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Abstract 
Fluid-Structure Interaction Analysis of Impact-Induced Loads 
and Hydroelastic Responses of Ship Structures 
Water entry impact, also known as slamming impact, is a phenomenon that occurs on 
ships and offshore structures over a short period of time in rough sea conditions. This highly 
non-linear fluid-structure interaction problem causes large hydrodynamic loads on the 
structure that can lead to significant structural damage. Although slamming impacts have 
been extensively studied, the elasticity contribution to structural behaviour has rarely been 
taken into consideration. Since the dynamics of slamming involve air-water-structure 
interactions, a severe impact can easily induce elastic deformations that affect the fluid 
flow and the pressure field, i.e., the response is hydroelastic. Therefore, it may not always 
be accurate to simplify the problem to a rigid body impact. To properly address this 
phenomenon, it is essential to comprehend the effect of the hydrodynamic loads and the 
simultaneous structural responses of the ship’s hull. 

This thesis studies impact-induced loads acting on a 3D non-prismatic wedge section 
and its dynamic responses, both experimentally and computationally. A series of 
systematic free-fall drop tests were conducted on a 3D complex V-shaped section at 
various drop heights. A drop test tower was constructed to allow experiments to be 
carried out at various heights ranging from 25 cm to 2 metres. Two wedges with different 
masses were tested to investigate the effects of wedge mass on slamming loads and 
responses. To study the effect of flexural rigidity on structural responses, the bottom 
plates of the wedge were designed with two different bending stiffnesses. The importance 
of hydroelastic analysis is explained based on experimental observations.  

Experiments provide the insight into the hydroelastic phenomenon. The experimental 
findings are exploited in the development of a coupled fluid and structure simulation 
model. The findings indicate that a two-way coupling numerical model is needed to 
accurately simulate slamming loads and structural responses at high impact velocities. 
Consequently, the simultaneous interaction between the fluid and structural dynamics 
is considered in the proposed numerical simulations. 

In this thesis, both 2D and 3D flexible structures are simulated to get a deeper insight 
into the dynamics of hydroelastic slamming. Firstly, the water entry problem is numerically 
analysed by implementing a two-way coupling approach on 2D steel and aluminium 
structures. A comparison of constant velocity and freefall impact is presented to examine 
the effect of freefall motions. It is found that hydroelasticity depends on the deadrise 
angle and impact velocity, and the elastic behaviour increases with smaller deadrise 
angles and higher drop heights. Secondly, a 3D aluminium wedge with varying deadrise 
angles is simulated using two different numerical models. The slamming problem is 
modelled using an explicit nonlinear finite element method (MMALE) and an implicit 
CFD-FEM coupling approach. The results of the two numerical methods are validated and 
compared with the experimental data. The numerical computations obtained from 
different methods are found to be in satisfactory agreement with the experimental 
measurements, indicating their reliability and accuracy. The importance of simulating the 
fluid-structure interaction problems is evaluated by considering a hydroelasticity factor 
that exhibits a noteworthy influence on the unstiffened bottom plate for all examined 
impact velocities. A detailed analysis is performed to compare different numerical 
approaches and thoroughly discuss the advantages and disadvantages associated with 
each method. 
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Lühikokkuvõte 
Vedeliku ja konstruktsiooni vastasmõju analüüs löökkoormuste 
ja konstruktsiooni hüdroelastse vaste hindamiseks 
Laeva ja avamerekonstruktsioonid kogevad vette sisenemisel hüdrodünaamilisi 
löökkoormusi, mida tuntakse slämming koormustena. Slämming koormused on 
lühiajalised löökkoormused, mida esinevad peamiselt keeruliste mereolude korral. 
Tegemist on mitte-lineaarse ja väga dünaamilise nähtusega, millega kaasnevad 
märkimisväärsed vibratsioonid või lausa konstruktsioonide kahjustumine. Ehkki 
hüdrodünaamilisi koormusi on laialdaselt uuritud, oletatakse konstruktsioonid sageli 
lõpmatult jäigaks ja seeläbi ignoreeritakse konstruktsiooni elastsuse mõju koormuste ja 
konstruktsiooni vaste hindamisel. Slämming koormuste hindamine kätkeb endas õhu, 
vee ja konstruktsiooni vastasmõju hindamist. Hüdrodünaamiline löök võib põhjustada 
konstruktsiooni deformeerumist, mis omakorda mõjutab vedeliku voolamist ja 
rõhujaotust ehk tegemist on hüdroelastse protsessiga. Seega ei saa konstruktsioone alati 
oletada lõpmatult jäigaks. Löökkoormuste täpseks kirjeldamiseks on oluline mõista 
seoseid hüdrodünaamilise koormuste ja samaaegselt asetleidva konstruktsiooni vaste 
vahel.  

Käesolev töö uurib hüdrodünaamilisi löökkoormusi ekperimentaalselt ja numbriliselt. 
Meretehnoloogia kompetentsikeskuse mudelkatsebasseinis viidi läbi katsed, kus 
kolmemõõtmelisel mitteprismaatilisel kiilul lasti erinevatelt kõrgustelt vette langeda. 
Kiilu kukkumiskõrgust varieeriti vahemikus 0.25–2 m. Lisaks varieeriti kiilu massi 
uurimaks massi mõju löögikoormustele. Kiilu põhjakonstruktsioonid on konstrueeritud 
selliselt, et kiilu erinevate parraste jäikused erinevad märkimisväärselt. 

Ekperimentaalsete katsete käigus tehtud järeldusi kasutati numbrilise 
simulatsioonimudeli loomisel. Katsete tulemused näitasid, et hüdroelastse protsessi 
täpseks kirjeldamiseks on vajalik kahesuunaline numbriline mudel, mis samaaegselt 
hindab hüdrodünaamilist rõhku ja konstruktsiooni vastet.  

Saamaks paremat arusaama hüdroelastse slämmingu olemusest, on käesolevas töös 
simuleeritud nii kahe- kui kolmemõõtmelisi konstruktsioone. Esmalt hinnati slämming 
koormusi ja konstrukstiooni vastet kahemõõtmelise deformeeruva konstruktsiooni 
korral nii konstantse kui ka aeglustuva sisenemiskiiruse puhul. Leiti, et hüdroelastsus 
sõltub kiilu kaldenurgast ja löökkiirusest. Konstruktsiooni elastsuse tähtsus kasvab põhja 
tõusunurga kahanedes ja löögikiiruste suurenedes. 

Hüdroelastse slämmingu kirjeldamiseks kolmemõõtmeliste elastsete konstruktsioonide 
puhul arendati kaks erinevat numbrilist mudelit. Esimeseks mudeliks oli nö. ilmutatud 
kujul formuleeritud lõplike elementide meetod, kus vee käitumise kirjeldamiseks kasutati 
meelevaldset Lagrange-Euleri meetodit ehk MMALE meetodit, kus ühes arvutuslikus 
ruumielemendis saab samal ajahetkel olla mitu erinevat materjali ning elemendi 
mõõtmeid, kuju ja materjalide mahtu saab kohandada arvutuse stabiilsuse tagamiseks. 
Teises numbrilises mudelis ühendati omavahel arvutuslik vedelikudünaamika ja 
imlutamata kujul formuleeritud lõplike elementide meetod. Mõlema numerilise meetodi 
tulemusi võrreldi ja valideeriti basseinikatsetega. Mõlemad arvutuslikud meetodid 
suutsid rahuldava täpsusega kirjeldada nii löökkoormusi kui ka konstruktsiooni vastes. 
Hüroelastsuse tähtsust kirjeldati hüdroelastsusteguri kaudu ning määrati soovituslikud 
piirid, milliste konstruktsioonijäikuste ja löökkoormuste korral on vajalik kasutada 
kahesuunalist vedeliku-konstruktsiooni vastasmõju analüüsi. Erinevate arvutuslike 
lähenemiste eeliseid ja puudused on põhjalikult analüüsitud.  
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Original Features 
Ship slamming is a complicated Fluid-Structure Interaction (FSI) phenomenon, which is 
associated with impulsive hydrodynamic loads and can threaten ship structural integrity. 
The majority of previous experimental and numerical studies on water entry problems 
focused on rigid two-dimensional structures for the sake of simplicity. Although 
modelling 2D rigid bodies can provide valuable insights into the physics of impact 
problems, it may not be suitable for many practical applications due to the dynamic 
response of the hull structure. This thesis presents an experimental and numerical 
analysis of impact-induced loads and responses on a 3D complex body, considering 
deformations of the structures. The following features of this thesis are believed to be 
original. 

1. A numerical approach was developed to analyse the impact loads and responses
on 2D elastic wedge sections in [Publication I]. A two-way coupling technique
was utilised between the FVM and FEM solvers to compute the bottom plate
deformations with different structural stiffnesses. To evaluate the effect of
vertical velocity on bottom plate deformations, the results of constant velocity
and free-fall impact were compared.

2. A series of free-fall drop tests were conducted on a non-prismatic aluminium
wedge with stiffened and unstiffened bottom. The experimental results of vertical
accelerations, hydrodynamic pressures, and strain responses at various drop
heights were presented in [Publication II].

3. The importance of hydroelasticity assessment was studied in [Publication II]
using a dimensionless factor. The study showed that the hydroelasticity has a
significant effect on the unstiffened plate at all examined impact velocities
(𝑉𝑉𝑖𝑖 = 2.2 − 5.6 𝑚𝑚/𝑠𝑠), whereas for the stiffened panel, it becomes important only 
at high impact velocities (𝑉𝑉𝑖𝑖 > 4.0 𝑚𝑚/𝑠𝑠). The effect of the mass of the wedge on
the natural frequency of the structure was also investigated.

4. [Publication III] introduces two numerical models: the MMALE method and the
combination of RANS CFD and FEM dynamic analysis with a two-way coupling
technique. These models were developed to simulate the instantaneous
interaction between fluid and a 3D wedge section. The computed structural
deformation of the bottom plates was compared at different impact velocities.

5. The results of the numerical studies presented in [Publication III] were validated
and compared with the experimental data available in [Publication II]. The study
examined the influence of three-dimensionality, impact velocity, deadrise angle,
and structural rigidity on vertical acceleration, slamming pressure, and strain
response. The effect of three-dimensionality on slamming loads was investigated
by comparing the maximum slamming force coefficients of 2D and 3D wedges.
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1 Introduction 

1.1 Background  
In rough seas, the ship’s hull may emerge from the waves and re-enter the water, causing 
significant loads over a short period of time, which is known as a slamming impact. This 
phenomenon occurs when a body encounters the water surface or when water forcefully 
impacts a structure at a small relative angle. In this situation, the water near the interface 
accelerates suddenly, resulting in high pressure and significant loads. The impact 
pressure is highly dependent on the relative angle between the structure and the water 
surface, and it rises sharply at small relative angles [1–3].  

The slamming loads are typically much larger than other wave loads, and the structure 
responds both locally and globally to this load. It is worth noticing that the structural 
response can be either a local or a global vibration mode (known as whipping), or 
sometimes a combination of both modes [4–7]. Whipping is characterised by a low level 
of damping, causing the ship’s structure to undergo multiple oscillations before 
dissipating the energy [4]. It is a long-lasting vibratory response that can persist for 
several cycles due to minimal energy dissipation. Moreover, the increased number of 
load cycles associated with whipping can contribute to fatigue damage accumulation in 
the structure, particularly under seakeeping loads. As a result of local and global dynamic 
responses, high stresses can occur in specific areas, causing elastic and plastic 
deformations [8]. In addition, there is a significant impact of slamming loads on ship 
performance, which is a major reason for ship operators to change course and/or reduce 
speed. 

The dynamic behaviour of slamming loads can exert considerable effects on the 
structural integrity of ships, potentially leading to structural damage or even collapse. 
Figure 1 illustrates two major accidents that happened due to severe slamming impacts 
in rough seas. One of the most tragic maritime incidents of the 20th century took place 
on September 28, 1994, involving the sinking of the MS Estonia ferry in the Baltic Sea. 
According to the official report by the Joint Accident Investigation Commission [9],  
the vessel’s bow visor malfunctioned as a result of a significant wave impact, leading to 
its detachment from the ship. The investigation concluded that the extensive damage 
was caused by severe slamming in rough sea conditions, characterised by a wind speed 
of 15–20 m/s and a significant wave height of 4–6 m [9]. 

  
(a) (b) 

Figure 1. Two major accidents due to slamming loads:(a) MS Estonia Ro-Ro passenger ship;  
(b) MSC Napoli container ship. 
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The MSC Napoli incident in 2007 serves as another example highlighting the potential 
consequences of impact loads on the catastrophic failure of a ship’s hull. The ship 
encountered extreme sea conditions with a wave height of 9 meters at 11 knots forward 
speed, which is considered high for such wave conditions [10]. As a result, the ship 
experienced significant pitching motions and suffered hull damage near the engine room. 
The initial investigation conducted by classification societies indicated that, among 
various potential causes, the whipping load was identified as the primary factor 
contributing to the ship’s failure [11]. The non-linear finite element strength analysis 
conducted by DNV showed that the buckling strength in the forward part of the ship’s 
engine room was insufficient [11]. These events highlighted the critical importance of 
understanding and mitigating the effects of extreme wave impacts to ensure that their 
influences are adequately considered in design and structural analysis, allowing for an 
appropriate margin of safety.  

In general, the impact-induced loads on ship structures can be classified as follows. 
• Bottom slamming refers to the phenomenon in which the emerged bottom of a 

ship’s hull re-enters the water surface, resulting in high forces and loads that can 
potentially cause structural damage, vibrations, and alterations in the ship’s 
stability and maneuverability (Figure 2a). 

• Bow-flare slamming occurs when the bow of a ship slams into the water surface 
with an extreme pitch-and-heave motion at high relative speed (Figure 2b). 

• Green water slamming is the phenomenon in which large volumes of water 
forcefully impact the deck or upper structure of a vessel or an offshore platform, 
typically in extreme sea conditions (Figure 2c). 

• Breaking wave impacts occur when incident waves and bow waves combine and 
hit the bow of a ship, even during small ship motions. These types of waves pose 
a higher risk of slamming impacts due to their steepness and the possibility of 
direct contact with the structure (Figure 2d). 

 
Figure 2. Different types of slamming impact: (a) bottom slamming; (b) bow-flare slamming;  
(c) green water slamming; (d) breaking wave impact (reproduced from [12]).  

In addition to the aforementioned types of slamming impacts, there are other 
variations that occur under specific sea conditions and on certain structures, which are 
not the focus of this study. These include stern slamming, wet-deck slamming (observed 
in catamaran vessels), and wave run-up slamming (relevant to offshore structures). 

