEM
model of the SPV (see section 5.2 regarding details for FEM models). A comparison of the
resulting hull structural loads for both FEM models of the SPV is provided in Appendix
A.12 (see Figure A.38). As the simulation-based approach without FSI showed, the global
FEM model of the SPV is not able to asses the resulting hull structural loads sufficiently
and is therefore not considered for the simulation-based approach using FSI.

One major drawback of the detailed FEM model of the SPV for the use with the
simulation-based approach using FSI is, that not the complete hull structure of the SPV
is modelled. The mass and moments of inertia of the complete hull structure is not ac-
counted for. In an attempt to account for the missing hull structure, two different BC are
investigated for the detailed FEM model of the SPV, which are provided in Appendix A.5
(compare Figure A.16 for BC_03 and Figure A.17 for BC_04). While using BC_03, the
FEM model is just dropped onto the water surface and is allowed to move freely. This setup
is comparable to the one described in section 6.1. For BC_04 the detailed FEM model is
forced onto a given trajectory to overcome the missing weight / inertia of the missing hull
structure. The trajectory is estimated based on the analytical approach.

Both BC_03 and BC_04 are able to account for the resulting hull structural loads right
after impact with the water surface (load mechanism 01). This can be seen in Figure
A.38a and A.38c. However, using BC_03 the inertia of the missing of the hull structure
is not accounted for. The detailed FEM model is not able to immerse properly into the
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water. The process can be compared to skipping a stone above a water surface. Due to
this behavior, only BC_04 is able to account for the forces due to the deceleration of the
hull structure of the SPV (load mechanism 02). However, deviations from the combined
FEM model regarding the hull structural loads resulting in the bulkhead plating can be
observed. Near the constrained equations on top of the bulkheads (compare Figure A.17),
the stresses inside the bulkhead plating are higher compared to the combined FEM model.
Farther away from the constrained equations (near the bottom structure) the resulting
stresses are lower compared to the combined FEM model. This can be seen in Figure
A.38e. As explained above, due to the potential failure mode of load mechanism 02, the
resulting hull structural loads inside the bulkhead plating are to be assessed very carefully.

Therefore, the use of the detailed FEM model within the simulation-based approach
using FSI cannot be recommended, as the necessary BC are joined by deviations of the
hull structural loads compared to the combined FEM model. As the simulations with
combined FEM model are set up as described in section 6.1, no additional BC are necessary,
which could potentially alter or falsify the resulting hull structural loads. In addition, the
combined FEM model allows for the assessment of the ship motion. All relevant aspects
(ship motion as well as resulting hull structural loads) can be assessed using just one
simulation with one FEM model of the SPV.

6.6. Benefits and limitations

One of the most important aspects of the proposed simulation-based approach using FSI
is the identification of a second load mechanism (→ deceleration of hull structure) as illus-
trated in Figure 6.10. Especially regarding the design of the hull structure of the SPV this
second load mechanism is of relevance. As discussed above, the second load mechanism
could potentially result in progressive collapse behavior, if bigger parts of the bulkhead
plating undergo shear buckling. In a worst case scenario this could result in local failure of
the hull structure at the affected area. As the simulation-based approach without FSI did
not show this second load mechanism, the resulting hull structural loads would not have
been accounted for during the design of the SPV. Damages to the hull structure of the
SPV would have been possible in that case.

The biggest benefit of the simulation-based using FSI is, that all physical phenomena
relevant during the sideways launching process of the SPV — such as added masses around
the ship hull, loads at impact with the water surface (slamming events), interaction between
the ship’s hull structure and the free water surface (elevation of water surface / formation of
spray root as well as effects of hydro-elasticity), loads due the declaration of the ship’s hull
structure among others — can be assessed simultaneously using just one simulation model.
The simulation-based approach using FSI allows for a holistic investigation considering all
those effects as closely to the conditions present at a full scale sideways launching process
as possible. Both the ship motion as well as the resulting hull structural loads during a
sideways launching process can be assessed using only one simulation model.

As only one FEM model of the SPV is needed, quick changes of the model considering
updates of the ship design like an updated weight distribution or changes made to the de-
sign of the hull structure (e.g. weight optimizations) can be considered quickly. Combined
with a modular approach for the setup of the ALE approach, the modelling effort is reduced
to a point, that allows for parametric studies regarding the resulting hull structural loads
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during the ongoing ship design process. This is true, even though the simulation models
are big (10+ millions elements). The simulation-based approach using FSI was successfully
deployed during the ship design process of the SPV, in order to derive measures for rein-
forcing the hull structure regarding the hull structural loads resulting during the sideways
launching process. Even weight optimizations of these measures were possible within a
limited time frame due to the start of the construction of the SPV.

In order to exploit the full potential of the ALE approach, a FEM model of a complete
hull structure is necessary. A partial FEM model of the SPV (e.g. the detailed FEM
model of the highly loaded areas) was not capable to consider all effects accordingly, as the
stiffness and inertia of the complete hull structure were missing. This results in a higher
modelling effort compared to the simulation-based approach without FSI, where the results
of a partial FEM and complete FEM model showed reasonable agreement regarding the
resulting hull structural loads in the case of the SPV. However, for modelling the complete
hull structure the ship design has to be at a certain point (→ basic design).

One of the biggest limitations and drawbacks of the proposed simulation-based approach
using FSI is the necessary computational effort of the ALE approach. By considering
optimization of the FSI settings as well as the general setup of the ALE approach inside
LS-DYNA, the computational effort could be reduced by a significant factor of approx. 70%
compared to the baseline used within [98]. However, the computational effort is still about
two times higher compared to the simulation-based approach without FSI. Especially for
the assessment of the ship motion a lot of computational time is necessary. Roughly 16
days were required for determining the maximum roll angle of the SPV.

