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Abstract 
 
The work in this thesis focuses on the use of explicit finite element analysis (FEA) in the 
modelling of fluid-structure interaction of panel-water impacts. Paper A, considers modelling 
of a two-dimensional rigid wedge impacting a calm water surface. From analytical methods 
and results of a systematic parameter study a generalised approach for determination of fluid 
discretization and contact parameters in the modelling of arbitrary hull-water impact 
situations is developed and presented. In paper B the finite element modelling methodology 
suggested in paper A is evaluated for elastic structures by a convergence study of structural 
response and hydrodynamic load. The structural hydroelastic response is systematically 
studied by a number of FE-simulations of different impact situations concerning panel 
deadrise, impact velocity and boundary conditions. In paper B a tentative method for 
dynamic characterization is also derived. The results are compared with other published 
results concerning hydroelasticity in panel water impacts. The long-term goal of this work is 
to develop design criteria, by which it can be determined whether the loading situation of a 
certain vessel type should be regarded as quasi-static or dynamic, and which consequence on 
the design a dynamic loading has. 
 
 
 
 
 
 
 
Keywords: fluid-structure interaction, hydroelasticity, hull-water impact, high-speed craft, 
slamming, explicit finite element methods 
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Dissertation 
 
This licentiate thesis consists of an introduction to the area of research and the following 
appended papers: 
 
 
Paper A 
 
Stenius I., Rosén A., Kuttenkeuler J., Explicit FE-modelling of Fluid-Structure Interaction in 
Hull-Water Impacts, International Shipbuilding Progress, vol. 53, issue no. 2, 2006. 
 
Paper B 
 
Stenius I., Rosén A., Kuttenkeuler J., Explicit FE - Modelling of Hydroelasticity in Panel-
Water Impacts, Submitted for publication December 2006. 
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Division of work between authors 
 
 
Paper A 
 
Stenius performed the finite element simulations and developed the method for pre-selection 
of modelling parameters guided by Rosén and Kuttenkeuler. Stenius and Rosén jointly wrote 
the paper. 
 
Paper B 
 
Stenius performed the finite element simulations and developed the tentative method for 
dynamic characterisation guided by Rosén and Kuttenkeuler. The paper is written by Stenius. 
Rosén and Kuttenkeuler contributed to the paper with valuable comments and revisions. 
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Introduction 
Picture yourself standing on the top ledge of a diving tower about to make a 10 m plunge into 
the water beneath. The result of an unsuccessful landing, such as for example a belly flop, is 
easily imagined. A high-speed craft operating in rough seas can actually be compared with a 
continuous belly flopping. The complex environment that the craft encounters during 
operation in rough seas implies complex loading situations, which may result in very violent 
motions. The loading is dependent on sea-state, direction and speed of craft in relation to sea, 
as well as on the size and geometry of the craft. These hydrodynamic loads affect passengers, 
crew, equipment and not least the craft itself, which has to be designed to withstand the 
pounding of this wave-induced hydrodynamic loading. Different types of high-speed craft are 
illustrated in Figure 1. 
 

 

 
Figure 1: Top left: Rigid-Inflatable Boat (RIB) Rupert 34 (courtesy of Rupert Marine). Top right: 
Rescue Craft Amalia Wallenberg (courtesy of Sjöräddningssällskapet Sweden). Bottom left: The 
Visby Corvette (courtesy of Kockums, Photo: Peter Nilsson). Bottom right: High Speed Ferry HSC 
Gotlandia (courtesy of Destination Gotland, Photo: Patrick Depelsenaire). 

 
Designing high-speed craft is a challenging task, not at least with respect to the rough 
conditions in which the craft may be intended to operate. The designer has to consider 
extreme loads, fatigue, operability etc, and at the same time minimize structural weigh since 
this is a critical parameter in terms of operational cost and performance. Designers today rely 
to a large extent upon semi-empirical design methods e.g. design rules by DNV and other 
classification societies. The principle of these design methods is to calculate design loads on 
the bottom hull panels by using a design acceleration. The design acceleration may be chosen 
based on design criteria, simulations, model tests, experience etc. The design loads are then 
calculated by calculating the loads on the bottom hull panels that reproduce this design 
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acceleration. The benefit of these methods is that they are simple and easy to use, which 
however is to the cost of accuracy (e.g. Rosén 2004, Koelbel 2000 & 2001). An alternative 
approach, presented for instance in Rosén (2004), is direct calculations based on first 
principles of loads and strength, which implies direct assessment of loads and structure load 
carrying capacity. Direct calculation methods have for instance been proven necessary in the 
design of the Visby Class Corvette (seen bottom left in Figure 1). The Visby Class Corvette 
was difficult to strictly fit within the DNV rules due to low weight of the craft in combination 
with extreme operational conditions (see Lönnö 1998 & 2000 and Hellbratt & Vallbo 1998). 
By direct calculations the accuracy of the design methods can be significantly increased, 
which hence also results in the ability to achieve much more optimized structures (Rosén 
2004).  Direct calculation analysis is greatly simplified by the assumption that the loads can 
be applied quasi-statically and that no hydroelastic interaction occurs. With the design 
methods available today the assumption of quasi-static loads is almost a necessity. A problem 
is however to identify the range of applicability of this quasi-static approach, and hence also 
identify the situations for which a more advanced method would be beneficial or required. 
 