 

(a)

(c)

(b)

(d)
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The analysis of impact loads and water entry problems was initially explored by von 
Karman [13] and Wagner [14], who analytically addressed the issue with specific 
simplifications. These simplifications included assumptions of a 2D rigid body, symmetric 
impact, incompressible fluid, irrotational flow, neglect of gravity, and no flow separation. 
Since their pioneering works, numerous advancements and developments have been 
made in this field. Zhao and Faltinsen [15] studied the water entry of 2D bodies and 
proposed an asymptotic solution for small deadrise angles structures. Later, Vorus [16] 
extended the Wagner solution by introducing a nonlinear term to the kinematic 
condition in an incompressible flow for rigid cylinder impact. Following Wagner’s work, 
many analytical and semi-analytical investigations have expanded upon his method, 
applying it to various shapes and diverse applications [17–19]. Tassin et al. [20] 
conducted a comprehensive assessment of several analytical models for water entry of 
rigid bodies, comparing the results of asymptotic method, MLM (Modified Logvinovich 
Model [21]), and GWM (Generalised Wagner Model [22]) with numerical simulations and 
experimental data [23]. 

In addition to the analytical methods, the advancement of supercomputers has led to 
the development of a wide range of numerical models. These models allow researchers 
to conduct more detailed and realistic simulations, enabling them to gain more insight 
into the behaviour of water entry problems [24,25]. Luo et al. [26] used an explicit finite 
element method to predict the slamming loads on a rigid wedge. In a similar way, Wang 
and Soares [27] simulated the water entry problem on a 2D rigid wedge based on ALE 
formulation and compared the results with analytical solutions. A review of capabilities 
of CFD methods to estimate the impact induced loads on rigid bodies presented by [28]. 
Izadi et al. [29] simulated the free-fall impact of a 2D rigid wedge with different deadrise 
angles based on finite volume method. Additionally, the effect of heel angles on pressure 
distribution and impact loads of oblique slamming on an asymmetric rigid wedge was 
numerically studied by Hosseinzadeh et al. [30]. These studies contribute to the growing 
body of research on water entry problems, exploring different numerical approaches, 
and investigating various factors that affect the slamming phenomenon. 

The water entry problems have been extensively investigated in recent decades; 
however, the majority of these studies have focused on rigid structures with 2D 
assumptions. It is important to consider that impact-induced problems involve complex 
air-water-structure interactions, and simplifying the problem to a 2D rigid body impact 
may not always provide accurate results. Furthermore, implementing analytical models 
for 3D complex structures can be challenging. The rigidity of a body implies no 
deformation upon impact, resulting in hydrodynamic pressure remaining unaffected by 
structural deformation. Additionally, the effect of hydroelasticity, which accounts for the 
interaction between the structure’s deformation and hydrodynamic forces, cannot be 
considered in the analysis when assuming a rigid body.  

Recent research highlights the importance of flexible fluid-structure interaction (FFSI) 
analysis in studying ship slamming phenomenon. Specifically, investigating the 
hydroelastic slamming of flexible bodies has emerged as a crucial aspect in gaining a 
deeper understanding of the dynamic response and structural integrity of ships 
subjected to water entry impacts [1,3]. By considering the coupled interaction between 
fluid and structure, it helps identify potential areas of concern and enables the 
development of improved design strategies to enhance the structural integrity and 
overall safety of maritime applications. Furthermore, hydroelastic analysis assists in the 
prediction and mitigation of potential risks associated with ship slamming. By taking into 
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account the hydroelastic effects, including force redistribution and energy dissipation, 
designers can optimize the hull form, material selection, and structural arrangements to 
minimize the risk of structural failure, fatigue, and damage caused by repetitive 
slamming impacts.

1.2 State of the Art 
Fluid-structure interaction mechanics can be described as a multidisciplinary area of 
study that investigates the dynamic behaviour of a coupled system consisting of solid and 
fluid components. In an FSI problem, the fluid field ( ) and structural field ( )are 
considered as a coupled system through a shared interface ( ). Figure 3 illustrates how 
the appropriate solution to a fluid-structure interaction problem is determined by the 
level of interaction between structural response and fluid loads. Depending on the 
degree of structural response, the FSI problem can be categorised between the problem 
where there is negligible deformation in the solid domain and the structure can be 
considered as a rigid body [31], and the cases where significant structural deformation 
occurs, influencing the flow field [32,33]. Hydroelasticity, a term used to describe one of 
the applications of FSI in marine floating structures, involves the fully coupled study of 
the interaction between the water surface and an elastic structure. It focuses on 
examining the mutual influence between fluid loads and structural responses, 
encompassing the dynamics of both fluid and solid components [31,32].

Figure 3. A schematic of FSI problem with as a shared surface (reproduced from [34]).

The dynamic and impulsive nature of impact-induced loads can have severe 
consequences on marine structures. Ship structures may experience local damage or 
extensive buckling on the deck due to the impact loads. It is more crucial for moderate 
to high-speed ships where even small individual impact loads can accelerate fatigue 
damage to the hull [12]. The presence of slamming loads poses a threat to the safety of 
ships, making it essential to develop a reliable and practical estimation method for the
impact loads. Consequently, employing a fully coupled fluid-structure interaction analysis 
provides a more comprehensive representation of the intricate physics underlying this 
phenomenon and enables an accurate estimation of the structural responses. To date, 
numerous investigations have demonstrated the advancements in analysing hydroelastic 
slamming through analytical models [35–39], experimental studies [40–43], and numerical
simulations [44–48]. 
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In the studies presented by Faltinsen [1, 3, 49], it was discovered that the water entry 
phenomenon can become severe at high impact velocities and low deadrise angles, 
thereby intensifying the coupling between hydrodynamic loads and structural responses. 
Bereznitski [50] conducted a study on the water entry of 2D wedges with low deadrise 
angles and highlighted that the ratio between the impact duration and the period of the 
first dry mode of vibration of the structure plays a critical role in determining whether 
hydroelastic effects should be considered in the solution of structural responses. 
Kapsenberg [2] presented a review of the state-of-the-art in slamming research, focusing 
on its implications for ship design and emphasised that in cases of local impacts with 
small relative surface structure angles, the coupled interaction between the fluid and 
structure becomes significant when the resonance period of the structure exceeds the 
impact duration [2]. Korobkin et al. [51] used Wagner theory to calculate the hydrodynamic 
loads and employed a direct coupling of the finite element method to estimate the 
structural responses on an elastic 2D body. Later on, Khabakhpasheva and Korobkin [52] 
developed an approximate model by combining the Wagner solution with Euler beam 
theory to analyse the elastic wedge impact problem and estimate the maximum bending 
stress in thick wedge plates. Lv and Grenestedt [53] conducted an analytical study on the 
structural responses of boat bottom panels subjected to impact loads, utilising a linear 
elastic Euler-Bernoulli beam to represent the cross section of the panels and presenting 
the deflections and bending moment of the bottom as functions of time and position. 

In addition to the analytical models, various advanced numerical studies have been 
conducted to estimate the impact-induced loads and responses on marine structures. 
The possible application of the Arbitrary Lagrangian-Eulerian (ALE) method has been 
investigated in many studies [54,55]. Stenius et al. [56] simulated the hydroelastic panel 
water impacts based on an explicit finite element method (LS-DYNA) and compared the 
results with a simplified in-house developed method. Wang and Soares [57] used an ALE 
solver to simulate the water impact problem on three-dimensional hemispheres and 
cones with different deadrise angles. In a more recent study, Wang and Soares [58] 
conducted a comprehensive review on ship slamming loads and structural responses to 
provide an in-depth understanding of the phenomenon, including hydroelastic wave 
impact of wet-decks, water entry of an elastic wedge, and hull girder vibrations  
induced by impact loads. Yu et al. [59] studied the hydro-plastic response of beams and 
stiffened panels subjected to extreme water slamming at small impact angles using a 
multi-material ALE method and compared the results with a proposed analytical model. 
Their findings revealed that the numerical model accurately captures the interaction 
between hydrodynamic loads and structural deformations [59]. Moreover, the numerical 
prediction of slamming loads acting on flat stiffened plates and their dynamic response 
was conducted by Truong et al. [60], using a non-linear explicit finite element code in  
LS-DYNA. The numerical uncertainties associated with the ALE method for the prediction 
of local slamming loads and structural responses on a rigid and elastic flat plat were 
recently presented by Wang et al. [61]. 

The coupling between hydrodynamic forces and the structural behaviour subjected to 
slamming impacts can also be predicted using alternative computational techniques [62, 
63]. Maki et al. [64] combined RANS CFD and FEM based on one-way coupling to predict 
the hydroelastic response of a wedge-shaped body. Panciroli et al. [65] proposed a 
numerical model based on a coupled FEM and Smoothed Particle Hydrodynamics (SPH) 
formulation to simulate the hydroelastic effects and compared the computed results 
with experimental data. More recently, a FSI coupling strategy between boundary 
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element method (BEM) and modal superposition method was proposed to study the 
hydroelastic slamming of wedge sections by Feng et al. [66]. They compared the results 
of quasi-static, decoupling (rigid) and coupling solutions and concluded that the  
quasi-static solution underestimates structural maximum response [66]. 

Izadi et al. [67] utilised a two-way coupling (FVM and FEM) to study the hydroelastic 
impact of deformable wedges with oblique speed and asymmetric conditions, and 
compared the deformation at the midpoint of wedge with available experimental data. 
A benchmark study was conducted by Truong et al. [68] to assess the accuracy of 
different FSI coupling techniques in predicting the slamming loads and responses of 
stiffened flat plates. They evaluated four different commercial software (ALE, ICFD, 
ANSYS CFX, and Star-CCM+/ABAQUS) and compared the impact loads with the 
corresponding bottom deflections under several vertical velocities. Yan et al. [69] applied 
a CFD-FEA two-way coupling technique to study the impact loads on both stiff and 
flexible flat plates, revealing the effect of structural rigidity on peak pressure values. 
Furthermore, Yan et al. [70] presented a systematic comparison of FSI simulations with 
experiments, focusing on hydroelasticity and air trapping effects, numerical uncertainties, 
and the validity of modelling assumptions for predicting bottom slamming. In the latter 
publication, the authors illustrated that the validation uncertainty percentage for peak 
pressure tends to decrease at higher impact velocities and is generally independent of 
the velocity for slamming forces.  

Fluid-Structure Interaction (FSI) simulations play an important role in addressing 
slamming problems due to its profound effect on structural integrity. The significance of 
hydroelasticity effects highlighted in recent studies underscores the indispensability of 
FSI simulations. Furthermore, the complex interaction between hydrodynamic loads and 
structural responses remains inadequately explored, necessitating the utilisation of 
hydroelastic simulations to unveil the complete picture. A thorough experimental 
exploration of 3D structures in water entry problems not only enhances comprehension 
of these challenges but also offers a means to validate analytical models. 

1.3 Objective of the Thesis 
The main goal of this study is to analyse hydroelastic slamming and provide a unified 
model to predict the impact loads and responses on ship structures. To fully capture the 
intricacies of fluid-structure interaction involving flexible bodies, it is necessary to 
develop a comprehensive model that considers various factors such as material 
properties, geometric characteristics, and fluid mechanics. This requires an in-depth 
understanding of both the mechanical behaviour of materials and their response to fluid 
flow dynamics. Additionally, experimental data can be used to validate the numerical 
models and to make more accurate predictions of behaviour of the system under 
different conditions. Thus, a series of systematic free-fall drop tests is carried out to 
provide a benchmark data for impact loads. The importance of two-way coupling 
technique is discussed in detail. To determine the most efficient coupling technique, 
some simple FFSI problems are first investigated, and the results are compared with 
previous experimental data. Subsequently, the validated coupling technique is applied 
to a 2D elastic wedge section and a 3D deformable stiffened wedge to calculate the 
slamming and local dynamic loads, as well as to validate the numerical models with 
experimental study. To achieve these, the following objectives have been outlined: 
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1. Assessment dynamic loads acting on 2D elastic wedge sections considering both 
constant velocity and free-fall impact.   

2. Conduct systematic free-fall drop tests on a non-prismatic aluminium wedge 
with stiffened and unstiffened plates and analyse the importance of hydroelastic 
slamming. 

3. Develop and implement an efficient method for coupling computational fluid 
dynamics (CFD) and computational solid dynamics (CSD) solvers. 

4. Simulate the impact-induced problem with two different numerical methods, 
MMALE and a combination of RANS CFD and FEM. 

5. Validate and compare the computed results with measured data and analysing 
the flexural rigidity as well as 3D effects on the slamming loads and responses.  

6. Present frequency analysis of strain responses and study on the effects of impact 
velocities and wedge masses on the frequency distribution.  

1.4 Scope of Work  
The water entry problem was initially investigated numerically using rigid wedges, and 
the findings were presented in a peer-reviewed conference paper [30]. Subsequently, to 
evaluate the capability of the FFSI model for hydroelastic problems, a study was 
conducted on a 3D deformable hydrofoil with different turbulence models [71].  
The investigation focused on analysing the flow-induced deformation and elastic 
response of both rigid and flexible hydrofoils at different angles of attack [71]. After that, 
the validated coupling technique was employed to tackle hydroelastic slamming 
problems.  

This thesis encompasses a comprehensive investigation involving both experimental 
and numerical analyses. Figure 4(a-c) vividly illustrate real-life instances of bottom 
slamming occurring on various types of vessels. This highlights that regardless of the type 
of the ships, the impact loads can have a substantial effect on the structural integrity 
under harsh sea conditions. As already stated, this study aims to evaluate the effect of 
bottom slamming on the structural responses and estimate the bottom plate 
deformations at different impact velocities. To achieve this, a wedge section is utilised 
which resembles a fore body structure of a moderate to high-speed craft. A series of  
free-fall drop tests is conducted, enabling the measurement of slamming pressure and 
structural responses on a non-prismatic aluminium wedge. To complement the 
experimental findings, numerical simulations using both the ALE and CFD-FEM methods 
are employed to accurately simulate hydroelastic slamming events and predict the 
corresponding structural responses. As shown in Figure 4(d and e), both 2D and 3D 
wedge sections are modelled and the hydroelastic slamming is studied in detail.  
Figure 4(f) presents an example of maximum deformation computed at various locations 
on the 3D wedge. It is worth noticing that the emphasis of the thesis is placed on 
understanding how the aluminium structure responds to the applied loads while 
remaining within its elastic limits. Therefore, the investigation does not incorporate the 
effects or implications of plastic deformation in the analysis. 
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Figure 4. Real slamming and numerical modelling: (a) a pilot vessel in rough weather [72];  
(b) a French fishing vessel flounders amid furious waves during a storm in the Irish Sea [73];  
(c) Wave-induced loads caused a broken bridge window and affected engine performance on 
the Clelia II, the American cruise ship [74]; (d) a schematic view of water entry problem of a  
two-dimensional symmetric flexible wedge [P1]; (e) three-dimensional wedge impact [P3];  
(f) a sample of bottom plates maximum deformation at different locations of the 3D wedge [P3].   