Besides the computational effort, another drawback is the complexity of the ALE ap-
proach itself and the FSI algorithm based on the penalty method. A lot of specialized
knowledge and experience are necessary, as settings for the FSI algorithm are specific for
each use case [59]. Parametric studies of the setup of the ALE approach (e.g. the mesh
density ratio between ALE and Lagrangian elements) as well as different FSI settings (e.g.
scale factors for stiffness and damping of penalty method) are highly recommended [9], [10],
[107]. Additionally, verification based on experiments or model tests are advisable [117],
[118]. These two aspects raise the initial costs for the the successful setup of the proposed
simulation-based approach using FSI. But overall, the benefits of the ALE approach (all
physical phenomena relevant during the sideways launching process of the SPV covered
with just one simulation model) did pay off these initial costs during the design process /
different design phases of the SPV.
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After investigating the sideways launching process of the SPV with different approaches,
the obtained results are discussed within this chapter. Firstly, newfound insights regarding
the mechanics of sideways launching of ships are summarized. Afterwards the results and
applicability of the different approaches regarding the sideways launching process of the
SPV are compared and evaluated. Before the research questions are outlined and an eval-
uation of the research hypothesis is given in chapter 8, the consequences of the obtained
results regarding the design of the SPV are presented briefly.

7.1. Newfound insights regarding the mechanics of sideways
launching

Within this work parametric studies of the sideways launching process of a SPV were
conducted. Different loading conditions (position of COG and weight of SPV), height of
palls / change of water level inside launch basin (= height of drop of SPV around edge
of pier) as well as coefficient of friction between palls and slipway were considered. The
influence of these parameters on the resulting ship motion as well as the resulting loads was
investigated.

Regarding the ship motion the maximal roll angle is one of the most important parameters
(range of stability / prevention of further flooding). As discussed in detail in section 4.3.2,
the position of the COG in z-direction has the most significant influence on the maximal roll
angle. A non-linear dependency between the position of the COG and the maximal roll angle
was observed, meaning that even a small shift of the COG can result in a significant increase
of the resulting maximal roll angle. This dependency in case of the SPV is visualized in
Figure 4.10c based upon the results obtained with the experimental approach (model tests).
As Figure 4.10 illustrates, the influence of the other two parameters (coefficient of friction
between palls and slipway and height of drop around edge of pier) on the maximum roll
angle is negligible compared to the influence of the position of the COG.

Based on the proposed simulation-based approach using FSI two distinct load mechanisms
acting upon the hull structure could be observed. The first load mechanism is the impact
of the SPV with the water surface comparable to slamming events (asymmetrical slamming
event with oblique speed). The loads resulting from this load mechanism are acting upon
the shell of the hull structure and are transferred into its supporting structure (web frames
and bottom structure). The second load mechanism is caused by transversal forces due
to the deceleration of the hull structure of the SPV after immersing into the water. The
bottom structure of the SPV is decelerated, while the upper part wants to remain its
transversal motion due to the inertia of the hull structure. This behavior results in high
shear stresses inside transversal members of the hull structure, especially inside bulkhead
platings of the SPV.

As the deadrise angle of the SPV is approx. zero degree for all investigated configurations
of the sideways launching process, the speed of the ship hull relative to the water surface at
the moment of impact is the most relevant parameter regarding the first load mechanism
(impact with water surface). The speed at impact is influenced by the height of the drop
around the edge of pier, which is given defined by the height of palls and water level inside
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launch basin. The influence of this parameter on the resulting hull structural loads is
discussed in detail in section 6.5.2. Based on the model tests as discussed in section 4.3.2,
an increase of the drop height of around 1m results in an increase of the loads on the ship
hull of approx. 18%.

The hull structural loads resulting from the second load mechanism (deceleration of
hull structure) are influenced by two distinct parameters, as discussed in detail in section
6.5.2. The first parameter is the speed in transversal direction (sway motion) of the SPV
at the moment of impact with the water surface, which is defined by the coefficient of
friction between the palls and slipway. As Figure 6.14b shows, the resulting stresses inside
the bulkhead plating are significantly increased with an decreased coefficient of friction:
halving the coefficient of friction did result in nearly a doubling of the stresses resulting
inside the bulkhead plating. The second important parameter is the weight of the SPV
(loading condition). An increase of the weight of the SPV of nearly 12% (loading condition
as planned for launching → fully equipped SPV) did correspond to a doubling of the stresses
resulting inside the bulkhead plating as well, as Figure 6.12b illustrates.

For the design of a hull structure against the hull structural loads resulting during a
sideways launching process, both load mechanisms are to be accounted for accordingly. In
case of the SPV, the second load mechanism (deceleration of hull structure) is more critical
regarding the safety of the hull structure. This is discussed in detail in section 6.5.2.

7.2. Comparison and evaluation of different approaches

In order to evaluate the research hypothesis postulated within this work, the sideways
launching process of SPV was investigated using different approaches. This allows for a
comparison of the different approaches with the proposed simulation-based approach using
FSI based on an ALE approach. Besides the ALE approach, conventional approaches —
including a rule-based approach, analytical formulations as well as the use of model tests
— and simulations without FSI were applied to the sideways launching process of the SPV.
An in-depth discussion of benefits and limitations associated with each of these approaches
is provided at the end of the corresponding sections / chapters.

According rules and regulations of the most common classification societies of IACS do
not provide any approaches to assess a sideways launching process itself or the resulting hull
structural loads. Most applicable would be design loads for the event of bottom slamming.
However, as discussed in section 5.4.2, applicable design loads for bottom slamming were
almost a factor of two lower compared to the results obtained from model tests of the
sideways launching process of the SPV. Using solely a rule-based approach would result in
an underestimation of the resulting hull structural loads.

Within the context of the investigated analytical approaches, the proposed ODE of mo-
tion were only able to assess the ship motion up to the point of the first contact of the SPV
with the water surface. As the proposed ODE of motion are not able to account for the
interaction of the water surface with the ship hull, the hydrodyanmic forces and resulting
moments acting upon the hull of the SPV are estimated wrongly. Even a combination of
the corresponding ODE of motion with a hydrodynamic code to predict the hydrodyanmic
forces on a more detailed level as proposed in [38], [54], shows discrepancies between the
obtained results and their respective reference cases.