The objectives of this thesis are to study the hydroelastic mechanisms involved in hull-water 
impacts in order to identify the range of applicability of the quasi-static analysis, and also 
quantify and characterise dynamic effects in panel-water impacts. In order to study the 
hydroelastic effects the explicit FE-code LS-DYNA is used, by which the instantaneous fluid 
structure interaction can be modelled. Promising results of using this FEA-technique in the 
modelling of fluid-structure interaction in hull-water impacts has been shown in for instance 
Olovsson & Souli (1999, 2000 and 2001), Aquelet & Souli (2003), Bereznitzki (2001) and Le 
Sourne et al. (2003). The methodology however needs further evaluation in the modelling of 
hull-water impacts, for example in the selection of appropriate modelling parameters 
(Aquelet & Souli 2003). One objective with this thesis is hence also to further evaluate the 
explicit FE-technique in the modelling of hull-water impacts. 
 
In paper A the selection of appropriate finite element modelling parameters in terms of mesh 
resolution and parameters describing the fluid-structure coupling is studied. A modelling 
methodology for arbitrary v-shaped rigid hull-water impacts is suggested. In paper B, the 
finite element modelling methodology suggested in paper A is evaluated for elastic 
structures. The structural hydroelastic response is systematically studied by a number of FE-
simulations. Different impact situations are studied concerning panel deadrise, impact 
velocity, boundary conditions and structural mass. A tentative method for dynamic 
characterization is presented. The results are compared with other published results 
concerning hydroelasticity in panel-water impacts. 
 
Within the framework of this project, experimental work has also been performed using a 
novel Servo-Hydraulic Slam Testing System (SSTS) at Industrial Research Ltd. (IRL) in 
Auckland New Zealand, see Battley & Stenius (2003), Battley et al. (2005) and Breder 
(2005). The SSTS uses a computer controlled servo-hydraulic actuator, which is capable of 
controlled motion impacts of full-scale hull-panels. By controlling the motion during the 
impact, velocity profiles from for instance full-scale trials can be reproduced. 
 
In the following sections the hydroelastic mechanisms in hull-water impacts are discussed 
with the starting point in an idealized problem. The finite element modelling technique is 
described, including arbitrary Lagrangian Eulerian (ALE) formulations, multi-material 
formulations, and penalty based contact formulations. Hydroelastic effects are discussed in 
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terms of dynamic and kinematic effects. The range of applicability of the quasi-static analysis 
is discussed and illustrated based on the modelling of the fluid-structure interaction problem 
by means of explicit finite element analysis. Finally, a design example is reviewed, were the 
design is first based on rigid/quasi-static theory without consideration of hydroelastic effects, 
and then with hydroelastic effects taken into account. 
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Hydrodynamic Impact Loads 
Since the late 1920ies hull-water impacts have been investigated by analysing the idealized 
problem of a two-dimensional wedge impacting a calm water surface. Pioneering work was 
made by von Karman (1929) and Wagner (1932) on sea-plane floats. Recently presented 
modelling techniques in the analysis of hull-water impacts involve non-linear boundary 
element methods, e.g. Zhao et al. (1993), computational fluid dynamics, e.g. Tveitnes (2001) 
and explicit finite element analysis, e.g. Olovsson & Souli (1999, 2000 and 2001) and Stenius 
et al. (2006)/paper A. A comprehensive introduction to the field of high-speed craft in waves 
can be found in Rosén (2004). 
 