The scope of this work includes the investigation of various parameters and their 
effects on the slamming loads and responses. These parameters may include, but are not 
limited to, impact velocity, deadrise angle, structural properties, and coupling technique. 
The present investigation comprises both experimental and numerical studies which 
provide valuable insights into the behaviour of water entry problems and contribute to 
the development of improved design guidelines for ship structures and other marine 
applications. The impact-induced loads and responses of a 3D non-prismatic aluminium 
wedge are experimentally studied. On the basis of the experimental observations, a 2D 
and a 3D numerical model are developed to simulate the fluid-structure interaction 
problem by implementing a fully coupled technique. The numerical simulations are 
performed to estimate the local response of elastic bodies and analyse the bottom 
deformations under different conditions. To ensure the accuracy and reliability of the 
proposed models, the computed results are validated and meticulously compared with 
the experimental data. The entirety of this investigation is documented in three 
publications, as illustrated in Figure 5. 

In publication I, the water entry problem of a 2D elastic wedge is numerically 
investigated at different impact velocities and deadrise angles. The finite volume method 
and finite element method are employed to model the FFSI problem based on a two-way 
coupling technique. The bottom deformation of the wedge is calculated using the solid 
stress model implemented in Star CCM+ software. This model utilises the finite element 
method to calculate the displacement of the solid structure, and subsequently 
determines the associated stresses and strains. The effect of impact velocity is studied 
by comparing the constant velocity and free-fall impacts. Additionally, two different 
materials are used to examine the effect of structural stiffness on the impact loads and 
responses. A detailed study of structural deformation in relation to impact velocity, 
deadrise angle, and pressure distribution is conducted [P1].  

Publication II focuses on the experimental investigation of the impact-induced loads 
and structural responses of a 3D non-prismatic aluminium wedge with stiffened panel 
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during free-fall water entry. The study specifically examines the simultaneous structural 
responses caused by hydrodynamic loads, particularly in cases of high-impact water 
entry.  The bottom of the wedge is made up of a 4 mm plate thickness and the deadrise 
angle varied from 20° to 30°. The repeatability of the experiments and the analysis of 
measurement uncertainties are extensively discussed. The effects of flexural rigidity on 
the slamming parameters are examined by comparing the pressure results and strain 
responses of unstiffened and stiffened panels. A frequency analysis is conducted on the 
measured strain responses to determine the relationship between the natural frequency 
of the wedge and the impact time. The importance of FFSI simulation is assessed using a 
hydroelasticity factor, which is found to have a significant effect on the unstiffened 
bottom for all impact velocities studied. This study provides valuable benchmark data for 
the validation of numerical results of water entry problems [P2]. 

Publication III presents the validation and comparison of two different numerical 
models proposed for calculating slamming parameters. The experimental observations 
presented in [P2] serve as the basis for developing a numerical model, which aims to 
simulate the impact loads and responses on 3D elastic structures. To achieve this, an 
explicit nonlinear finite element method based on the ALE algorithm is implemented to 
design the numerical FFSI model. In addition, the interaction between fluid and structure 
of the water entry problem is modelled by utilising a strongly two-way coupling 
technique. The coupling between the FVM and FEM solvers is achieved using STAR-CCM+ 
and ABAQUS commercial software. The wedge structure is modelled using shell elements 
in both numerical methods. The study explores the influence of various factors, including 
three-dimensionality, impact velocity, deadrise angle, and structural rigidity, on vertical 
acceleration, slamming pressure, and strain responses [P3]. 

1.5 Limitations 
This thesis proposes a simulation model for calculating impact-induced loads on elastic 
bodies and analysing their structural responses. While both numerical and experimental 
models presented in this study have provided valuable insights into the behaviour of 
impact problems on ship structures, there are some limitations on the applicability of the 
models, among which are as follows: 

• This study focuses on analysing the behaviour of aluminium materials within their 
elastic range, without taking into account plastic deformation. 

• Both the experimental and numerical studies are conducted under symmetric 
condition and do not consider heel angles (no asymmetric loads). 

• The computational resources and time required for running the simulations may 
be significant, limiting their practicality for large-scale applications. 

• The CFD-FEM model is time-consuming and requires extensive mesh refinement 
near the free surface. 

• The MMALE method exhibits high sensitivity to the coupling factors, 
necessitating a trial-and-error process to determine the appropriate penalty and 
damping factors. 

• The role of aeration and cavitation on the hydroelastic slamming and structural 
responses at high impact velocities has not been examined. 
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Figure 5. Outline of the investigation.  
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2 Experimental Study  
The slamming phenomenon poses challenges when it comes to conducting experimental 
studies due to its inherent complexity. One of the main difficulties lies in the short 
duration of the impact event, which typically lasts only milliseconds. It becomes difficult 
to accurately record and measure the impact pressure and other local variables within 
this remarkably short period of time [2]. To achieve accurate measurements, high 
sampling rates are required during the experiment. Additionally, when dealing with 
structures that have smaller deadrise angles, even higher sampling rates are necessary 
to capture the rapid changes and intricacies of the slamming event. Tveitnes et al. [75] 
conducted a series of experiment on symmetric rigid wedges with a deadrise angle 
ranging from 5° to 45° and constant impact velocities. They measured the vertical forces 
acting on the wedge section and evaluated the added mass of the impact. In a series of 
drop tests conducted by Lewis et al. [76], the evolution of spray root, acceleration, and 
pressure distribution of a constant deadrise angle rigid wedge (2D) were measured.  
The authors also provided an extensive uncertainty analysis on the experimental data, 
ensuring their usefulness for validating numerical models and emphasizing the 
importance of accurate measurements [76].  

The study of hydroelastic effects led to a series of experiments aimed at validating the 
theory that was developed  [77–81]. Stenius et al. [42] conducted a study to investigate 
the importance of hydroelastic effects on rigid and flexible panels in constant velocity 
and derived semi-empiric expressions for the pressure distributions. Panciroli and Porfiri 
[82] carried out an experimental study on a flexible aluminium plate with 0.5 mm thickness 
and 22° deadrise angle during free-fall impact. They employed a particle image velocimetry 
(PIV) technique to measure the velocity field around the structure. An extensive series of 
tests were conducted by Duan et al. [83] to study the characteristics of slamming 
pressures, including propagation speed and pressure coefficient, on rigid and elastic 
wedges with deadrise angles ranging from 0° to 45° and drop heights ranging from 0.1 m 
to 1.0 m. In the latter publication, it was found by the authors that the flexibility of the 
plate in the wedge led to an increase in the duration of the slamming pressure [83].  
In recent years, extensive experimental studies have been conducted on flat plates, 
specifically focusing on their applicability to offshore structures and their role in the 
development of simplified analytical models for accurately predicting hydroelastic 
slamming [84–87]. 

These studies reveal that the experimental investigations of hydroelastic slamming 
can pose even greater challenges, due to the small thickness of the structure and the 
influence of plate deformations on the hydrodynamic pressures. In addition, the review 
of published research indicates a lack of comprehensive understanding regarding the 
influence of flexural rigidity, deadrise angle, and impact velocity on the structural 
responses of 3D V-shaped elastic bodies. To shed light on these uncertainties, a systematic 
experimental investigation was conducted [P2], which forms the focus of this section. 
The objective of this section is to present the experimental setup and the findings 
regarding the hydroelastic response of a symmetric wedge section made of aluminium. 
The aim is to examine the potential influences of hydroelasticity on the loads and 
responses induced by the impact. Through this investigation, valuable insights are gained 
into the complex dynamics of hydroelastic slamming and its effects on the structural 
behaviour. 
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2.1 Test Set-up 

A comprehensive series of free-fall drop tests using a self-designed test rig was carried 
out at the Marine Technology Competence Centre (MARTE) of Tallinn University of 
Technology. The drop test tower was specifically designed to provide a wide range of 
impact tests, with drop heights ranging from 25 cm to 2 m. The test rig, as depicted in 
Figure 6, is situated within a dedicated section of the 60 m long, 5 m wide, and 3 m deep 
towing tank. To ensure stability and minimize vibrations during testing, one side of the 
test frame was securely fixed to a carriage, while the other side was firmly screwed out 
to a heavy beam. The specimen is attached to two linear guide rails, enabling vertical 
free-fall motion. A movable stopper was also used to adjust the specific drop height for 
each test. 

To reduce friction and enable smooth motion, measures were taken to minimize 
resistance along the guide rails and bearing mounts. The thick molybdenum grease from 
the bearings was carefully cleared away, allowing them to roll with minimal resistance. 
Additionally, the soft cleaning pads from the bearing blocks were removed to further 
reduce resistance and eliminate friction against the guiding rail. To facilitate unrestricted 
free-fall motion during the experiments, a distance of 70 cm was maintained between 
the end of the guide rails and the still water surface. This ensured that the specimen 
experienced a fully unobstructed descent throughout the testing process. 

Figure 6. Illustration of drop test tower with installed wedge for 25 cm drop height experiment.  

2.2 Test Section, Sensors and DAQ 

A non-prismatic three-dimensional wedge-shaped specimen made of aluminium (alloy 
5083-H111) was designed to resemble the fore body structure of semi-planing and 
planing vessels. It is worth noticing that the design considered the practicalities of 
producing the test section at laboratory scale. The wedge section used in the study has 
principal dimensions of 1500×940×450 mm, with a variable deadrise angle ranging from 
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20 to 30 degrees (see Figure 7). The consideration of a non-prismatic section allows for 
the analysis of three-dimensional effects on hydroelastic slamming. To explore the 
influence of flexural rigidity on the structural response, the section is designed using 
different plates to ensure sufficient stiffness on the port and starboard sides. The starboard 
bottom was made up of a 4 mm thick extruded panel with a T-shaped longitudinal and 
transverse stiffener (Stiffened bottom), while there are no stiffeners on the port bottom 
of the specimen (Unstiffened bottom). Furthermore, a frame was designed and mounted 
on top of the wedge to facilitate hoisting using a loop shackle for positioning it in the test 
tower. Two different wedge masses were employed in the experiments to examine the 
effect of mass on slamming loads. The designed wedge had a mass of 55 kg (M1), while 
the heavier wedge weighed 82.5 kg (M2), including sensors, screws, welding, and the top 
frame. To increase the mass of the lighter wedge, additional weights were evenly 
distributed along the length of its keel. Further details regarding plates thickness and 
stiffener dimensions can be found in the table provided in Figure 7(b). 

Figure 7. Drawing of the wedge section: (a) general dimensions of the wedge; (b) table of plate 
thickness; (c) stiffened bottom plate; (d) stiffeners properties [P2].   

Figure 8 presents an overview of the arrangement of sensors on the wedge section. 
During the experiments, the slamming pressures were measured using sixteen 
piezoelectric dynamic pressure transducers (PCB-CA102B18) arranged along the bottom 
surface of the wedge. In order to evaluate and compare the pressure measurements 
obtained from the unstiffened and stiffened bottoms, the sensors were symmetrically 
mounted on the bottom of the wedge, with different labels assigned to the sensors on 
the port and starboard sides, such as P2S for the second sensor on the stiffened bottom 
and P2U for the second sensor on the unstiffened bottom.  

The structural responses of the slamming impact were recorded using twenty liner 
strain gauges (HBM-1-LY13-6/120), which were positioned on the inner side of the 
bottom plates of the specimen. As depicted in Figure 8, the strain gauges are distributed 
in both transverse and longitudinal directions to ensures that the strain responses can be 
effectively captured from different directions. Similarly, to the pressure sensors, the strain 
gauges were labelled with subscripts “U” and “S” to distinguish their location on the 
unstiffened and stiffened sections of the structure, respectively. For instance, S1LS 
referred to the first strain gauge on the stiffened bottom in the longitudinal direction, 
while S2TU indicated the second strain gauge on the unstiffened bottom in the transverse 
direction. 
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In addition to measuring impact pressures and strain responses, vertical accelerations 

were recorded using three Dytran 3176B piezoelectric accelerometers. These 
accelerometers were positioned on the top of the keel, at the fore, middle, and aft of  
the wedge, denoted as Af (β = 30 deg.), Am (β = 25 deg.), and Aa (β=20 deg.), respectively. 
Figure 8 (b-d) present cross-sectional views of the specimen at different locations, 
providing a clearer depiction of the positions of the pressure and strain sensors.  

Data from all sensors were collected simultaneously using a data acquisition (DAQ) 
system located on the carriage. For the pressure sensors on the unstiffened bottom, two 
dynamic universal amplifiers with 4 channels each and a sampling rate of 100 kHz were 
utilised. The pressure data from the stiffened bottom, as well as the acceleration data, 
were captured using a universal amplifier with a sampling rate of 40 kHz. The strain gauge 
data were acquired using a bridge amplifier with a sampling rate of 20 kHz. All sensor 
data were recorded through an HBM CX22B-W data recorder module connected to the 
HBM proprietary CatmanEASY AP software. Further information regarding sensor 
specifications and data acquisition system properties can be found in [P2]. 

 
Figure 8. Sensor arrangement: (a) A top view of the wedge showing the distribution of pressure 
sensors, strain gauges, and accelerometers; (b) A-A cross section at 𝛽𝛽 = 27°; (c) B-B cross section 
at 𝛽𝛽 = 25°; (d) C-C cross section at 𝛽𝛽 = 23.5° [88,P2].  

2.3 Experiments Procedure 
The experimental procedure, as depicted in Figure 9, consisted of several essential steps. 
Firstly, the bottom plates of the wedge were prepared for sensor installation, ensuring a 
clean surface. All sensors were calibrated according to the manufacturer’s guidelines. 
Prior to the tests, a thorough check of the test tower was conducted to identify any 
unexpected errors. The free-fall drop tests were performed at various heights, ranging 
from 25 cm to 200 cm, with increments of 25 cm. To determine the drop height, a laser 
level and measurement tape were used, referencing the calm water surface. Between 
test runs, specific steps were taken, including determining the drop height using a laser 
level, cleaning the bottom surface of the wedge, checking instrument cables and 
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reapplying petroleum jelly to the pressure sensors. The data recorder channels were 
reset, and a waiting period of 30–60 minutes was observed to allow the water surface to 
calm down before proceeding to the next test. These measures were implemented to 
maintain consistency, reliability, and accuracy throughout the experimental study. 