Commonly used analytical models (e.g. OLM, GWM or MLM), that are able to account
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for interaction of a ship hull and the water surface as well as the impact loads due to
slamming, are not applicable for the conditions as given during the sideways launching
process of the SPV. At the moment of impact of the SPV a three DOF motion is given
with a high degree of asymmetry (high ratio of horizontal to vertical velocity combined
with a deadrise angle of approx. zero degree), for which the best-suited model proposed in
[44] did show bigger differences between experimental data and the proposed model.

The experimental approach based on model tests of the sideways launching process is
an excellent choice for conducting parametric studies (see above for details regarding the
investigated parameters). With a sufficient test matrix a wide design space and limits
for a safe sideways launching process could be assessed quickly. This is true for the ship
motion (e.g. maximal roll angle) as well as the resulting loads on the ship hull. In addition,
model tests are an excellent choice regarding a verification of other approaches including
the proposed simulation-based approach using FSI.

However, as the experimental approach did not allow for a direct assessment of the result-
ing hull structural loads, the combination of the experimental approach with a simulation-
based approach without FSI is necessary. During model tests the pressure-time-signals at
different points of the hull of the SPV were measured, which allowed for the derivation of
a load model based upon the obtained experimental results as proposed in [100]. Com-
pared to the proposed simulation-based approach using FSI a combination of these two
approaches is more expensive to obtain both the ship motion (→ experimental approach)
and the resulting hull structural loads (→ simulation-based approach without FSI). The
planning, setup and conduction of model tests, derivation of a suitable load model, setup
and conduction of simulations without FSI with according FEM models of the hull struc-
ture of the SPV are necessary. This sequential workflow does not allow for any too drastic
changes during the planning of a sideways launching process or of the ship design (e.g.
changes of the shape of the hull).

This is one of the biggest advantages of the simulation-based approach using FSI. With
the ALE approach both the ship motion as well as the resulting hull structural loads inside
the SPV can be assessed simultaneously. Only one approach and simulation model of the
SPV was necessary. As shown within this work, the proposed simulation-based approach
using FSI allows assessing the relevant aspects and physical phenomena of a sideways
launching process on a very detailed level. A verification of the ALE approach showed
very good agreement between the results obtained from the experimental approach and
simulations using FSI. The ship motion can be captured very well with ALE approach.
The same is true for the loads resulting on the ship hull. As the ALE approach enables
a detailed assessment of the resulting hull structural loads including the localization of
areas above permissible stress levels, each of the different measures for reinforcing the
hull structure were limited to the smallest extent possible. All measures were optimized
regarding their weight using the ALE approach.

One important aspect to mention is, that the second load mechanism (deceleration of
hull structure) could only be observed based on the simulation-based approach using FSI
[101]. If only common approaches were used for assessing the sideways launching process of
the SPV, no measures for reinforcing the hull structure against the second load mechanism
would be considered.

All investigations with the ALE approach were made during the ongoing design process
of the SPV. This proves that simulations using FSI can be utilized as an active design
tool. The necessary computational resources and time frames of the ALE approach, which
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are usually considered as one of the biggest drawbacks, are nowadays on an acceptable
level. The influence of different measures to reduce the necessary computational effort of
the ALE approach is discussed in section 6.4 of this work. In total, about three days of
computational time are necessary for the assessment of the resulting hull structural loads.
However, the necessary computational effort of the ALE approach is still two times higher
compared to the simulation-based approach without FSI.

7.3. Consequences regarding the design of the special purpose
vessel

The results of the simulation-based approach were used as the basis for the planning of
the sideways launching process of the SPV. As discussed in section 6.5.1, both loading
conditions investigated are safe to use with regards to the ship motion. With a maximal
roll angle below 40◦, only minor green water can be observed on the main deck. The ship
motion obtained with the ALE approach was further used to determine the height of the
waterline on each side of the SPV. This allowed for a check, which openings inside the shell
of the SPV will come into contact with the water and are to be closed to prevent further
flooding of the SPV during the sideways launching process.

The design of the hull structure of the SPV against the loads resulting during the sideways
launching process was done based on the results with the ALE approach as well. As
investigated in section 6.5.2, the loading condition of the SPV (→ weight) has a significant
influence on the resulting hull structural loads. This is especially true for the second load
mechanism (deceleration of hull structure) and the resulting hull structural loads inside
the bulkhead plating. Therefore, LC LSW (light ship weight / fully equipped SPV) was
used as the basis for the design of the hull structure of the SPV. By doing so, a safety
margin for the progression of the construction progress / level of outfitting is accounted for.
An example could be an incorrect weight calculation or a delay of the sideways launching
process (→ higher level of outfitting as initially planned).

As shown in section 6.5.2, the resulting hull structural loads at highly loaded areas of the
SPV as illustrated in Figure 5.1 are above permissible limits for the initial design of the hull
structure. Local plastic bending deformation of the shell plating and out-of plane buckling
of supporting web frames could be observed (second load mechanism → impact with water
surface). Additionally, shear buckling including plastic out-of-plane deformation could be
observed for specific parts of the bulkhead plating (second load mechanism → deceleration
of hull structure). Using the ALE approach, different measures for reinforcing the hull
structure of the SPV at these highly loaded areas were investigated. As the ALE approach
allows for a very detailed assessment of the resulting hull structural loads and localization
of areas above permissible limits, each of the different measures were limited to these exact
parts of the hull structure. Furthermore, all measures for reinforcing the hull structure
against the loads during the sideways launching process were optimized regarding their
weight using the ALE approach.

In total, about 40 iterations of the hull structure were investigated with the simulation-
based approach using FSI. The additional weight of all measures could be reduced to
approx. 1.5t of additional steel weight. These investigation as well as the measures for
reinforcing the hull structure were obtained within a limited time frame of approx. 30
days, which was given by the start of the construction of the SPV.
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Although a sideways launching process is a common way to launch different type of ships,
its assessment is complex. Different physical phenomena are to be covered by an approach
of choice. This includes the ship motion (six DOF motion with according equation of
motions including added masses and hydrodynamic damping). The free water surface and
its interaction with the ship hull plays an important role (formation of spray root and waves
around the ship hull). Dynamic loads at the impact of the ship hull with the water surface
comparable to slamming events can be observed, for which the resulting hull structural
loads are to be assessed. Depending on the configuration given at the moment of impact
of a ship with the water surface, effects of hydro-elasticity can be relevant as well.