In order to study the fundamental mechanisms in hull-water impacts the complex three-
dimensional loading situation is idealized as a two-dimensional transverse section of a ship-
hull vertically impacting an initially calm water surface. This is illustrated for a v-shaped 
section in Figure 2. The pressure distribution on the hull is critically dependent of the local 
relative angle between hull and water surface, and incident impact velocity. The pressures on 
the bottom-hull panels increase for increased incident impact velocity and decreased relative 
angle between hull and water. At small hull-water angles (< 5°) an air-cushioning effect 
however results in decreasing pressures. For the idealised two-dimensional problem, as 
presented in Figure 2, the incident impact velocity coincides with the vertical impact velocity 
V, and the angle between water and hull coincides with the ship-hull deadrise β at that 
particular section. 
 

 
Figure 2: Schematic illustration of idealized hull-water impact 
illustrating pile-up, hydrodynamic pressure distribution (dashed), 
impact velocity V, ship-hull deadrise β and width of panel b. 

 
During the impact, the water surface piles up close to the hull and forms a jet in the 
intersection between hull and water surface. The hydrodynamic pressure acting on the 
bottom-hull and the water surface pile-up close to the hull is schematically pictured in Figure 
2. The characteristics of the pressure distribution on the bottom-hull may be distinguished by 
a chines-dry stage and a chines-wet stage. In the chines-dry stage, the pressure distribution is 
characterised by a quite localized pressure-peak at the intersection between hull and water 
and a distinctly lower fairly constant pressure over the remaining part of the bottom-hull. In 
the chines-wet stage the pressure distribution loses its peaked characteristics and may be 
described as a fairly uniform pressure distribution, which gradually approaches atmospheric 
pressure near the chine. 
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In Wagner (1932) the pressure distribution in the chines-dry stage of a rigid wedge-water 
impact is derived by representing the impacting wedge by an expanding flat plate, and 
solving a boundary value problem for the plate. The width of the plate corresponds to the 
wetted beam of the wedge including pile-up (see Figure 2). The resulting pressure 
distribution on the wedge surface for a constant impact velocity V takes the form 
 
 

! 

PW = "wV
c(t)

c(t)
2 # y

2

dc

dt
, (1) 

 
where ρw is the water density, y the transversal coordinate and c(t) is the wetted half beam 
expressed as 
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where β is the wedge deadrise. In its simplest form the expanding plate analogy leads to 
incorrect modelling of the boundary conditions at y = ± c(t). As seen in eq.(1) this makes PW 
→ ∞ as |y| → c(t). The maximum pressure in the vicinity of |y| = c(t) for a wedge at constant 
impact velocity, is according to Wagner (1932) limited by 
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Figure 3 shows an idealized Wagner solution, i.e. PW according to eq.(1) truncated at PW = 
Pmx for PW > Pmx with Pmx according to eq.(3). The figure also shows the corresponding 
pressure distribution according to finite element simulations (Stenius et al. 2006/paper A). 
 

 
Figure 3: Normalized pressure distribution according to the idealized 
Wagner distribution formulated by (1)–(3) and aslo according to FE-
simulations presented in Stenius et al. 2006/paper A (t = 0.01 sec, V = 
2 m/s, β = 18.9 degrees). 
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Explicit FE-Modelling of Fluid-Structure Interaction 
As in many engineering problems, the full governing equations of a fluid-structure interaction 
problem are too complex to be solved analytically; hence numerical methods are employed to 
solve these problems. This involves the modelling of structures and fluids and the coupling 
between the interacting parts. Methods for numerical modelling of fluid-structure interaction 
problems are for example: 
 
• finite element methods (explicit FEM, used in this thesis) e.g. LS-DYNA (2003), 
• hydroelastic orthotropic plate theory (solving the coupled non-linear equations by a 

Runge-Kutta 4th order scheme) Faltinsen (1999), 
• coupled finite element and fluid dynamics codes (FEM-CFD) e.g. ABAQUS (2006), 
• and smoothed particle hydrodynamics (SPH) e.g. Cartwright et al. (2006). 
 
Early work on numerical modelling of fluid-structure interaction can for instance be found in 
Belytschko (1977) and Zienkiewicz & Bettess (1978). The fluid-structure interaction 
capabilities in LS-DYNA are quite recently developed and include arbitrary Lagrangian 
Eulerian (ALE) formulations, multi-material formulations, and penalty based contact 
formulations, e.g. Olovsson & Souli (1999, 2000 and 2001), Bereznitski (2001), Aquelet & 
Souli (2003), Le Sourne et al. (2003) and Stenius et al. 2006/paper A. A comprehensive 
description of nonlinear finite element analysis can be found in Belytschko et al. (2000). An 
overview of the ALE and fluid-structure interaction capabilities in LS-DYNA can be found in 
Olovsson (2003). 
 