 

Figure 9. An overview and steps of the experimental studies. 

To assess the reproducibility of the experimental measurements, multiple trials were 
conducted for each test case. The first test case at a drop height of 25 cm was repeated 
eighteen times, while the remaining cases were repeated at least twice. The time 
histories of acceleration, pressure, and strain from these runs were analysed to 
determine the experimental uncertainties. To mitigate high-frequency noise in the 
sensor data, a Butterworth low-pass filter was applied using MATLAB’s ‘filtfilt’ function 
that uses a zero-phase digital filtering technique [89,90]. The cut-off frequency for the 
filter was set at 1000 Hz for acceleration and pressure data, while a frequency of 500 Hz 
was chosen for strain gauge data. 

The mean peak values of acceleration, pressure, and strain from the multiple 
experiments with a 25 cm drop height were calculated. The statistical uncertainty of the 
experiments was determined using standard deviation and relative standard deviation 
for all sensors. These uncertainties, along with other relevant data, can be found in [P2]. 
The repeatability of the measurements was also assessed across different impact 
velocities, revealing that the standard deviation tends to increase at higher velocities. 
This trend was observed consistently across all accelerometers, pressure sensors, and 
strain gauges. 
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3 Numerical Simulations  
In numerical simulations of hydroelastic problems, also known as flexible fluid-structure 
interaction (FFSI), the main objective is to analyse the dynamic interactions between a 
fluid and a flexible structure, while considering their mutual influence. The hydroelastic 
simulations involve solving coupled equations that describe both the fluid flow and the 
structural deformation, allowing for a comprehensive understanding of the complex 
behaviour and responses of the flexible structure subjected to fluid loads. Regarding the 
coupling of solid and fluid variables, the strategies employed to address hydroelastic 
problems can be broadly categorized into two distinct approaches: the monolithic 
approach and the partitioned approach [91,92]. The monolithic algorithms involve 
formulating the governing equations for both the fluid and solid components together, 
allowing them to be solved simultaneously within a single solver. This approach treats 
the fluid and solid domains as a unified continuum, automatically considering the 
boundary conditions at the interface. The monolithic approach is known for its accuracy 
and stability, making it suitable for strong fully coupled simulations. However, due to the 
nonlinear nature of the coupling and the large number of unknowns involved, the 
solution process of the monolithic algorithm can be computationally expensive and  
time-consuming [91]. As a result, implementing the monolithic approach in practical 
problems can be challenging. 

On the other hand, the partitioned approach involves solving the fluid and solid 
domains separately using different solvers, with data exchange at the interface. This 
method can be implemented in two ways: one-way coupling, where dynamic response 
is not considered, and two-way coupling, where continuous information exchange 
captures the dynamic behaviour of the structure. The one-way coupling method is 
employed when the fluid flow is minimally affected by the structural response. Typically, 
this occurs when the structure is sufficiently rigid, and its deformation does not 
significantly change the fluid dynamics. In contrast, two-way coupling becomes crucial 
when both the fluid and structural responses are significant for the dynamic behaviour 
of the system [93]. As demonstrated in Figure 10, depending on the nature of the FSI 
problem, the two-way coupling can be implemented through explicit coupling (weak) 
with a single force-displacement exchange per coupling time step, or through implicit 
coupling (strong) utilising iterative exchange with a relaxation function until convergence 
is reached for a given coupling step.  

 
Figure 10. Different schemes of partitioned FSI coupling methods: (a) one-way coupling (explicit); 
(b) two-way coupling (explicit); (c) two-way coupling (implicit) (reproduced from [94]).  

The partitioned approach offers advantages such as lower memory usage and easier 
implementation using existing codes. This method is often preferred in marine engineering 
applications due to extensive development, verification, validation, and focused research 
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dedicated to improving the solvers. However, sometimes the dynamic behaviour of force 
at the interface can results in instabilities and convergence issues (explicit partitioned), 
especially when the interaction between the fluid and solid is highly pronounced, and a 
small number of iterations per time step may be inadequate for correctly computing the 
interface properties [91].  

In this section, the numerical approaches used to compute impact-induced loads and 
responses of a 3D non-prismatic aluminium wedge are presented. The wedge is modelled 
using two different coupling methods in free-fall conditions. Firstly, the FFSI problem is 
simulated using an explicit nonlinear FE scheme in LS-DYNA. The fluid domain, consisting 
of water and air, is modelled using a multi-material Eulerian formulation, while the 
deformations of the structure are described using the Lagrangian formulation. In the 
second approach, a two-way coupled FVM and FEM methods is employed to model the 
slamming phenomenon.  

3.1 MMALE Coupling Method  
The multi material ALE algorithm combines Lagrangian and Eulerian formulations in FEA 
to apply conservation equations. It utilises Lagrangian formulations to represent 
structural dynamics through the boundaries of a Eulerian mesh that forms the fluid 
domain. Details of the equations and mesh motion in the ALE method can be found in 
[95–99]. As shown in Figure 3, the FSI interface (𝛤𝛤𝑓𝑓𝑠𝑠𝑖𝑖) acts as a boundary between the 
fluid domain (𝛺𝛺𝑓𝑓) and solid domain (𝛺𝛺𝑠𝑠). At this interface, fluid pressure is transferred to 
the structure, and fluid nodal velocities are constrained to be equal to the structural 
nodal velocities. Velocity and stress normal components are continuous on both sides of 
the 𝛤𝛤𝑓𝑓𝑠𝑠𝑖𝑖  boundary. To model the interaction between fluid and structure, a Euler-Lagrange 
penalty coupling method is utilised, combining the MMALE formulation and classical 
master-slave penalty contact method. This approach ensures momentum and energy 
conservation [98]. In the Euler-Lagrange coupling, the advection strategy is used to 
update velocity and history variables as the MMALE fluid flows across the mesh.  

 
Figure 11. Schematic of explicit time integration algorithm in LS-DYNA [98,99]. 
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Figure 11 illustrates a detailed description of the MMALE algorithm. In an explicit time 
integration algorithm, the coupling forces between fluid and structure nodes on the 
fluid-structure interface are computed after determining the nodal forces for both 

entities. At each time step, a depth penetration vector 𝑑 is iteratively updated for each 
structure node based on the relative velocity (𝑣𝑠⃗⃗⃗⃗ − 𝑣𝑓⃗⃗⃗⃗⃗), where 𝑣𝑠⃗⃗⃗⃗  represents the velocity 

of the slave node and 𝑣𝑓⃗⃗⃗⃗⃗ denotes the fluid velocity at the location of the master node. 

The structure node is considered the slave node, while the master node belongs to the 
Eulerian element. By employing the isoperimetric coordinates of the fluid element, 

the position of the master node is calculated. The penetration vector 𝑑𝑛+1 is then 
updated at time 𝑡𝑛 = 𝑡𝑛−1 + ∆𝑡. It is important to note that the coupling force only comes 

into effect when penetration occurs (𝑛𝑠⃗⃗⃗⃗⃗. 𝑑𝑛 < 0), where 𝑛𝑠⃗⃗⃗⃗⃗ is obtained by averaging the
normal of the structure elements connected to the structure node [99]. 

The experimental case discussed earlier is simulated numerically using the ALE 
method and penalty coupling algorithm. The numerical model, as shown in Figure 12, 
comprises the fluid domain (air and water) and the aluminium wedge. The wedge is 
modelled using the Lagrangian method with shell elements, except for the top support 
frame, which is assumed to have no deformations or rotations. The materials are defined 
as “Rigid” for the support frame and “Elastic” for the aluminium wedge. The top frame 
of the wedge is constrained in the horizontal directions, allowing only free-fall motion in 
the y-direction. An initial velocity (𝑉𝑖) corresponding to the impact velocity of the wedge 
during the experiments is applied in all simulations. For the fluid domain, solid 
hexahedral elements with one-point ALE multi-material formulation is used to model 
water and air. The Grüneisen equation of state (EOS) [99,100] is employed to simulate 
the behaviour of water. In addition, both gravity and water surface tension effects are 
considered in the simulations. A sufficiently fine mesh region in the impact area is used 
to minimize numerical issues and ensure accurate results. The results of a mesh 
sensitivity study are presented in [P3], which aimed to determine the optimal mesh size 
for precise simulations. 

Figure 12. MMALE numerical domain and boundary conditions including mesh distribution in 
fluid region and shell structure (Unit: mm) [P3]. 

As already stated, a penalty coupling method was employed to model the coupling 
between a Lagrangian formulation (structure) and an ALE formulation (fluid). This method 
behaves like a spring system and the penalty forces are proportional to the penetration 
depth and spring stiffness. The choice of the penalty factor 𝑝𝑓 (0 ≤ 𝑝𝑓 ≤ 1) is crucial for 
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impact problems, as it affects the allowed interpenetration at the contact interface. 
Increasing 𝑝𝑝𝑓𝑓 reduces interpenetration but can lead to numerical instabilities due to 
frequent spring-damper interactions [24,98,101,102]. Conversely, insufficient penalty 
contact allows large non-physical penetrations, disrupting the flow field and causing 
leakage on the Lagrangian structure, particularly at high impact velocities [103].  
To mitigate these issues, a viscous contact damping coefficient (𝜉𝜉) can be applied to the 
coupling algorithm to damp out the high-frequency oscillations. Hosseinzadeh et al. [104] 
conducted a comparative study on a 3D elastic wedge, finding that simulations with  
𝑝𝑝𝑓𝑓 = 0.02 and 𝜉𝜉 = 0.1 exhibited fewer numerical instabilities (see Figure 13). Additionally, 
they discovered that an excessively large damping coefficient can lead to an unstable FSI 
coupling. 

 
Figure 13. Effect of penalty factor (PFAC) and damping factor (DAMP) at 4.00 m/s impact velocity 
on the maximum value of (a) pressure on the unstiffened plate (b) strain response on the 
unstiffened plate [104]. 

3.2 CFD-FEM Coupling Method 
To assess the efficiency and accuracy of numerical methods, the described FFSI problem 
is simulated using an implicit two-way coupling approach in addition to the ALE method. 
The CFD-FEM method is employed, where Star-CCM+ serves as the CFD solver for fluid 
flow and hydrodynamic pressure, while ABAQUS acts as the FEM solver for structural 
responses to slamming loads (see Figure 14). The Reynolds-averaged Navier-Stokes 
equations (RANS) and continuity equations are solved using a Finite Volume Method 
(FVM) with an implicit unsteady solver and a k-ε turbulence model. The simulation 
includes both inviscid and viscous flow analyses to assess the impact of viscosity on load 
responses. The complex evolution of the free surface during impact is accurately 
captured using the volume-of-fluid (VOF) technique. The FVM and Semi-Implicit Method 
for Pressure-Linking Equations (SIMPLE) are employed to describe the fluid domain 
around the wedge during impact [105]. The wedge structure is modelled using shell 
elements in ABAQUS. The FEM solver utiliaes non-linear, dynamic, implicit analysis with 
the Hilber-Hughes-Taylor time integration method [106]. The simulation considers  
free-fall vertical translation, including gravity load and predefined initial impact velocity. 
The outer sides of the shell elements are designated as a coupled surface to facilitate the 
transfer of structural responses to the fluid domain in the co-simulation model.  

As shown in Figure 14, in each time step, the CFD model calculates pressure load and 
shear stress, which are then applied as surface loads in the FE model. The computed 
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nodal displacement of the structure is transferred back to the fluid domain, allowing the 
fluid mesh to be updated using a mesh morphing technique based on the structure’s 
deformation. The simulation utilises an implicit coupling scheme with a constant coupling 
time step matching the fluid solver time step. The co-simulation setup includes a 
minimum of twenty exchanges per time step and one inner iteration with an active 
morpher-solver. The choice of the FSI under-relaxation parameter (𝛽𝛽𝑟𝑟) and the number 
of inner iterations is crucial for achieving convergence. For problems requiring dynamic 
accuracy, choosing a low under-relaxation factor (𝛽𝛽𝑟𝑟 < 0.5), as this might necessitate 
more iterations and longer computation time. Conversely, using a large 𝛽𝛽𝑟𝑟 may affect the 
simulation’s convergence and lead to an underestimation of pressure loads [105,107].  
In this study, 𝛽𝛽𝑟𝑟 is set to 0.6. To prevent numerical instabilities at the simulation’s start, 
a pressure ramping parameter of [0, 004] is applied.  

 
Figure 14. An overview of CFD-FEM FSI model including the two-way coupling flowchart and a 
single coupling step [P1, P3]. 

As depicted in Figure 15, a trimmed cell mesh is used to accurately simulate free 
surface problems. The overset mesh technique is employed to reduce computation time 
by establishing a smaller mesh near the structure’s walls and free surface. The nodal 
values in both background and overset regions are linearly interpolated. The mesh 
morpher method is utilised to update the fluid mesh based on structural deformations 
by modifying boundaries and nodes according to the displacements from the FE solver. 
A preliminary assessment of the numerical model indicates the need for grid refinement 
in the fluid domain surrounding the structure to resolve the water volume distribution 
near the wedge surface. Consequently, several controls are applied to the overset region, 
including volumetric control around the wedge and surface control on the bottom of the 
wedge section. The FE solver models the wedge structure using a four-node shell 
element (S4R) with reduced integration to enable hourglass control and eliminate shear 
lock-in [106]. To determine the most accurate mesh for the present coupling method,  
a mesh convergence study was conducted and presented in [P3]. The study also 
examines the effect of viscosity on the wedge water entry problem. By comparing the 
results of turbulent flow and inviscid flow, it is observed that there is no significant 
difference in computed results between the two scenarios, allowing for the neglect of 
viscosity effects on impact-induced loads and responses [P3]. 



35 

 
Figure 15. Mesh distribution in fluid and solid domains of CFD-FEM model (Unit: mm) [P3]. 
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4 Results and Discussions 

This section highlights the key findings of the thesis, focusing on the extensive 
investigation of various parameters on impact-induced loads and structural responses. 
Figure 16(a) presents a comparison between numerical results and experimental 
measurements [108–110] for a 2D wedge with a 20° deadrise angle and 25.4 cm drop 
height. The effect of impact velocity on the plate deflection is examined by comparing 
the outcomes of freefall impact with constant velocity simulations. The results 
demonstrate that employing a constant velocity may lead to an overprediction of the 
bottom deflection in the wedge [P1]. Furthermore, to assess the influence of structural 
rigidity, simulations were conducted on two wedges with a 10° deadrise angle and 
different materials (steel and aluminium). Figure 16(b) illustrates the bottom deflection 
from keel to chine, indicating a greater deflection in the aluminium wedge due to its 
higher flexibility [P1]. These findings provide valuable insights into the FFSI simulations 
of slamming problems and the relationship between parameters and bottom deflections 
in wedge structures. 