Based on the current state of the art different research questions joined by an according
research hypothesis are formulated in section 2.4.1 of this work. To answer the different
research questions, the sideways launching process of a SPV is investigated using different
approaches. A simulation-based approach using FSI based on an ALE approach is proposed
within this work. The results obtained with the proposed simulation-based approach using
FSI are compared to common approaches, which include a rule-based approach, analytical
formulations, the use of model tests as well as simulations without FSI.

Before evaluating the research hypothesis, the answers to the research questions are
briefly summarized. A more detailed discussion of the obtained results and the comparison
of the different approaches regarding their applicability for the sideways launching of ships
can be found in chapter 7. Due to missing knowledge in the discussed state of the art, the
first research question asked within this work is as follows:

How do the loads on a ship hull during the different phases of a sideways
launching process look like as a function of time?

During model test of the sideways launching process of the SPV pressure-time-signals
were measured, that are typically observed during slamming events. A harsh peak pressure
acting only for a few milliseconds joined by a quick decay of the pressure could be observed.
Based on these results a load model for assessing the pressure on the ship hull in the case
of simulations without FSI is proposed within this work, which considers the conditions of
a ship at the moment of impact with the water surface (speed as well as deadrise angle).

Following the loads resulting on a ship hull, the next research questions are concerned
with the resulting hull structural loads:

Which hull structural loads can be observed during a sideways launching pro-
cess at different parts of the hull structure? What are the main load mechanisms
acting upon the hull structure?

Based on simulations without FSI a load mechanism comparable to slamming events was
observed. The loads resulting from the impact of the ship hull with the water surface act
upon the shell of the hull structure and are transferred into its supporting structure. Based
on the proposed simulation-based approach using FSI a second load mechanism during the
sideways launching process of the SPV could be observed. This second load mechanism is
caused by transversal forces due to the deceleration of the hull structure after immersing
into the water. The bottom structure is decelerated, while the upper part wants to remain
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its transversal motion due to the inertia of the hull structure. This behavior results in high
shear stresses inside transversal members of the hull structure.

From a design point of view it is important to know, which parameters of the sideways
launching processes do influence the resulting hull structural loads / load mechanisms as
well as the ship motion to ensure a safe sideways launching of a ship. This results in the
following research questions:

Which parameters of a sideways launching process are the most relevant ones
regarding the ship motion as well as the resulting loads on the hull structure
/ hull structural loads? How big is the influence of each parameters on the
different aspects of a sideways launching process?

As the model tests showed, the maximal roll angle as one of the most important pa-
rameters regarding the ship motion is very sensitive regarding the position of the COG in
z-direction of a ship (non-linear dependency). The influence of the investigated parameters
on the hull structural loads is different for both load mechanisms. The hull structural loads
resulting from the first load mechanism (impact with water surface) are mainly influenced
by the conditions given at the impact with the water surface (speed and deadrise angle).
These conditions are defined to a great extent by the height of the palls and the water level
inside the launch basin (increase of height of drop around the edge of pier of 1m → increase
of 18% of loads on ship hull). The second load mechanism is influenced by two parameters:
the weight of the ship and the coefficient of friction between the palls and slipway (halving
of coefficient of friction / increase of weight of approx. 12% → doubling of the stresses
inside bulkhead plating). Note, that these relationships were obtained for the investigated
SPV and could differ for other ships / ship types.

Besides these insights regarding the mechanics of sideways launching of ships, from a
methodical point of view a reliable tool for predicting and assessing all relevant phenomena
during the ship design process is of importance. This yields in the last research question:

How does a setup of a sufficient and reliable simulation-based approach look
like, which is able to account for the relevant physical effects of asymmetrical
slamming events as present during a sideways launching process?

A simulation-based approach using FSI based on an ALE approach is proposed and
presented in detail within this work. The ALE approach allows assessing the relevant
aspects and physical phenomena of a sideways launching process as given above. The
verification of the ALE approach showed very good agreement with the results obtained
from the model tests of the sideways launching process of the SPV. Furthermore, by
optimizing the computational effort of the ALE approach, it is feasible to incorporate these
simulations using FSI within the ongoing ship design process.

Based on these research questions, the following research hypothesis regarding the differ-
ent approaches applicable to assess a sideways launching process is derived in section 2.4.1
of this work:

A simulation-based approach using FSI is the best-suited choice for assessing
water entry problems / slamming phenomena like a sideways launching process
of a ship, as these are the only approaches able to consider all relevant physi-
cal aspects and phenomena accordingly allowing for a holistic assessment and
optimization of a ship design.
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The findings within this work confirm the research hypothesis. In contrast to the inves-
tigated common approaches, the proposed simulation-based approach using FSI is able to
account for all relevant and physical phenomena during the sideways launching of a ship
sufficiently. The ALE approach is the only approach allowing for a simultaneous assessment
of the ship motion and resulting hull structural loads. New insights into the mechanics of
sideways launching of ships could be obtained. Notably, only the proposed simulation-based
approach using FSI was able to account for the second load mechanism (deceleration of hull
structure). Therefore, only with the ALE approach the influence of different parameters of
the sideways launching process on both load mechanisms could be assessed. For the inves-
tigated case study of the sideways launching process of a SPV, the planning was completely
based upon the obtained simulation results. The ALE approach was used to reinforce the
hull structure of the SPV against the resulting hull structural loads during the sideways
launching process. These measures were limited precisely to the highly loaded areas of the
hull structure and were optimized regarding the least additional weight.

However, the simulation-based approach using FSI proposed within this work is accom-
panied by one limitation regarding the postulated research hypothesis. The ALE approach
with the FSI algorithm based on the penalty method is very complex compared to simula-
tions without FSI or even other simulation-based approaches using FSI. A lot of experience
and specialised knowledge is necessary to successfully apply this method, as settings for the
FSI algorithm are specific for each use case [59]. Parametric studies of the setup of the
ALE approach as well as of different FSI settings are highly recommended [9], [10], [107].
Additionally, verification based on experiments or model tests are advisable [117], [118].