Explicit Time Integration Scheme 
Explicit FEA referrers to the time integration schemes in the finite element code. The 
predominant explicit time integration scheme is the central difference method (Belytschko et 
al. 2000). In explicit time integration the first approximation of the next time step is accepted, 
as opposed to in implicit time integration schemes, which iterate at each time step in order to 
minimize the error. Explicit time integration is conditionally stable, meaning that the solution 
is stable for time steps ≤ Δtcr. In LS-DYNA Δtcr is approximated by not permitting an 
acoustic wave to cross the smallest element of the model during one time step. Generally, 
explicit time integration schemes are appropriate for short duration dynamic/non-linear 
problems with large gradients in the history variables while implicit time integration is more 
applicable in smoother problems where longer durations of the physical problem are of 
interest. This has to do with the maximum time step size that can be used. In explicit schemes 
very small time steps are required, however each time step is fast. In implicit schemes larger 
time steps can be taken under the condition that the solution is smooth making this method 
faster. 
 
Multi-Material Arbitrary Lagrangian Eulerian Formulation (MMALE) 
In Eulerian and ALE formulations there is material flow trough the elements, as opposed to in 
Lagrangian formulations where the material and mesh deformations follow each other. This 
material flow complicates the governing equations. The multi-material ALE formulation 
implies interface reconstruction between the materials and a composite stress tensor 
formulation. In LS-DYNA the ALE formulation is effectively Lagrangian, but with a 
remapping step at a user defined rate. In the remapping step the nodes are moved to new 
positions and the solution is mapped onto the new mesh configuration. In this re-meshing 
step the nodes may be redistributed to their original positions (Eulerian mesh), according to 
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mesh smoothing algorithms, or according to a user defined mesh-motion. Hence the name, 
arbitrary Eulerian Lagrangian formulation. In this thesis the nodes are redistributed to their 
original positions, which gives an Eulerian mesh and allows large fluid deformations without 
element distortion problems. The multi-material formulation enables both air and water to be 
present in one single element. 
 
Fluid-Structure Coupling 
In FE modelling where different parts interact, the contact between the parts has to be 
formulated explicitly, e.g. constraint based and penalty based formulations. In a constraint 
based contact formulation the fluid and structure nodes in contact are instantly forced to 
follow each other. In the penalty-based formulation on the other hand a non-physical 
penetration of the parts is allowed. The penalty contact formulations may be described as a 
numerical spring-damper system. Traction constraints are set upon the interacting parts 
proportional to the penetration and a contact stiffness parameter. An additional damping 
parameter may also be used which adds traction constraints proportional to the penetration 
velocity and a contact damping parameter. The penalty contact parameters may be set as 
fractions of system stiffness or as user defined (LS-DYNA 2005).  
 
For hull-water impact problems the most appropriate contact formulation is the penalty-based 
formulation with user defined contact parameters (Olovsson 2003). The problem here is 
however the selection of the contact stiffness. Too low contact stiffness results in too large 
non-physical penetrations, which disturbs the flow field and might even lead to leakage. An 
excessively large contact stiffness on the other hand can cause numerical noise in the solution 
(Aquelet&Souli 2003, Le Sourne et al. 2003, Stenius et al. 2006/paper A). 
 
Selection of Mesh Density and Contact Stiffness 
A critical parameter in finite element modelling is the mesh density. The mesh needs to be 
fine enough to capture the highest gradients in the stress fields, within for the problem at 
hand appropriate limits, yet a coarser mesh is favourable in terms of computational cost. As 
described in the introduction, large pressure gradients are inherent with hull-water impacts 
and need consequently to be considered in the selection of the mesh density. Furthermore, for 
the selection of the contact stiffness in the penalty based contact algorithm it is required that 
the maximum pressures are approximately known ahead, so that the non-physical contact 
penetration can be controlled. Additionally, as shown in Stenius et al. (2006)/paper A, the 
solution stability is highly dependent on the mesh-density/contact-stiffness relation. In 
Stenius et al. (2006)/paper A, a method for the selection of mesh-density and the 
corresponding contact stiffness for arbitrary impact situations is presented. The method is 
based on a parameter study and Wagner (1932) theory. By the Wagner (1932) theory an 
estimate of the peak pressures and the pressure gradients is obtained. 
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Structure Response 
In a panel-water impact, the hydrodynamic forces, inertial forces, and structural elastic forces 
interact, where the hydrodynamic forces in turn interact with the panel deformations. This is a 
hydroelastic problem. Based on the assumption of short natural periods of vibration of the 
panel in relation to loading periods and small panel deformations, the problem can however 
be simplified as a rigid/quasi-static problem. This means that the hydrodynamic load and 
structural response can be treated separately, which simplifies the problem considerably. A 
concern is however, that it is difficult to determine the range of applicability of the 
rigid/quasi-static approach (Rosén 2004). A complicating factor when studying the dynamics 
of a panel-water impact is the gradual wetting of the panel. The gradual wetting implies that 
the mass of the oscillating system increases, by added water mass, as the wetted area of the 
panel increases until the chines-wet stage. Analogously, the panel-natural period increases 
with increasing wetted panel area and the corresponding added-mass. Another complicating 
factor is the deflection of the bottom-hull panel during the impact, which affects the 
hydrodynamic load and thereby also the bottom-hull panel deflection itself. Even small panel 
deformations may affect the pressure distribution significantly. Hydroelasticity in hull-water 
impacts is for instance studied in Kvålsvåld & Faltinsen (1995), Faltinsen (1999 and a review 
article 2000), Milchert et al. (1997), Bereznitski (2001) and Stenius et al. (2006)/paper B. 
 