Figure 16. Computed results of 2D elastic wedge section: (a) effect of free-fall and constant velocity 
on the bottom deflection and its comparison with the experiment (𝛽 = 20°, h0 = 25.4 cm);  
(b) structural rigidity effect on bottom deflection (𝛽 = 10°, h0 = 20 cm); (c) effect of impact velocity 
on the bottom deflection of the aluminium wedge (𝛽 = 20°); (d) deadrise angle effects on the
bottom deflection of the aluminium wedge (h0 = 20 cm) [P1].
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In addition, the influence of different impact velocities and deadrise angles on the 
deflection of the bottom plate is investigated, with the results presented in Figure 16(c) 
and (d), respectively. The findings reveal that increasing the initial drop height leads to 
an increase in the maximum deflection. Moreover, the deflection of the plate is closely 
associated with the shape and magnitude of the pressure distribution [P1]. It is also 
observed that the wedge with a lower deadrise angle (β = 10°) exhibits the highest 
deflection due to the greater impact load [P1]. These observations indicate that the 
hydroelasticity effect becomes noticeable in cases where there is a small angle between 
the impacting surface and the structure. 

In addition to the 2D wedge simulation, a 3D non-prismatic aluminium wedge section 
was also simulated using two different coupling methods, and the results were compared 
to the experimental data [P2, P3]. Figure 17 presents the experimental (left) and 
numerical (right) impacts of the case with an initial drop height of 100 cm at various time 
instants. The results demonstrate that the numerical method accurately captures the 
entire process of the water entry problem [P3]. Hence, numerical simulations serve as a 
valuable tool in examining the additional aspects of the slamming phenomenon that may 
not be observable through experimental studies. 

Figure 17. Comparison of experimental and numerical water entry of the wedge with 100 cm 
initial drop height at different time instants [P2, P3]. 



38 

The effect of structural stiffness on the deflection of the bottom plates of the 3D 
wedge is investigated using two different FFSI numerical models. The distributions of the 
bottom deflection (ABAQUS) and pressure (Star CCM+) at the time instant of bottom 
maximum deflection are illustrated in Figure 18(a) and (b), respectively. In addition, Figure 

18(c) compares the time histories of the maximum deflection on the unstiffened and 
stiffened bottom plates computed by MMALE and CFD/FEM two-way coupling methods 
for the case with 4.0 m/s initial impact velocity. As expected, the maximum deflection 
differs significantly between the stiffened and unstiffened plates and increases with 
higher impact velocity [P3]. It is shown that the maximum deflection on the unstiffened 
bottoms of the wedge is 2.774 mm, occurring at t = 0.018s of the simulation time, while 
the maximum deflection on the stiffened plate is 0.825 mm, happening at t = 0.012s. 
These findings emphasize that the outcomes of both numerical approaches are 
comparable and have the capability to predict the bottom deflection of the structure. In 
addition, a comparison of the maximum deflection on both stiffened and unstiffened 
plates is presented in Table 1, which is calculated using two different coupling techniques 
at various impact velocities. The discrepancies between the two numerical methods are 
also outlined in the table. 

 

Figure 18. Numerical results of the case with 4.0 m/s initial impact velocity: (a) bottom deflection 
distribution; (b) pressure distribution on the bottom of the wedge; (c) comparison of maximum 
deflection on the unstiffened and stiffened bottom plates with two different coupling methods; 
(d) and pressure coefficient of stiffened and unstiffened bottom at 0.1 of wedge [P3]. 

Figure 18 (d) provides a comparison of pressure coefficient (𝐶𝑝 = 𝑃 0.5𝜌𝑉𝑖
2⁄ ) calculated 

on the stiffened (CPS) and unstiffened (CPU) bottom at different locations along the 3D 
wedge. This computation is performed at a time interval on the order of 0.005s, 
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corresponding to the moment when the spray root reaches 0.1 of the wedge wall length. 
These results display that the structural rigidity affects the pressure coefficients, 
particularly at lower deadrise angles (β = 20°).  

Table 1. The differences in maximum deflection calculated with two different coupling methods at 
various impact velocities [P3]. 

Vi (m/s) 
Unstiffened plate (δmax) 

[mm] 
Difference 

(%) 
Stiffened plate (δmax) 

[mm] 
Difference 

(%) 
 MMALE CFD-FEM  MMALE CFD-FEM  

2.20 0.720 0.835 14.7 0.267 0.234 13.1 

3.00 1.355 1.563 14.2 0.535 0.463 14.4 

3.55 1.872 2.152 13.9 0.746 0.651 13.6 

4.00 2.401 2.774 14.4 0.951 0.825 14.1 

Based on experimental and numerical findings, it has been discovered that the 
 choice of modelling the structure as either 2D or 3D can affect the results. Table 2 
presents a comparison of numerical results of the maximum slamming force and 
coefficients between 2D and 3D wedges. The purpose of this comparative analysis is 
to examine the effect of dimensionality on the impact-induced loads. The results are 
compared using a non-dimensional maximum force coefficient CFmax, which is calculated 
as CFmax = Fmax 0.5ρVi2L tanβ⁄ . It is shown that the value of CFmax decreases for both 
2D and 3D models as the initial impact velocity increases. The findings indicate that, 
depending on the impact velocity and deadrise angle, the maximum slamming force 
predictions from the 3D calculations are between 10.31% and 27.61% lower than those 
from the 2D models where ∆CFmax = (CFmax2D − CFmax3D) CFmax2D⁄ . Furthermore, the 
results highlight that as the impact velocities increase, the differences in the maximum 
force coefficient between the 2D and 3D models become more significant. These findings 
emphasize the importance of considering the three-dimensionality effect in slamming 
analysis, as it can lead to notable variations in the predicted slamming force. 

Table 2. A comparison of the numerical results of the maximum slamming force and coefficient 
between the 2D and 3D wedges at different impact velocities [P3]. 

Vi (m/s) Deadrise (deg.) F2D (N) CFmax (2D) F3D (N) CFmax (3D) ΔCFmax (%) 
 20 59.85 2.74 2750 2.10 23.42 

2.20 25 45.83 1.64 2139.5 1.32 19.79 
 30 36.66 1.06 1826 0.95 10.31 
 20 108.49 2.65 4702.5 1.98 25.12 

3.00 25 85.08 1.62 4059 1.29 20.48 
 30 68.29 1.05 3470.5 0.93 11.54 
 20 148.32 2.59 6380 1.92 25.97 

3.55 25 117.41 1.60 5555 1.26 21.14 
 30 95.05 1.05 5043.5 0.91 12.93 
 20 192.49 2.58 8360 1.87 27.61 

4.00 25 143.66 1.50 6490 1.13 24.70 
 30 123.19 1.04 6325 0.89 14.43 
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The time histories of pressure results and strain responses of all sensors were 
compared between numerical simulations and experimental data, and the differences 
were reported in [P3]. Figure 19 illustrates an example of the entire duration of 
transverse strain responses of two sensors that are located at different positions on the 
unstiffened plate of the wedge (Figure 8). The measured strain values are compared with 
the numerical results, demonstrating the capability of the numerical model to accurately 
simulate the structural response and post-impact behaviour. The time history of the 
strain response also highlights the influence of the deadrise angle, with sensors 
positioned in the section with a smaller deadrise angle (S8TU) exhibiting higher peak 
values. These findings provide valuable insights for further analysis of the structural 
responses in the frequency domain and can contribute to a more comprehensive 
understanding of the hydroelastic effect on the slamming impact. 

Figure 19. An example of strain response time history of the 3D wedge along with its comparison 
against numerical calculations at 100 cm initial drop height [P2, P3]. 

The research conducted by Faltinsen in [3] highlights the significant influence of 
various factors on hydroelastic slamming. These factors include the ratio between the 
wetting time (i.e., load period) and the first natural period of the structure, as well as 
parameters such as impact velocity and deadrise angle. The research findings indicated 
that when load periods exceed the natural period of a structure, it becomes possible to 
neglect certain hydroelastic effects [3]. As a result, in cases where these conditions are 
satisfied, it may be appropriate to simplify analysis using quasi-static or one-way coupling 
methods for modelling slamming problems. However, if these conditions are not met 
and there is a significant interaction between fluid and structure, a fully coupled FSI 
simulation becomes necessary. It should be noted that understanding how these various 
factors interact can contribute to the development of more precise theoretical models 
for predicting hydroelastic slamming phenomena. 

In order to examine the effect of impact loads on the structural responses, an analysis 
was conducted to study the relationship between the natural frequency of the wedge 
and the impact time. This analysis was performed using fast Fourier transformation (FFT), 
allowing for a comprehensive understanding of the structural behaviour under different 
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impact conditions. Additionally, a comparison of the FFT analysis was made between the 
port and starboard sides of the wedge to account for their differing structural rigidities, 
as discussed in [P2]. Figure 20 presents the frequency distribution obtained from the 
sensors located on the unstiffened plate of the wedge. Through the frequency analysis 
of the strain responses, it is determined that the frequency of 30 Hz is the wet natural 
frequency of the structure, which remained consistent regardless of the increasing 
impact velocity. It is also observed that the frequency amplitude of S8TU is higher than 
that of S2TU. This difference can be attributed to the lower deadrise angle, which leads 
to higher impact loads in the section where S8TU is positioned. 

The frequency distribution of the sensor S2TU obtained from numerical strain 
response is also compared with the corresponding experimental findings, as illustrated 
in Figure 20(c). The results indicate that while the first natural frequency can be 
accurately predicted through the numerical analysis using FFT, the accuracy decreases 
for the second and third frequencies. As already stated, the experimental study involved 
two wedges with different masses, and Figure 20(d) demonstrates the influence of 
wedge mass on the frequency distribution of strain responses. The analysis of the strain 
response time histories revealed that the mass of the wedge affects the natural 
frequency of the structure. Specifically, the natural frequency of the heavier wedge is 
found to be 22.5 Hz, which is lower than that of the lighter wedge. These findings confirm 
that the mass of the wedge plays a significant role in effecting both the frequency 
distribution and amplitude of the strain responses. An increase in the mass of the 
structure results in a noticeable decrease in its natural frequency. 

 

Figure 20. Frequency distribution of recorded strain responses on both unstiffened (U) and 
stiffened (S) bottom plates of the 3D wedge [P2, P3]. 
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As a noteworthy outcome of this study, a valuable contribution is made by presenting 
a detailed guideline for conducting FSI simulations to predict the slamming loads and 
responses on ship structures. Table 3. provides an overview encompassing the 
computational resources employed and FSI models utilised with commercial software 
packages. By examining the different numerical models and coupling techniques used in 
this study, valuable insights can be gained into the factors that affect and contribute to 
the variability and uncertainty encountered in FSI simulations. Furthermore, it is highly 
recommended to undertake rigorous convergence studies to address any issues that may 
arise during FSI simulations. Particularly, conducting a trial-and-error analysis for penalty 
coupling factors is crucial in the MMALE method. Furthermore, in the case of the  
CFD-FEM two-way coupling method, it is crucial to carefully consider and investigate the 
coupling parameters, including the number of exchanges per time step, the number of 
inner iterations, and the FSI coupling under relaxation factor (URF). Moreover, using the 
adaptive refinement mesh technique, rather than the overset mesh method, can reduce 
the computational time in the CFD-FEM method. These practices ensure stability, 
consistency, and accurate outcomes in numerical computations by verifying solution 
independence from mesh refinement and determining suitable boundary conditions 
while minimizing potential uncertainties. 

Table 3. A comparison of different numerical models employed in this thesis: features, advantages, 
and disadvantages [91, 97, 98, 111–113].  

Software Star CCM+ LS-DYNA Star CCM+/ABAQUS 
Version  13.06.012 R11.0.0 13.06.012/R2018 
Structure  2D wedge 3D wedge 3D wedge 
Computer feature PC: 40 cores PC: 40 cores HPC: 40 cores 
Formulation CFD-FEM  ALE CFD-FEM 
Time integration  Explicit/Implicit Explicit Explicit/Implicit 

Coupling method FSI coupling  
(solid stress) Penalty coupling  Co-simulation  

Coupling scheme Weak/Strong Weak Weak/Strong  
Mesh technique  DFBI morphing Mesh motion  Morphing mesh  
Fluid domain  Hexahedral mesh Hexahedral elements   Trimmed cell mesh 
Solid domain  Solid elements Shell elements Shell elements 
Time step   1.0E-4 s 5.0E-7 s 5.0E-5 s 
Simulation time  0.05 s 0.05 s 0.05 s 

Computation time  10 hrs for two-way 
coupling (implicit) 

Single 
precision 

SMP: 51 hrs 92 hrs for two-way 
coupling (implicit) MPP: 15 hrs 

Pros  

Star CCM+ 

• Effortless pre-processing. 
• Integration of fluid and solid solvers within a single software package. 
• Utilization of adaptive mesh refinement (AMR) technique.  
• Implementation of adaptive time step for improved efficiency. 
• Straight forward convergence. 
• Customizable post-processing data. 

LS-DYNA 

• Convenient handling of coupling parameters. 
• Single software package implementation of coupling technique. 
• Independent mesh motion in the fluid and solid domains. 
• Avoid data transfer errors or inconsistencies between software.  
• Enhanced convergence and stability. 
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Table 3. Continued. 

Pros  Star CCM+/ 
ABAQUS 

• Flexible choice of coupling methods (one- and two-way).  
• Adaptive time step and mesh refinement to optimize simulations. 
• Can handle large-scale or complex FSI problems more efficiently.  
• Better accuracy and robustness for certain FSI problems.  
• User-controlled data transfer scheme between solvers.  
• Flexibility for user-defined post-processing. 

Cons 

Star CCM+ 
• Limited applicability (2D or simple 3D structures). 
• Requires mesh refinement, particularly near the FSI interface. 
• Sensitivity to time step and number of inner iterations.  
• High computational time consumption.  

LS-DYNA 

• Reduced accuracy at high impact velocities 
• Trial and error analysis required for coupling factors. 
• Insufficient Lagrangian mesh refinement can lead to coupling failure. 
• Distorted shaped elements can cause instabilities and inaccuracies. 
• ALE method is both case- and parameter-specific. 
• Double precision improves accuracy but is extremely time-consuming. 
• High fluctuations in slamming pressure results require mitigation. 