For the sideways launching process of the SPV such parametric studies regarding the
setup of the ALE approach and FSI settings as well as a verification based on model tests
were conducted thoroughly. A very good agreement between the results obtained from the
model tests and the ALE approach could be observed. However, the parametric study and
verification rose the initial costs for the the successful setup of the proposed simulation-
based approach using FSI. But overall the above mentioned benefits of the ALE approach
did pay off these initial costs during the design process / different design phases of the SPV.
This is still true, even if the costs of the model tests for the verification of the ALE approach
are accounted for. The costs of the conducted model tests combined with the initial costs
of the simulation-based approach using FSI are low compared to the total budget involved
for the design and construction of the investigated SPV and the risks associated with an
insufficiently planned sideways launching process of the SPV.

In order to reduce the initial costs with such a simulation-based approach using FSI for
other, similar applications, all necessary information for a setup of the ALE approach are
provided in this work. This includes the material models and general setup of the ALE
approach within the main part of this work. In addition, all findings regarding different
settings of the FSI algorithm are provided within Appendix A.10. Besides the investigated
use case of a sideways launching process, these results are a sound basis for the assessment of
other slamming phenomena or water entry problems. Due to the investigated configuration
of the sideways launching process of the SPV, these settings are a very good starting point
for other asymmetric slamming / water entry problems with oblique speed. E.g. the
provided setup and settings of the ALE approach within this work can be used to extend
the current research / state of the art such as [64], [112] regarding asymmetric slamming
events of ship hull structures using a two-way FSI considering the effects of hydro-elasticity.
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[72] Nippon Kaiji Kyōkai, Rules for the Survey and Construction of Governmental and
Naval Ships (Edition January 2022). Chiyoda, Japan, 2022.
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A. Appendix

A.1. Different phases of sideways launching process
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Figure A.1.: start of phase 0 — rotation
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Figure A.2.: end of phase 0 — rotation | start of phase 1 — sliding
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note: resulting forces are not drawn to scale
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Figure A.3.: end of phase 1 — sliding | start of phase 2 — tipping
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Figure A.4.: end of phase 2 — tipping | start of phase 3 — tipping and immersion
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A.1. Different phases of sideways launching process

note: resulting forces are not drawn to scale;
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Figure A.5.: end of phase 3 — tipping and immersion | start of phase 4 — dropping and
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Figure A.6.: phase 4 — dropping and raise (free ship motion)
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A. Appendix

A.2. Regulations of classification societies: launching and
bottom slamming

On the next two pages an overview of rules and regulations of different classification societies
regarding the loads during the launching of a ship as well as design loads for bottom
slamming is provided.

Only in Rules and Regulations for the Classification of Naval Ships [61] the launching
process of a vessel is mentioned. In [61] (Volume 1, Part 3, Chapter 5, Section 11.5) the
following remarks regarding the consideration of loads during launching of a ship are made:

11.5.1 The launching loads are to be checked by the shipbuilder using conven-
tional analytical methods appropriate to the method of launch. If via a slipway,
the structure in way of the fore poppet should be suitable for the high loads
that will be transmitted in this area. If adequate structure is not available,
temporary stiffening is to be arranged.
11.5.2 The global strength of the hull girder is to be adequate under the loads
imposed by launching, in particular for NS1 ships.
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class regulation source loads during launching bottom slamming loads

ABS

Marine Vessels [6] — no load model provided (only empirical
approach for plate thickness)

Naval Vessels [5] —

empirical approach for design loads
considering velocity and deadrise angle
(only valid for planning vessels)
(Part 3, Chapter 2, Section 2.1.3.1)

High Speed Craft [4] — identical approach as in [5]

Slamming Guide [3] — general guidance for deriving slamming loads
(see text in section 4.1 for details)

BV

Steel Ships [19] — purely empirical approach for design loads
(Part B, Chapter 8, Section 1.3.2)

Naval Vessels [17] — purely empirical approach for design loads
(Part B, Chapter 8, Section 1.3.2)

Environmental Loads [18] — general guidance for deriving slamming loads
(see text in section 4.1 for details)

CCS

Steel Ships [21] — approach based on Ochi-Mottor theory
(Part 2, Chapter 2, Appendix 4, Section 2.1.1)

High Speed Craft [22] —
empirical approach for design loads
considering acceleration and deadrise angle
(Chapter 4, Section 4.2.2)

DNV

Ships [27] — purely empirical approach for design loads
(Part 3, Chapter 10, Section 2.2.1)

Naval Vessels [28] — purely empirical approach for design loads
(Part 3, Chapter 1, Section 5.3.2)

Environmental Loads [25] — general guidance for deriving slamming loads
(see text in section 4.1 for details)

KR Steel Ships [50] —
empirical approach for design loads
considering deadrise angle
(Part 3, Chapter 7, Section 804.1)
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class regulation source loads during launching bottom slamming loads

KR [49] —

empirical approach for design loads
High Speed / considering acceleration and deadrise angle
Light Crafts (only valid for planning vessels)

(Part 3, Chapter 2, Section 301.1)

LR

Ships [62] — purely empirical approach for design loads
(Part 3, Chapter 5, Section 1.6.4)

Naval Vessels [61]
to be considered empirical approach for design loads
(Volume 1, Part 3, considering velocity and deadrise angle +
Chapter 5, Section 11.5) approach for dynamic load model provided

(Volume 1, Part 5, Chapter 3, Section 4.2)

NK

Steel Ships [73] —
different empirical approaches for design loads
depending on length and speed of ship
(Part C, Chapter 4, Section 4.8.2.2)

High Speed Craft [71] —
empirical approach for design loads
considering velocity and deadrise angle
(Part 5, Chapter 2, Section 2.2.1)

Governmental / [72] — design loads according to [73] or [71]
Naval Vessels (Part 5, Chapter 2, Section 2.3.5)

RINA

Ships [86] — no approach provided

Naval Vessels [85] — purely empirical approach for design loads
(Part B, Chapter 8, Section 1.3.2.1)

Fast Patrol Vessels [83] —
empirical approach for design loads
considering acceleration and deadrise angle
(Part B, Chapter 5, Section 2.3.3.1)

High-Speed Craft [84] — identical approach as in [83]
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A.3. Results of analytical approach

A.3. Results of analytical approach

Table A.1.: proposed modifications to analytical approach
original term modified term used in equation
cw xz = 1.00 cw xz = 5.00 4.20
cw xy = 1.00 cw xy = 2.75 4.21

Fhyd dyn y · [zA xz − zCOG tot] 0.15 · Fhyd dyn y · [zwl − zCOG tot] 4.22
λ44 3.33 · λ44 4.23, 4.24
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Figure A.7.: comparison of results of analytical approach (with modifications as given in
Table A.1) to experimental approach — maximal roll angle
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A.4. Results of experimental approach

Table A.2.: measured variables and measurement devices used for model tests

sampling rate = 35.4Hz (200Hz in model scale):
measured value unit measuring device scale

speed at COG in yz-plane [m/s] derived based on
λsm

0.5
optical tracking system

longitudinal motion at COG [m]

optical tracking system

λsm

lateral motion at COG [m] λsm

vertical motion at COG [m] λsm

roll motion [◦ ] 1
pitch motion [◦ ] 1
yaw motion [◦ ] 1
roll velocity [◦/s ] inertial measurement unit λsm

−0.5

sampling rate = 848.5Hz (4,800Hz in model scale):
measured value unit measuring device scale
pressure on ship hull [kPa] pressure transducer ρw fs/ρw ms · λsm

3

Table A.3.: results of model tests — uncertainties regarding measurement of ship motion

LC_01:
φi in [◦ ] @ run X̄i SDi CVi

No. 1 No. 2 No. 3 No. 4 in [◦ ] in [◦ ] in [%]
φimpact -14.59 -14.21 -14.56 -13.87 -14.31 0.15 1.03
φmin -32.09 -32.07 -31.66 -33.07 -32.22 0.26 0.81

calm water ✓ ✓ X X - - -

LC_02:
φi in [◦ ] @ run X̄i SDi CVi

No. 1 No. 2 No. 3 No. 4 in [◦ ] in [◦ ] in [%]
φimpact -14.14 -15.10 -14.19 -15.52 -14.74 0.30 2.01
φmin -39.47 -39.12 -39.18 -39.43 -39.30 0.08 0.19

calm water ✓ X ✓ X - - -
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Figure A.8.: picture series of model tests (LC_01 is shown)
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A.5. Modelling of hull structure of the special purpose vessel

A.5. Modelling of hull structure of the special purpose vessel

Table A.4.: element formulations used for FEM models
element ELFORM element reference
type in LS-DYNA formulation for details
beam 1 Hughes-Liu with cross section integration [59, Ch. 7]
shell 2 Belytschko-Lin-Tsay [59, Ch. 9]
solid 1 constant stress solid element [59, Ch. 4]
ALE 11 1 point ALE multi-material element [59, Ch. 20]

Table A.5.: loading conditions used for FEM models of SPV
parameter unit LC LAUNCH LC LSW model test (LC02)

∆ [t ] 0.813 · ∆design 0.903 · ∆design 0.837 · ∆design

COG∗
x [m] 0.460 · Lpp 0.466 · Lpp 0.458 · Lpp

COGy [m] 0.000 · Bwl 0.000 · Bwl 0.000 · Bwl

COGz [m] 0.500 · Dmain 0.518 · Dmain 0.507 · Dmain

GM0 [m] 0.623 · Tdesign 0.470 · Tdesign 0.580 · Tdesign

ixx [m] 0.394 · Bwl 0.395 · Bwl 0.417 · Bwl

iyy [m] 0.257 · Lpp 0.256 · Lpp 0.258 · Lpp

izz [m] 0.257 · Lpp 0.256 · Lpp 0.257 · Lpp
∗: referred to aft perpendicular

0.0 0.2 0.4 0.6 0.8 1.0
x / Lpp [-]

0.000

0.005

0.010

0.015

0.020

0.025

w
ei

gh
t/

de
si

gn
 [1

/m
]

LC LAUNCH
LC LSW

Figure A.9.: weight distribution used for FEM models of SPV
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stiffeners, flanges and 

pillars modelled using 

beam elements (blue)

panels and webs of 

girders modelled using 

shell elements (grey)

Figure A.10.: view inside global FEM model of the hull structure of the SPV

bulb of bulbous profiles 

modelled with beam elements

consideration of different 

connections of stiffeners

web of stiffeners modelled with 

at least three shell elements

Figure A.11.: view inside detailed FEM model of the SPV
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detailed FEM model 

of highly loaded area

global FEM model 
area of refinement / 

transition between models

Figure A.12.: area of transition of combined FEM model of the SPV

UX + UY + UZ = 0

Figure A.13.: BC used for global FEM model of SPV
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ROTY + ROTZ = 0 | UX = const. 

(constrained equations)

UX = 0

Figure A.14.: BC used for detailed FEM model of SPV (BC_01)

UX + UY + UZ = 0

UX = 0

UY + UZ = 0

ROTY + ROTZ = 0 | UX = const. 

(constrained equations)

Figure A.15.: BC used for detailed FEM model of SPV (BC_02)
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A.5. Modelling of hull structure of the special purpose vessel

ROTY + ROTZ = 0 | UX = const. 

(constrained equations)

UX = 0

*INITIAL_VELOCITY_GENERATION 

(v
y

+ v
z
+ �

x
at COG for 

complete structure)

Figure A.16.: BC used for detailed FEM model of SPV (BC_03)

ROTY + ROTZ = 0 | UX = const. 