Star CCM+/ 
ABAQUS 

• Implementation of fluid and solid domains in different software. 
• Potential errors and inconsistencies in data transfer and interpolation. 
• Convergence and stability issues for some FSI problems.  
• High requirement for user input and expertise in setting up FSI interface. 
• High computational time consumption.  
• Sensitivity to mesh size, time step, data exchange, FSI under-relaxation 
parameter, and number of inner iterations. 
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5 Conclusions 
In this thesis, the dynamics of ship’s bottom slamming have been comprehensively 
studied through a combination of experimental and numerical approaches. The study 
focused on examining the effects of hydroelasticity on the hydrodynamic pressure and 
structural response of both 2D and 3D flexible V-shaped structures. A series of systematic 
drop tests were performed on a non-prismatic aluminium wedge section, which resembles 
a fore body of semi-planing to planing vessels. These tests enabled the study of 
simultaneous structural responses induced by slamming loads and provided a high-quality 
dataset for hydroelastic slamming analysis. To assess the influence of flexural rigidity on 
the impact loads and responses, the wedge section was designed with both stiffened and 
unstiffened bottom plates. The experimental study extensively investigated the effects 
of three-dimensionality, impact velocity, deadrise angle, structural rigidity, and mass of 
the wedge on vertical acceleration, slamming pressure, and strain responses. The findings 
from experiments emphasised the importance of coupling analysis between fluid 
dynamics and structural response for accurately capturing the slamming phenomenon. 

On the basis of experimental observations conducted in this study, a two-way coupling 
technique was implemented in the numerical simulations to model the water entry 
problem. This enables a more accurate prediction of the hydrodynamic pressures and 
structural behaviour, ultimately enhancing the understanding and analysis of slamming 
events in ship structures. The hydrodynamic loads acting on the wedge were effectively 
simulated using three different numerical methods, resulting in accurate capture of the 
corresponding structural responses. The observed slight variations in the maximum 
values of pressure and strain can be attributed to the different coupling techniques 
employed in the FFSI simulations. The characteristics, implementation challenges,  
as well as the advantages and disadvantages of each numerical method were discussed 
in detail. 

This thesis provides an in-depth analysis of the various aspects of impact induced loads 
and responses. The following findings represent the most important conclusions that can 
be drawn from this study: 

• As the impact velocity increases, the deflection of the bottom plate also 
increases. This highlights the importance of conducting a coupled FSI assessment. 

• Hydroelasticity plays a significant role, influenced by factors such as deadrise 
angle, impact velocity, bending stiffness, and the first natural period of the 
structure. The impact of hydroelasticity is prominent in the unstiffened bottom 
at all impact velocities, while for the stiffened bottom, it becomes important 
primarily at high impact velocities and small deadrise angles. 

• Stiffened bottom plates experience higher peak pressure compared to 
unstiffened bottom plates, and the pressure relaxation in the unstiffened bottom 
results in a delayed peak pressure, particularly evident at higher impact velocities 
and lower deadrise angles. 

• The time history of strain responses exhibits two phases: maximum strain and 
elastic vibrations. During the partially wetted phase, bottom plates undergo 
significant strain and deformation, with more pronounced elastic vibrations 
observed in the unstiffened bottom at high impact velocities. 
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• Comparing 2D and 3D wedge sections, it was found that three-dimensional 
effects influenced slamming loads, with the 3D model predicting lower maximum 
force coefficients than the 2D model. Specifically, the 3D calculations showed 
approximately 10% to 14% lower maximum slamming force coefficients for a 
wedge with a deadrise angle of 30° and around 23% to 27% lower coefficients for 
a wedge with a deadrise angle of 20°. 

• It was found that the numerical models employed in this study are highly 
dependent on the coupling parameters. In the MMALE method, the penalty 
factors play a significant role, while in the CFD-FEM method, the coupling setup, 
including data exchange and under-relaxation factor, is crucial. Furthermore, the 
study revealed that the effect of viscosity on pressure distribution and structural 
responses is negligible.  

• Based on the numerical results, it was determined that the CFD-FEM method 
provides higher accuracy compared to the ALE method, although it does come at 
the cost of longer computational time. Moreover, it was noted that the accuracy 
of the ALE method decreases at high impact velocities. 

The results of this thesis contribute to a deeper understanding of the hydroelastic 
nature of impact loads, which can have significant implications for the structural integrity 
of ships and high-speed marine vehicles. These findings provide valuable insights into the 
behaviour of ship structures during slamming events, emphasizing the importance of 
fluid-structure coupling, hydroelasticity, and three-dimensional effects in achieving 
accurate prediction and analysis. To further improve future numerical simulations, 
several modifications are suggested. For the CFD-FEM method, it is advisable to 
incorporate adaptive time step and mesh refinement to reduce computational time. 
Although utilising double precision in the ALE method increases computational time,  
it can enhance the accuracy and reliability of the results. Additionally, conducting  
an asymmetric analysis of hydroelastic slamming can provide a more realistic 
representation of the problem and examine the influence of heel angle on the results. 
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Appendix 2 (Publication II) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[P2] Hosseinzadeh, S., Tabri, K., Hirdaris, S., & Sahk, T. (2023). Slamming loads and 
responses on a non-prismatic stiffened aluminium wedge: Part I. Experimental study. 
Ocean Engineering, 279, 114510. 
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Z./345�01+�+;6+/3*+40:�7,0,�J/)*�,22�01+�-+4-)/-�8+/+�-3*.20,B4+).-29�5,01+/+7�.-345�,�7,0,�,=g.3-303)4�>ZChH�-9-0+*�2)=,0+7�)4�01+�0)8345�=,//3,5+I�(8)�135129�794,*3=�.43N+/-,2�,*623U+/-�8301�,�DEE�Qb<�-,*62345�/,0+�8+/+�+*62)9+7�J)/�01+�6/+--./+�-+4-)/-I�(1+�01/++�,==+2+/)*+0+/-�8+/+�=)44+=0+7�0)�,�.43N+/-,2�,*623U+/�8301�,�-,*62345�/,0+�)J�WE�Qb<I�(1+�-0/,34�5,.5+�7,0,�8+/+�5,01+/+7�.-345�,�K/375+�,*623U+/�8301�,�-,*62345�/,0+�)J�FE�Qb<I�C22�-+4-)/�7,0,�8+/+�=)22+=0+7�.-345�,4�bAX�@iFFAjk�7,0,�/+=)/7+/�*)7.2+�=)44+=0+7�0)�01+�bAX�6/)6/3+0,/9�@,0*,4lCOc�C?�-)J08,/+I�(1+�M3/+k3/+�=,K2+-�8+/+�.-+7�0)�=)44+=0�01+�,*623U+/-�,47�01+�7,0,�/+=)/7+/�*)7.2+I�(1+�-6+=3U=,03)4-�)J�01+�7,0,�,=g.3-303)4�>ZChH�-9-0+*�,47�01+�*)7.2+-�.-+7�34�01+�+;6+/3*+40�,/+�-1)84�34�(,K2+�WI���m�nop$'�%$"��q�p'!�$&�'$ �(1+�J/++BJ,22�7/)6�0+-0-�8+/+�=)47.=0+7�,0�N,/3).-�7/)6�1+3510-�/,45345�J/)*�FR�=*�0)�FEE�=*:�8301�+,=1�34=/+*+40�)J�FR�=*I�()�+4-./+�01,0�01+�+;6+/3*+40,2�/+-.20-�8).27�K+�/+6+,0,K2+:�01+�FR�=*�7/)6�1+3510�0+-0�=,-+�8,-�/+6+,0+7�+3510++4�03*+-�,47�01+�/+*,34345�0+-0-�8+/+�=)47.=0+7�,�*343*.*�)J�08)�03*+-I�P-345�01+�=,2*�8,0+/�-./J,=+�,-�,�/+J+/+4=+:�01+�7/)6�1+3510�8,-�*+,-./+7�J/)*�01+�8,0+/�-./J,=+�0)�01+�8+75+�,6+;I�()�=)47.=0�01+�0+-0:�01+�8+75+�8,-�03+7�0)�01+�834=1r-�-1,=Q2+�8301�492)4�/)6+�,47�1)3-0+7�0)�01+�1+3510�)J�01+�0+-0�.4032�30�U/*29�0).=1+7�01+�*)N,K2+�-0)66+/I�C�*+,-./+*+40�0,6+�8,-�,2-)�,00,=1+7�0)�)4+�-37+�)J�01+�0+-0�/35�0)�+4-./+�01,0�01+�,7s.-0,K2+�-0)66+/�,47�7/)6�1+3510�8+/+�6/)6+/29�6)-303)4+7:�,47�01+�=)//+=0�7/)6�1+3510�8,-�7+0+/*34+7�.-345�,�2,-+/�2+N+2I�(1+�,//,45+*+40�)J�01+�=,K2+-�34-37+�01+�8+75+�8,-�=1+=Q+7�K+J)/+�+,=1�0+-0�0)�/+7.=+�01+�6)--3K32309�)J�01+�=,K2+-�-4,55345�,47�7,*,5345�01+�-+4-)/-I�f4�,77303)4:�,�0134�2,9+/�)J�6+0/)2+.*�s+229�8,-�,6623+7�0)�,22�6/+--./+�-+4-)/-:�,-�/+=)**+47+7�K9�01+�*,4.J,=0./+/:�0)�*343*3-+�01+�0+*6+/,0./+�-1)=Q�81+4�01+�-+4-)/�8,-�/,63729�*)N+7�J/)*�)4+�+4N3/)4*+40�0)�,4)01+/I�CJ0+/�+,=1�0+-0:�01+�@,0*,4lCOc�C?�,4,29-3-�*)7.2+�8,-�.-+7�0)�=1+=Q�01+�+;6+/3*+40�/+-.20-�0)�+4-./+�01,0�,22�-+4-)/-�1,7�)6+/,0+7�6/)6+/29:�,47�01,0�,22�/+2+N,40�7,0,�1,7�K++4�/+=)/7+7I�(1+�J)22)8345�-0+6-�8+/+�=)4-37+/+7�K+08++4�08)�0+-0�/.4-t�,H(1+�7/)6�1+3510�8,-�7+0+/*34+7�.-345�,�2,-+/�2+N+2�,47�,�*+,-./+B*+40�0,6+I��KH�(1+�8+75+�8,-�6)-303)4+7�,0�01+�=)//+=0�7/)6�1+3510I��=H�(1+�K)00)*�-./J,=+�)J�01+�8+75+�8,-�=2+,4+7�)J�+;=+--�8,0+/�>,2-)�34-37+�)J�01+�8+75+�J)/�1351�3*6,=0�N+2)=303+-HI��7H�C22�34-0/.*+40�=,K2+-�,47�-+4-)/-�8+/+�=1+=Q+7:�,47�01+�6+0/)2+.*�s+229�8,-�/+B,6623+7�0)�01+�6/+--./+�-+4-)/-I��+H�u+-+0�,22�=1,44+2-�)J�01+�7,0,�/+=)/7+/I��JH�C�8,30�03*+�)J�LEj[E�*34�8,-�,6623+7�K+08++4�08)�/.4-�0)�+4-./+�01,0�01+�8,0+/�-./J,=+�1,7�=,2*+7�7)84I�

vwxy�zyuOZ�)J�*,;3*.*�-0/,34�N,2.+�)J�,22�-0/,34�5,.5+-t�,H�-0/,34�5,.5+-�2)=,0+7�)4�0/,4-N+/-+�73/+=03)4{�KH�-0/,34�5,.5+-�2)=,0+7�)4�2)4530.734,2�73/+=03)4I��

|��}!  $�"~�&$��$���q���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



������������	���
��
�
��������

�
������������ �!��� �"�����#�"$��! �����%�&��' ��(��"��!��������&���"����"��!"��"�)�"$���*� ���"+���"$���"$���)�"$�"$��)�,%���"���!"�"��������!��"$���!!����"�,����&�"�"����"���-�.$���#���(�"$��*� ���"+��#�"$��)�,%��,����%�"$��#���/#�  ���&��"�)�!��� �� �"�,��!��%����� �"�*��"��&�0��,� ��������� ���"�%��"���-�.$��,�##�������'�")����"$����"��� �

1234�54.����$�!"����!��#�*��"��� �)�"�����"�+�*� ���"+��� �� �"�,�'+���"�%��"��%�"$������ ���"�������!������"!�)�"$�,�##����"���!!�!��#�"$��)�,%�6��7�)�,%��)�"$�89�:;;�<%���!!=�'7�)�,%��)�"$�8>�:?>-;�<%���!!=��7����&���!����#�*��"��� �*� ���"+��#�")��,�##����"���!!�!��#�"$��)�,%����,���� +"��� �!� �"����@AB7��"�9CC�D��E�,��&�$��%$"-� 1234�F4G��&���!����#�"$�����!���,�*��"��� ����� ���"�����"�,�##����"� ���"�����#�"$��)�,%�6��7�9CC�D��E����"�� �,��&�$��%$"=�'7�>CC�D��E����"�� �,��&�$��%$"=��7�,�##��������#��H&������"� ���,���� +"��� ����� ���"�����"�I:>;JKLM@N�7���,�9CC�D��E����"�� �,��&�$��%$"-�

OP�QRSSKTUVBJKW�KX�BYP��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



������������	���
��
�
��������

�

���� ������������ �� !"�# $#%$ &'"�( &')�'!&)*�+,- #&�.'$/#+&+'0��1��2�345��46788��9/)�"+99')'!&�")/-�:'+;:&0� )'�0:/(!�+!�< =$'�>?�@ABCDEFGHCIJDDKLM�CN�HJDOPED�</�+!.'0&+; &'�&:'�)'-)/"%#+=+$+&*�/9�&:'�'Q-')+,'!& $�,' 0%)'R,'!&0S�'+;:&''!�&)+ $0�(')'�# ))+'"�/%&�9/)�&:'�T)0&�&'0&�# 0'���7��>UV�� !"�)'0&�/9�# 0'0�(')'�)'-' &'"� &�$' 0&�&(+#'?�<:'�&+,'�:+0&/)+'0�/9� $$�7W�)%!0�9/)� ##'$') &+/!S�-)'00%)'S� !"�0&) +!� )'�#/,- )'"� !"�0:/(!�+!�X+;?�Y��$'9&�?�</�"'&'),+!'�&:'�'Q-')+,'!& $�%!#')& +!&+'0� 00/#+ &'"�(+&:�&:'�&'0&0S�&:'�)'0%$&0�(')'� ! $*0'"?�Z!�/)"')�&/�T$&')�/%&�:+;:�9)'[%'!#*�!/+0'�9)/,�&:'�0'!0/)0�0+;! $�"%)+!;�&:'�'Q-')+,'!&0S� �$/(R- 00�T$&')+!;�( 0�',-$/*'"�/!�&:'�) (�" & ?�<:'�. )+ &+/!�+!�&:'� ##'$') &+/!S�-)'00%)'S� !"�0&) +!�0'!0/)0�(+&:�"+99')'!&�\%&&')(/)&:�$/(R- 00�T$&')�9)'[%'!#+'0� )'�+$$%0&) &'"�+!�X+;?�Y��)+;:&�� &��7��>UV?�<:'�T$&')0�(')'�;'!') &'"�%0+!;�] <̂_̂ \̀0�aT$&T$&̀�9%!#&+/!S�(:+#:�%&+$+0'0� �b')/R-: 0'�"+;+& $�T$&')+!;�&'#:!+[%'�&: &�-)/#'00'0�&:'�#%))'!&�-/+!&�+!�)'$ &+/!�&/�=/&:�9/)( )"� !"�)'.')0'�-/+!&0�+!�&:'�9)'[%'!#*�"/, +!�&/�)'& +!�&:'�0+;! $�&+,'�:+0&/)*�+!�$+!'�(+&:�&:'�/)+;+! $�0+;! $��]+&) � !"�c%/S��88de�f(+" !�'&� $?S��87d�?�̂0�"'-+#&'"�+!�X+;?�YS�9/)� ##'$') &+/!� !"�-)'00%)'�" & S�&:'�$/(R- 00�\%&&')(/)&:�T$&')�(+&:� �#%&R/99�9)'[%'!#*�/9�7888�gb�: 0� �!';$+;+=$'�&/�!/�'99'#&�/!�&:'�)'0%$&0� !"�+0�&:%0� --$+'"�&/� $$�0'!0/)0?�X%)&:'),/)'S� �$/(R- 00�T$&')�9)'R[%'!#*�/9�>88�gb�( 0�#:/0'!�9/)�0&) +!�; %;'0�" & ��X+;?�Y#�?�< =$'�d�)'-)'0'!&0�&:'�,' !�/9�&:'� ##'$') &+/!S�-)'00%)'S� !"�0&) +!�-' h�. $%'0�9)/,�"+99')'!&�0'!0/)0�9/)�7W�'Q-')+,'!&0�(+&:��>�i#,j�")/-�:'+;:&?�<:'�0& &+0&+# $�%!#')& +!&*�/9�&:'�'Q-')+,'!&�+0�# $#%$ &'"�%0+!;�

0& !" )"�"'.+ &+/!��k�� !"�)'$ &+.'�0& !" )"�"'.+ &+/!��lfm��9/)�"+99')'!&�0'!0/)0� ##/)"+!;�&/�n[?��7�?�k� ��������������������������������������op2oqpr�o1sr2s4tuvvw xyz{1|4�1k5s46o}} �7���(:')'�~�+0�&:'�!%,=')�/9�)'-' &'"�&'0&0S��3�&:'�, Q+,%,�. $%'�/9�+!R"+.+"% $�&'0&S� !"���&:'�,' !�-' h�. $%'�/9�&:'�,' 0%)','!&?�< =$'�d�0:/(0�&: &�&:'�lfm0�9/)� ##'$') &+/!�0'!0/)0� )'�$'00�&: !�>�?�X%)&:'),/)'S�&:'�)'-' & =+$+&*�/9�&:'�&'0&0�+0�#/!0+"') =$*�='&&')�9/)�-)'00%)'�0'!0/)0�!' )�&/�&:'�h''$� !"�(+&:�0, $$')�"' ")+0'� !;$'0?�<:'�lfm0�9/)� $$�-)'00%)'� !"�0&) +!�0'!0/)0�# $#%$ &'"�9/),�7W�)%!0� )'�$'00�&: !�78�S�#/!T),+!;�&: &�&:'�'Q-')+,'!& $�0'&%-�-)'0'!&'"�+!�&:+0�0&%"*�+0�)'-)/"%#+=$'� !"�#/%$"�-)/.+"'�)'$+ =$'�)'0%$&0?�Z!�/)"')�&/�/=& +!�)'$+ =$'�='!#:, )h�" & S�&:'�)'-' & =+$+&*�/9�,' 0%)','!&0�( 0�'Q ,+!'"�9/)� $$�+,- #&�.'$/#+&+'0?�X+;?�>�0:/(0�&:'�)'$ &+.'�0& !" )"�"'.+ &+/!�/9�&:'�, Q+,%,� ##'$') &+/!�,' 0%)'"�=*�&:'� ##'$')/,'&')0� &�"+99')'!&�$/# &+/!0� !"�. )+/%0�")/-�:'+;:&0?�<:'�)'-' & =+$+&*�/9�&:'�'Q-')+,'!&�# !�='�'. $% &'"�%0+!;�&:'�-$/&�/9�lfm0�9/)� $$�# 0'0?�Z&�# !�='�0''!�&: &�&:'� ##'$') &+/!�lfm0�9/)� $$�&'0&0� )'�$'00�&: !���S�+!"+# &+!;�;//"�)'-' & =+$+&*�/9�&:'�'Q-')+,'!& $�0'&R%-?�Z!� ""+&+/!�&/�&:'� ##'$') &+/!�,' 0%)','!&0S�&:'�)'$ &+.'�0& !" )"�"'.+ &+/!0�/9� $$�-)'00%)'�0'!0/)0� !"�0&) +!�; %;'0� )'�# $#%$ &'"� !"�-)'0'!&'"�+!�X+;0?�d� !"��S�)'0-'#&+.'$*?�Z&�+0�0:/(!�&: &�&:'�-)'00%)'� !"�0&) +!�lfm0�9/)� $$�&'0&0� )'�$'00�&: !�7>�?�\'0+"'0�&: &S�&:'�-)'00%)'�0'!0/)0�-$ #'"�#$/0'�&/�&:'�h''$�: .'�='&&')�)'-' & =+$+&*�&: !�&:/0'�

�KMA���A�/,- )+0/!�/9�, Q+,%,�.')&+# $� ##'$') &+/!�+!�. )+/%0�+,- #&�.'$/#+&+'0� !"�"+99')'!&�, 00'0�/9�&:'�('";'�� ��]7��>>�h;e�=��]���W�?>�h;?��

�KMA���A�/,- )+0/!�/9�,' 0%)'"�-)'00%)'�/9�788�i#,j�+!+&+ $�")/-�:'+;:&�/!�"+99')'!&�$/# &+/!0� $/!;�&:'�('";'�� ��&+,'�:+0&/)*�/9�-)'00%)'�/!�0&+99'!'"� !"�%!0&+99'!'"�=/&&/,0� &���������e�=��&+,'�:+0&/)*�/9�-)'00%)'�/!�0&+99'!'"� !"�%!0&+99'!'"�=/&&/,0� &������>������/&'��n #:�;) -:�)'9')0�&/� �0'!0/)�?�

��������3���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



������������	���
��
�
��������

��

�������������� ��� !��"�#������$�������%����� ���� ��&����������'!��!���!�����&�&��&�!()����'����!�!�&�!�����&�"�* !&�$� �'!�%��+�&��$&��'���,���������������(����&-�)��&&%���&��&��&-�����&���!��.�%.�&"�/01234567489:;�54<=;9<�:8>�>6<?=<<6@8�ABCBDEFGEH�IGHJKLFGMN�O���()��!&���$��+�����P)��!(��������&%��&�!���!,,����������!�!��&�!&�)��&�����������!&�%&&���!��� !&�&���!��"�O&�&������!��� ��)��'!�%&�&���!��-��+���!,,������(�&&�&�+����%&��������&��� ����&��!$������Q)�!&(��!��+��.�"�* ���!(�� !&���!�&��,�'���!����'����!�R��,�� ��+��.��+!� �(�&&��,�ST�����!,,���������)� �!. �&�����& �+��!��U!."�V�"�* ��'����!�R�)��W���+�&�����%������$R�!���.���!�.�� ���P)��!(�����������,��(�����������Q�(����������������� ��(!�Q&���!����,�� ��+��.��XYZ[\]Ĵ_̀"�O&�& �+�-��,���������&!�.�� ��+��.�-�� ��'����!�R�!�����&�&��!�����R��������� �&�!�&�(�P!(%(���.��!'��'��%��+ !� ������&)���&����� ��(�(����+ ���� ��'���!�������������!���!&�a����!��U!."�b�"�c%$&�d%����R-�� ��'����!�R��,�!()����$�.!�&����������&�-�!��!���!�.�� ��&������,�� ���P!��) �&��!��� ��+���������R�)��$��(-�+ !� ����%�&�+ ���� ��'����!�R�)��W���� ��.�&�,��(�����+�+����������%)+�����!����!��"�* ��'����!�R�)��W����,�� ��+��.��+!� ���(�&&��,�S[�XZT"\ST̀�!&�)��&������!��U!."�V$"�O&��P)�����-�� ��(�&&��,�� ��+��.���,,���&�� ��)�&�Q!()����) �&���,�� ��+���������R�)��$��("�O�����!�.����� ���+�Q�!(��&!�����X[è�f�.����� ���R�Xf�.Q���-�Tbg[h�e%��������"-�[i[ì-�� ��+���������R�'����!�R�����$������%�������&�jkZ jlmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmnopqrs tulluvwxkyuYz X[̀��+ ����p�!&�� �����&!�R��,�+����-�D�!&�� ��(�&&��,�� ��+��.�-�F�!&�� ��)�������!����!(�-�{�!&�� �����.� ��,�� ��+��.�-�|�!&�� �����������!����,�
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Appendix 3 (Publication II) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[P3] Hosseinzadeh, S., Tabri, K., Topa, A., & Hirdaris, S. (2023). Slamming loads and 
responses on a non-prismatic stiffened aluminium wedge: Part II. Numerical simulations. 
Ocean Engineering, 279, 114309. 
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 #$��#&�2�������� �!��(�A�&� '#�'#�����!#$� 44�#�(�3'��'�$�'4�����0�()�����@�II�M�G$N� # � ��� ���&��%��'& �9� $�H�OO�M��N2�0� &��'&&!"$������PI�I,-$�'4�����$ �!��� '#�� ��2�0��"��$�������� �!��(�A�&� '#�'#�����$� 44�#�(������� $�I�-H�M��N��#(������#$������PI�I,H$�*+ )��HI(.��8����9���$'�3��'3$�"%�(������������� �!��(�A�&� '#�'&&!"$�0��#�����0�()�� $���"� ���9�0����(��#(�����$� 44�#�(�����������" �#&�$���� �!��(�A�&� '#���"� �"����#������'4�����!#$� 44�#�(�3'��'��*+ )��HI.�������464�&��'4�" ) ( �9�'#������"�$$!"�����:��#(�$�"!&�!"���"�$�'#$�� $�#'� &�6�3��2��#(�����$� 44�#�(�3'��'�Q$�(�A�&� '#� $�"���":�3�9�#�)� ) 3���4'"��'0� ���&��%��'& � �$��8�� $�(��'#$�"���(������3'���#!��" &�������'($��"���3����'��"�( &������3'��'��(�A�&� '#��#(����������"�$!��$�'4������0'�#!��" &�������'($��"��� )��9�&'���"�3����RSRSTUVWWXYZ[W\]Ẑ\_̀�WaaWbc]�/�&'���" $'#�'4�#!��" &����#(��#��9� &���"�$!��$�'4������"�$$!"��&'�41& �#��*dePfgIhijkHZ.�'#�( 44�"�#��(��(" $���#)��$�'4�����0�()���"�� ��!$�"���(� #�+ )��H,������� ��'4��� $�&'���" $'#� $��'� #%�$� )����������"��6( ��#$ '#����44�&�$�'#� ���&�6 #(!&�(��'�($������#!��" &���"�6$!��$�0�"��&'��!��(�!$ #)�����E+FG+DB��0'60�9�&'!�� #)�����'(��"�$�#��(� #�7!3$�&� '#�?�?������ (��� $�� '#�&'#$ (�"�(�%�" '!$�$'�!6� '#�� ��� #��"%��$�'4�����'"(�"�'4�I�IIi2�I�I,2�I�IHHi2��#(�I�I?$2�&'"6"�$�'#( #)��'������ ��� #$��#��0��#�����$�"�9�"''��"��&��$�I�,2�I�Hi2�I�I�i2�I�li�'4�����0�()��0������#)���*C.��8#�+ )��H,�2�����%�"� &����� $�"��"�$�#�$������"�$$!"��&'�mmn& �#���$�(�mn#�(�3�4'"�2��#(������'" o'#������ $� $�#'#6( ��#$ '#�� $�(�39�����%�"� &���( $��#&��*9G(.�0��"��(� $�����0�()����#��"�� '#������&�� #$��#��������"�$$!"��&'�41& �#��"�$!��$��"��&'���"�(�0 ��������$9���'� &�$'�!� '#��"�$�#��(�39�p��'��#(�+��� #$�#�*,;;?.��8#����������"��!3� &�� '#2������!��'"$�$����(�����������$9���'� &�����'(�&�#�3������ �(�4'"�$�����(��(" $���#)��$�*qr?Istuh.��#(������

vwxy�z{yE'���" $'#�'4�#!��" &����#(�����" ��#����"�$!��$�'4���� �!���'#) �!( #���$�"� #����%�" '!$� ���&��%��'& � �$�'#�!#$� 44�#�(�*5.��#(�$� 44�#�(�*7.������$�'4�����0�()���

|S�}̂]]WZ\~_YWU�Wc�_̀S��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



������������	���
��
�
��������

��������������� �!"#$%�#&�" ���'(��)��*�+�,"�#-�#&�" ��.#""#��)-!"�&&�-�*�'-*�!"�&&�-�*�/0'"�!�,#�/)"�*�.%�"1#�*�&&�$�-"�,#)/0�-2���" #*�30�&"45�.#""#��*�+�,"�#-�*�!"$�.)"�#-�3��**0�45�'-*�/$�!!)$��*�!"$�.)"�#-�#-�" ��.#""#��#&�" ��1�*2��3$�2 "4�1�" 6�'4�7879�:�;!<��-�"�'0���/',"�=�0#,�"%>�.4�?899�:�;!<��-�"�'0���/',"�=�0#,�"%>�,4�?8@@�:�;!<��-�"�'0���/',"�=�0#,�"%>�*4�A899�:�;!<��-�"�'0���/',"�=�0#,�"%8�

BC�DEFFGHIJKLGM�GN�KOC��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



������������	���
��
�
��������

��

����������������  ����!"��#$������%�����&�'��$#���!(�)���'�'��&#�������������''"������ *���#��!�����'�'��+�����%���#!�����!�  ���#��'�,��&��#����''"������ *���#�'��������-.�'���#!�����/�'����%�"��!��#'��#�'�,���%��/��$���&��#�����!��!��'���#$/��!�����'�'(�0����  ����� �'��"��"��/���$�!��1��#��������''"������ *���#���'��/'��'�"!��!�,1���%����#$�������'"/�'�� �"#'��  �#�!��#!�'��  �#�!�,����%'(�2�$(�34,�!�'�/�1'�����+�/"%�� ������#�� �&������#�����,����%�� �����&�!$�������56(66789�6(64��#!�6(6338'(�:����!�#$��������*#!�#$'9�����!��!��'���#$/���#!�'��"��"��/�!� ��%����#��  �����������''"������ *���#�����*/�9�&������'%�//��#$/����'"/��#$��#������*/��&������'�������������#!���$��������%�/��"!�(�;�&�+��9�,���"'��� ����������<!�%�#'��#�/��  �����#�&�1�� ������&���#!'�� �����&�!$��'��"��"��9��#�'�%���#'��#�'9��������'<'"������ *���#��&������38<!�$����!��!��'���#$/���'�/��$������#������&������36<!�$����!��!��'���#$/��=�($(�6(8>?(�2"�����%���9�0�,/��8����'�#�'�����%�@�%"%�'/�%%�#$����''"������ *���#�'�=AB%�@�5 B%�@C6(8DE�3?����+����"'�!��!��'���#$/�'� ���,����'��  �#�!��#!�"#'��  �#�!�,����%��/���'(�0��'���,/��/�'�'�����+�������#'�,��&��#�����#"%�����/���'"/�'��#!������'1%�������'�/"���#(�

FGHI�JKIA�%����'�#�� �#"%�����/���'"/�'��#!��'1%�������'�/"���#�=L�����#!�2�/��#'�#9�4MMN?����!�  ���#��/������#'�� �'���1�����O��?����''"������ *���#�����!�  ���#��!��!��'���#$/�'��#�����"#'��  �#�!��#!�'��  �#�!�,����%P�,?�+�/"%�� ������#�� �&������������,����%�� �����&�!$�����6(4>9�6(38>9��#!�6(8>9���'�����+�/1(�QRSTU�V�A�%����'�#�� �����%�@�%"%�'/�%%�#$����''"������ *���#��,��&��#�#"%�����/�'��  �#�!�+'�"#'��  �#�!���'"/�'��#!��'1%�������'�/"���#�=L�����#!�2�/��#'�#9�4MMN?(���W��  �#�!�+'�X#'��  �#�!�� :'1%�������+'�X#'��  �#�!� :'1%�������+'�W��  �#�!�Y��!��'��=!�$(?� ABX%�@� ABW%�@� ZAB%�@�=[?� AB%�@�=:'1%������?� ZABX%�@�=[?� ZABW%�@�=[?�36� 48(44� 47(N6� 43(\4� 4](\N� 4](M6� 7(36�38� 44(M8� 43(67� 6(MM� 44(N8� 8(3M� \(N̂�N6� \(̂]� 7(37� 46(]8� 7(̂6� 43(N3� 4(\8��QRSTU�_�:���%����'�#�� �����#"%�����/���'"/�'�� �����%�@�%"%�'/�%%�#$� �����,��&��#�����3Y��#!�NY�&�!$�'(��E��=%C�'?� Y��!��'��=!�$(?� 23Y�=̀?� A2%�@�=3Y?� 2NY�=̀?� A2%�@�=NY?� ZA2%�@�=[?�3(36� 36� 8M(]8� 3(7̂� 3786� 3(46� 3N(̂3�38� 8̂(]N� 4(\̂� 34NM(8� 4(N3� 4M(7M�N6� N\(\\� 4(6\� 4]3\� 6(M8� 46(N4�N(66� 36� 46](̂M� 3(\8� 7̂63(8� 4(M]� 38(43�38� ]8(6]� 4(\3� 6̂8M� 4(3M� 36(̂]�N6� \](3M� 4(68� N̂76(8� 6(MN� 44(8̂�N(88� 36� 4̂](N3� 3(8M� \N]6� 4(M3� 38(M7�38� 447(̂4� 4(\6� 8888� 4(3\� 34(4̂�N6� M8(68� 4(68� 86̂N(8� 6(M4� 43(MN�(̂66� 36� 4M3(̂M� 3(8]� ]N\6� 4(]7� 37(\4�38� 4̂N(\\� 4(86� \̂M6� 4(4N� 3̂(76�N6� 43N(4M� 4(6̂� \N38� 6(]M� 4̂(̂N��

ab�cdeefghijkfl�fm�jnb��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



������������	���
��
�
��������

��

��������������������� !"#�$%"�$����&&�'�%��$�����%��##"$(����!%)�����#�*"#�#��������&�"#+�'�����!%��$�,-��$!�.-�/�!(�%�����$�#��"'���0�'��'�����!��$!�+��%�$��!�"$���1���23�������%���%�����'�#+���!��%"$(���$�$ !"#�$%"�$���#�*"#�#�&��'��'��&4'"�$��56#�*)�/�"'��"%�'��'�����!��%�56#�*�76#�*893:;<",=��$>)�/�����6#�*�"%�����#�*"#�#��������&�����%��##"$(�&��'�)�>�"%�����!��!�"%���$(��)�;�"%�����!�$%"�0��&�����/����)�=�"%��������"?�$����!"#�$%"�$��&�����/�!(��%�'�"�$)��$!�<"�"%�����"#+�'������'"�03�@%��*+�'��!)������������&�56#�*�!�'���%�%�&���1����,-��$!�.-�#�!��%��%�����"$"�"���"#+�'������'"�0�"$'���%�%3�-�+�$!"$(��$�����"#+�'������'"�0��$!�!��!�"%���$(��)�����#�*"#�#�%��##"$(�&��'��+��!"'�"�$%�&��#�.-�'��'����"�$%�����1��/��$�A93.AB��$!�,C32AB���/������$����%��&��#�,-�#�!��%)�/�����D56#�*7 E56#�*F,- �56#�*F.-G856#�*F,-3�H$��!!"�"�$)�������%���%�!�#�$%������������%�����"#+�'������'"�"�%�"$'���%�)�����!"&&���$'�%�"$�����#�*"#�#�&��'��'��&4'"�$��1��/��$�����,-��$!�.-�#�!��%�1�'�#��#����%"($"4'�$�3�IJKLMNOPQRLMQ���"%�+�+����%%�%%�!��$!�'�#+���!�"#+�'��"$!�'�!����!%�&��#��/��!"&&���$��$�#��"'���#�!��%��'�"$(��$���'�#+��*������ !"#�$%"�$���< �%��+�!�%���'����3�S0!�����%�"'�%��##"$(�/�%�%"#�����!��$���/�!(��/"�����T�##�1����#�+�������"'U$�%%��$!���%�"&&�$�!�+�$���&��� &���"$(����!"&&���$������"'�������'"�"�%3�����$�#��"'���66VH�#�!��%�/�������"!���!�10�!"��'��'�#+��"%�$�/"��������*+��"#�$����!����+��%�$��!�"$�W����H��&��&���"%��/� +����'�#+�$"�$�+�+��3�@$��*+�"'"��$�$�"$����=V -XY@�6Z@�#����!�"$'��+����"$(���[[@=Z�%������/�%��#+��0�!����!�%"($�����$�#��"'���6VH�#�!���"$�=V -XY@3�H$��!!"�"�$)�����"$%��$��$���%�"$��� �'�"�$�1��/��$�\�"!��$!�%���'������&�����!�%'�"1�!�/������$��0�+��1��#�/�%�#�!����!�10���"�"?"$(���%���$(�0��/� /�0�'��+�"$(���'�$"]���"$�56-��$!�6Z@�%�����%3�����'��+�"$(�1��/��$�����6<[��$!�6Z[�%�����%�/�%��'�"���!�10�V�@̂  55[_�$!�@̀ @abV�'�##��'"���%�����%3�6����/"$(�'�#+��"%�$�/"����*+��"#�$������%���%)�"��/�%�'�$'��!�!����������$� #��"'���#�!��%�+��+���0�+��!"'��U"$�#��"'%)�%��##"$(�+��%%���%)��$!�%���'��������%+�$%�%3�Y��/"��%��$!"$(���"%)�����������%�#��!"%'��+�$'"�%�"$�����#�*"#�#������%��&�+��%%�����$!�%���"$���%+�$%�%�&�������%�$%��%���'���!�'��%���������'�"$�3�����"$\��$'���&������ !"#�$%"�$��"�0)�"#+�'������'"�0)�!��!�"%���$(��)��$!�%���'�������"("!"�0��$�����"'����''������"�$)�%��##"$(�+��% %���)��$!�%���"$���%+�$%�%�/�����*�#"$�!�"$�&������3�H��/�%�!�#�$ %�����!����������%�"(���!"%'��+�$'0�"$�����#�*"#�#��������&�+��%%�����$!�%���"$�+��!"'��!�10�$�#��"'���#����!%��++���%�1�'��%���&�����!"&&���$��'��+�"$(���'�$"]��%������/�����++�"�!�"$�����66VH�%"#����"�$%3�����[[@=Z�#����!�"%��"(��0�!�+�$!�$���$�&����%��&�'��'�$��'��&��'�%)�+�$���0�'��+�"$(���(��"��#)��$!�!�#+"$(�&�'���%3�Y�#��"'�����%���%��''��$�"$(�&�������"$\��$'���&����1���$��\�/�!0$�#"'%�����"$�1�������(���#�$��/"����*+��"#�$�%3�Y���������%%)������"%'�%"�0��&&�'���$�����

+��%%����!"%��"1��"�$��$!�%���'��������%+�$%�%�"%���#�%��$�(�"("1��3�����#�($"��!���&�����1����#�+�����!�\�'�"�$�"$'���%�%��%�����"#+�'������'"�0�"$'���%�%)���$'��#�U"$(�'��+��!�66VH��%%�%%#�$���%%�$�"��3�����%���'������!�&��#��"�$��$�����1����#��&�����/�!(���&&�'�%������0!�� !0$�#"'����!%�!��"$(�%��##"$(3�����!0$�#"'����!%�'��$(��"$���%�����+��"�!��&��"#���$!�+��+�(���������(���0!��!0$�#"'�+��%%�����$!����%�"'��"1���"�$%3������&���)�����\�"!�\�/�'���!�1��"$\��$'�!�!"&&�� �$��0�"$��''��!�$'��/"�������#�($"��!���&�����%���'��������%+�$%�3�������%���%�"#+�0����������%��##"$(����!%�����"$\��$'�!�10���������� !"#�$%"�$����&&�'�%3�����#�*"#�#�%��##"$(�&��'��'��&4'"�$�%��&�,-��$!�.-�/�!(�%�/����'�#+���!�"$�����%��!0)��$!�"��/�%�!"%'�����!����������.-�#�!���+��!"'��!���/��������%����$�����,-�#�!��3�H$�'�# +��"%�$��������,-�%"#����"�$%)�����.-�'��'����"�$%��$�����#�*"#�#�%��##"$(�&��'��'��&4'"�$����������$!�A9BcATB���/���&�������/�!(��/"�����!��!�"%���$(����&�.9d�$!�����$!�,.Bc,CB���/���&�������/�!(��/"�����!��!�"%���$(����&�,9d3�KefgRh�iPjkLlQkRm�NLMjlRnPjRLM�QjijfofMj�piffg�qLQQfRMrigfks�t�"�"$(�c���"("$���!��&�)�5�$'�+����"?��"�$)�6��#����$��0%"%)�V�&�/���)�Z!"�"$(3�ulRQjviM�hinlRs�̂�%���'�%)�V�+�� �"%"�$)�W��w�'���!#"$"%����"�$)�t�"�"$(�c����"�/�x��!"�"$()�6�$!"$(��']�"%"�"�$3�yoffM�hLmis�t�"�"$(�c����"�/�x��!"�"$()�V�&�/���)�6��#����$��0%"%3�pmzlLQ�qRlgilRQs�t�"�"$(�c����"�/�x��!"�"$()�V�+���"%"�$3�{fNOilijRLM�L|�NLomfjRM}�RMjflfQj�����������%�!�'�������������0������$��U$�/$�'�#+��"$(�4$�$'"���"$����%�%����+��%�$��������"�$%�"+%������'���!�������++����!����"$\��$'������/��U���+����!�"$���"%�+�+��3�{iji�i~iROinRORjz�-����/"���1��#�!�����"��1����$���]��%�3�yN�ML�Ofg}fofMjQ���"%���%���'��/��U���%�1��$�4$�$'"���0�%�++����!�10�����Z%��$"�$��̂%���'��5��$'"���"������(��$�%�Ŵ��.�EY�#��"'���%"#����"�$��&�����6VH�&�������!0$�#"'����!%��$!���%+�$%���&�%�"+%G��$!�Ŵ�A�,9�E-0$�#"'���%+�$%���&��&&%�����%���'����%G3������%%"%��$'���&�SW5�5�$����"$�+���"!"$(��''�%%����'�#+����"�$�����%���'�%�"%���%��(����&���0��'U$�/��!(�!3�����������%�/���!���%���"U��������$U�����%��&&��&�����[��"$����'�$���(0�5�#+���$'��5�$�����������"$$�b$"���%"�0��&���'� $���(0�E�@=�Z5S�[@̂ �ZG�&������"�������1���%�++�����&������*+��" #�$����%��!03��ymmfMgR��yJKLomilRQLM�L|�f�mflRofMjiO�iMg�MPoflRNiO�lfQPOjQ��hinOf�y��5�#+��"%�$��&�#�*"#�#��''������"�$�'��'�����!�10��/��$�#��"'���#�!��%�/"����*+��"#�$����!���)��$!�����'����%+�$!"$(�+��'�$��(��������E���BG����!"&&���$��"#+�'������'"�"�%3��� [�*"#�#�@''������"�$�E(G� ���B�<"�E#8%G� -��!�"%��E!�(3G� Z6-� [[@=Z� 56-86Z[� [[@=Z� 56-86Z[�,3,9� ,9� T3�.� :3A9� T3��� .3..� A3A��,:� .3�T� .3�C� T3A9� .3,A� 23C,�.9� .3.T� .3.�� .3:.� A3.A� :3:A�.399� ,9� �39A� �3TA� �3CC� T3�:� �3.��,:� C3A:� C3T,� C32�� .3C2� C3.��.9� :3�T� 23,.� 23T�� T3�T� �39:�.3::� ,9� A93�2� AA3:,� AA3�9� 239T� �3::�,:� �3TT� �3��� A939A� T3C:� 239T�.9� �3A.� �3CC� �3C.� C3T2� C3.,�T399� ,9� AT39�� A:3,�� A:3T9� �32A� �3T,�,:� AA32C� A,39.� A,3,.� .3A9� T3�:�E����������������������G�
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