(constrained equations)

UX = 0

*PRESCRIBED_MOTION_NODE 

(v
y

+ v
z
+ �

x
at COG transferred

onto marked nodes using 

constrained equations)

*INITIAL_VELOCITY_GENERATION 

(v
y

+ v
z
+ �

x
at COG for complete 

structure)

Figure A.17.: BC used for detailed FEM model of SPV (BC_04)
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A.6. User defined load model in LS-DYNA - rule-based approach

∗DEFINE_FUNCTION
$# f idhead ing

10509Load_Model_Rule_Based_10509
$# func t i on
f l o a t p_rb_10509 ( f l o a t t )
{
f l o a t t_impact , v_impact , d ead r i s e ;
t_impact =0.000185;
v_impact=−4.745;
dead r i s e =−0.417;
f l o a t p_bi , p_dyn , t_r ;
p_bi =310684.92;
p_dyn=11259.77;
t_r =0.014183;
f l o a t t1 , t2 , t3 ;
t1=t_impact ;
t2=t_impact+t_r ;
t3=t_impact+2∗t_r ;
f l o a t p_act ;
i f ( t<t1 ){
p_act=0;
}
e l s e i f ( ( t>=t1 ) & ( t<t2 ) ){
p_act=p_bi ∗ ( ( t−t_impact )/ t_r ) ;
}
e l s e i f ( ( t>=t2 ) & ( t<t3 ) ){
p_act=p_bi−(p_bi−p_dyn ) ∗ ( ( t −(t_impact+t_r ) )/ t_r ) ;
}
e l s e {
p_act=p_dyn ;
}
re turn p_act ;
}
∗LOAD_SEGMENT_SET_ID
$# idheading

10509Load_Model_Rule_Based_10509
$ SSID LCID SF AT

10509 10509 1 .0 0 .0
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A.7. User defined load model in LS-DYNA - experimental
approach

∗DEFINE_FUNCTION
$# f idhead ing

10609Load_Model_Model_Test_10609
$# func t i on
f l o a t p_mt_10609( f l o a t t )
{
f l o a t t_impact , v_impact , d ead r i s e ;
t_impact =0.000185;
v_impact=−4.745;
dead r i s e =−0.417;
f l o a t k_v , k_beta ;
k_v=0.903;
k_beta =0.985;
p_mt_max, p_mt_scaled , p_dyn , p_act ;
p_mt_max=915000.00;
p_mt_scaled=k_v∗k_beta∗p_mt_max;
p_dyn=11259.77;
f l o a t k_mt , t_r_mt ;
k_mt=89.274500;
t_r_mt=0.046260;
f l o a t t1 , t2 ;
t1=t_impact ;
t2=t_impact+t_r_mt ;
i f ( t<t1 ){
p_act=0;
}
e l s e i f ( ( t>=t1 ) & ( t<t2 ) ){
p_act=p_mt_scaled∗exp(−k_mt∗( t−t1 ) ) ;
}
e l s e {
p_act=p_dyn ;
}
re turn p_act ;
}
∗LOAD_SEGMENT_SET_ID
$# idheading

10609Load_Model_Model_Test_10609
$ SSID LCID SF AT

10509 10609 1 .0 0 .0
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A.8. Parametric study of settings used for fluid-structure
interaction

The following aspects of the used FSI algorithm inside *CONSTRAINED_LAGRANGE_IN_SOLID
in LS-DYNA were varied:

• direction of coupling
– DIREC=1: tension and compression
– DIREC=2: compression only

• scaling factor of stiffness for coupling algorithm (PFAC)

• scaling factor for damping forces of coupling algorithm (DAMP)

• number of coupling points across each coupled Lagrangian element (NQUAD)

The following general settings for the ALE approach in *CONTROL_ALE were varied:

• ALE advection method
– METH=1: Donor cell with half index shift (first order accurate)
– METH=2: Van Leer with half index shift (second order accurate)

• number of cycles between ALE advection (NADV)

The following aspects of the general setup of the ALE approach were investigated:

• size of ALE-elements / element density ratio DR between ALE and Lagrangian ele-
ments

– controlled by NLVL inside *CONTROL_REFINE_ALE

• influence of additional damping inside fluids / ALE elements
– damping added by using *DAMPING_PART_MASS for ALE domain
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Figure A.18.: results of parametric study of FSI settings — maximal roll angle
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Figure A.19.: results of parametric study of FSI settings — time at maximal roll angle
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Figure A.20.: results of parametric study of FSI settings — time at roll angle equals zero
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Figure A.21.: results of parametric study of FSI settings — roll velocity while roll angle
equals zero
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Figure A.22.: results of parametric study of FSI settings — roll angle
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Figure A.23.: results of parametric study of FSI settings — roll velocity
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Figure A.24.: results of parametric study of FSI settings — trajectory of COG
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Figure A.25.: results of parametric study of FSI settings — point of deepest immersion
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Figure A.26.: results of parametric study of FSI settings — stresses (side plating)
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Figure A.27.: results of parametric study of FSI settings — stresses (bottom plating)
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Figure A.28.: results of parametric study of FSI settings — fluctuations of stresses
(NLVL=1 | DR = 1.250)
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Figure A.29.: results of parametric study of FSI settings — fluctuations of stresses
(NLVL=2 | DR = 0.625 | baseline)
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Figure A.30.: results of parametric study of FSI settings — fluctuations of stresses
(NLVL=3 | DR = 0.313)
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A.9. Verification of Arbitrary-Lagrangian-Eulerian approach

Table A.6.: verification of ALE approach — material models used for ship model

NFRPC:
parameter unit value

EY [GPa] 35.00
ν [ - ] 0.30
ρ [kg/m3 ] 1310

ABS plastis:
parameter unit value

EY [GPa] 1.90
ν [ - ] 0.30
ρ [kg/m3 ] 1030

wood (beech):
parameter unit value

EY [GPa] 16.00
ν [ - ] 0.30
ρ [kg/m3 ] 720

Table A.7.: verification of ALE approach — properties of FEM model of ship model
parameter unit value

shell elements [ - ] 45,100
nodal rigid bodies [ - ] 28

nodes [ - ] 44,600
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Figure A.31.: verification of ALE-approach — influence of filter settings on pressure-time-
signals (P2 @ LC_01)
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Figure A.32.: verification of ALE approach — comparison with model tests (LC_01)
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A.10. Settings used for Arbitrary-Lagrangian-Eulerian approach
Within this section of the Appendix all settings specific to simulations using FSI based
on the ALE approach are provided. The following settings are used within the k-File of
LS-DYNA for the setup of the ALE approach / FSI algorithm:

∗CONTROL_ALE
$# DCT NADV METH AFAC BFAC CFAC DFAC EFAC

−1 50 2 −1.0 0 .0 0 .0 0 .0 0 .0
$# START END AAFAC VFACT PRIT EBC PREF NSIDEBC

0.0 1 .0 E20 1 .0 1 .0E−6 0 0 1 .013E5 0
$# NCPL NBKT IMASCL CHECKR BEAMIN MMGPREF PDIFMX DTMUFAC

1 50 0 0 .0 0 .0 0 0 .0 0 .0

∗CONTROL_REFINE_ALE
$# ID TYPE NLVL MMSID IBOX

46 0 1 47 1
$# NTOTRF NCYCRF CRITRF VALRF BEGRF ENDRF LAYRF

1000000 100 .0 0 0 .0 0 .0 0 .0 2
$# MAXRM NCYCRM CRITRM VALRM BEGRM ENDRM MMSRM

0 0 .0 0 0 .0 0 .0 0 .0 0

∗CONSTRAINED_LAGRANGE_IN_SOLID_TITLE
Lagrange_in_Solid_Hull_Structure
$# SLAVE MASTER SSTYP MSTYP NQUAD CTYPE DIREC MCOUP

10002 41 0 0 1 4 2 −42
$# START END PFAC FRIC FRCMIN NORM NORMTYP DAMP

0.0 1 .0 E20 0 .05 0 .10 0 .30 0 1 0 .20
$# CQ HMIN HMAX ILEAK PLEAK LCIDPOR NVENT BLOCKAGE

0.0 0 .0 0 .0 0 1E−4 0 0 0
$# IBOXID IPENCHK INTFORC IALESOF LAGMUL PFACMM THKF

0 0 1 0 0 .0 0 0 .0

∗DAMPING_PART_MASS_SET
$# PSID LCID SF FLAG

44 1 10 .0 0

∗DEFINE_CURVE_TITLE
Unit Curve
$# LCID SIDR SFA SFO OFFA OFFO DATTYP LCINT

1 0 1 .0 1 .0 0 .0 0 .0 0 0
$# A1 O1

0 .0 1 .0
1 .0 E20 1 .0
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The following two pfile are used for the decomposition of the FEM model for the ALE
approach as necessary for the MPP version of LS-DYNA.

This pfile divides the model for a simulation with 16 cores using the RCB method (de-
composition with RCB method — default):

decomposit ion {
f i l e decomposit ion
numproc 16

}

The resulting decomposition is shown in Figure A.33. The values for x_min, x_max, y_min,
y_max, z_min and z_max are the border of the FEM model. Corresponding values are to be
inserted into the pfile. The colours in Figure A.33 represent the distribution of the FEM
model on the different cores used for the simulation.

The following pfile divides the model for a simulation with 16 cores along the x-axis of
the model based on 16 manually defined regions (decomposition along x-axis — optimized
settings):

decomposit ion {
f i l e decomposit ion
numproc 16
reg i on { box x_min x_1 y_min y_max z_min z_max sx 5000}
reg i on { box x_1 x_2 y_min y_max z_min z_max sx 5000}
reg i on { box x_2 x_3 y_min y_max z_min z_max sx 5000}
reg i on { box x_3 x_4 y_min y_max z_min z_max sx 5000}
reg i on { box x_4 x_5 y_min y_max z_min z_max sx 5000}
reg i on { box x_5 x_6 y_min y_max z_min z_max sx 5000}
reg i on { box x_6 x_7 y_min y_max z_min z_max sx 5000}
reg i on { box x_7 x_8 y_min y_max z_min z_max sx 5000}
reg i on { box x_8 x_9 y_min y_max z_min z_max sx 5000}
reg i on { box x_9 x_10 y_min y_max z_min z_max sx 5000}
reg i on { box x_10 x_11 y_min y_max z_min z_max sx 5000}
reg i on { box x_11 x_12 y_min y_max z_min z_max sx 5000}
reg i on { box x_12 x_13 y_min y_max z_min z_max sx 5000}
reg i on { box x_13 x_14 y_min y_max z_min z_max sx 5000}
reg i on { box x_14 x_15 y_min y_max z_min z_max sx 5000}
reg i on { box x_15 x_max y_min y_max z_min z_max sx 5000}

}

The resulting decomposition is shown in Figure A.34. The values for x_min, x_max, y_min,
y_max, z_min and z_max are the border of the FEM model. The different values for x_i
are the manually derived borders of the FEM model, at where an optimal distribution of
work load on all 16 cores is given. Corresponding values are to be inserted into the pfile.
The colours in Figure A.34 represent the distribution of the FEM model on the different
cores used for the simulation.
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Figure A.33.: settings for simulation-based approach using FSI — decomposition of com-
bined FEM model of SPV with RCB method (default settings)

Figure A.34.: settings for simulation-based approach using FSI — decomposition of com-
bined FEM model of SPV along x-axis (optimized settings)
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A.11. Ship motion obtained with Arbitrary-Lagrangian-Eulerian
approach
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A.11. Ship motion obtained with Arbitrary-Lagrangian-Eulerian approach
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Figure A.35.: pictures series of ship motion obtained with ALE approach (LC LAUNCH is
shown in 0.50s intervals)
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A.12. Resulting hull structural loads
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Figure A.36.: resulting hull structural loads — influence of different load models (combined
FEM model of SPV + LC LAUNCH)
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Figure A.37.: resulting hull structural loads — influence of different FEM models of SPV
(load model based on model tests + LC LAUNCH)
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Figure A.38.: resulting hull structural loads — influence of different FEM models of SPV
(ALE approach + LC LAUNCH)
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Figure A.39.: resulting hull structural loads — influence of different loading conditions
(ALE approach + combined FEM model of SPV)
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Figure A.40.: resulting hull structural loads — influence of height of drop (ALE approach
+ combined FEM model of SPV + LC LAUNCH)
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Figure A.41.: resulting hull structural loads — influence of coefficient of friction (ALE ap-
proach + combined FEM model of SPV + LC LAUNCH)
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