In Stenius et al. (2006)/paper B finite element modelling of the hydroelastic hull-water 
impact problem is presented. In Figure 4 to Figure 8 the results of one of these simulations 
are given. The simulated impact situation has a deadrise of 30 degrees, a constant impact 
velocity of 6 m/s and a panel width b = 0.951 m. In Figure 4 free surface elevation and 
structural deformation is shown, the bottom row in Figure 4 illustrating the deformation 
scaled by a factor 10. The maximum deflection occurs at t ≈ 52 ms (middle in Figure 4) and 
is approximately 15 mm, which is 1.6 % of the panel width b. This deformation leads to a 
local variation in panel deadrise of approximately ±2.5 degrees and a local variation in 
incident impact velocity of approximately ±0.4 m/s, as seen in Figure 5 and Figure 6. The 
corresponding pressure distribution on the panel is seen in Figure 7. As the pressure pulse 
propagates from keel to chine the magnitude first decreases and reaches a minimum at y ≈ 
0.25 m, where after the magnitude increases and peaks at y ≈ 0.7 m. The magnitude of the 
entire pressure distribution changes, not only the peak pressure value. As can be further seen, 
the minimum pressure at t ≈ 19 ms and y ≈ 0.25 m approximately coincides with the 
minimum local impact velocity. A similar trend is not as obvious for the location of the 
pressure peak since the pressure peak reaches its maximum near the chine. It can however be 
seen that the pressure peak reaches a maximum approximately at the same location as the 
local panel deadrise reaches a minimum, i.e. at η = 0.75b (Figure 6). In Figure 8 the 
propagating pressure distribution of a corresponding rigid panel-water impact is illustrated. 
For the rigid panel-water impact the pressure distribution is fairly constant up to the 
separation point (chines-wet) apart from the expansion of the pressure peak width. The 
difference in pressure distribution on the panel surface between the elastic panel-water impact 
and the rigid panel-water impact is approximately ±15 % when comparing peak pressures, 
and approximately ±9 % when comparing residual pressures. Residual pressure is related to 
the pressure at the keel, i.e. y = 0. 
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Figure 4: FE-simulation of a 30 degree elastic panel-water impact with 6 m/s constant impact velocity and 
clamped boundaries at keel and chine. The impact is illustrated at t = 19, 52 and 69 ms, where 52 ms 
corresponds to maximum panel deflection. In the bottom row the deflection is scaled by a factor 10. 
 

 
Figure 5: Time history variation of local nodal impact 
velocity at η = 0.25b, 0.5b and 0.75b (η is a local 
coordinate on the panel, where η = 0 at the keel and η 
= b at the chine). 

 
Figure 6: Time history variation of local deadrise at η 
= 0.25b, 0.5b and 0.75b (η is a local coordinate on 
the panel, where η = 0 at the keel and η = b at the 
chine). 

 

 
Figure 7: Normalized pressure distribution at t = 0.9, 
19, 29, 39, 52, 59, 69 and 79 ms on an elastic panel. 

 
Figure 8: Normalized pressure distribution at t = 0.9, 
19, 29, 39, 52, 59, 69 and 79 ms on a rigid panel. 
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Rigid/Quasi-Static Structure Response 
If the first natural period of vibration of the structure is distinctly smaller than the shortest 
loading period, and the panel deformations are small, rigid/quasi-static theory can be applied. 
In this case the hydrodynamic loads can be calculated irrespective of the panel deformation, 
and subsequently applied quasi-statically upon the structure in order to calculate the structural 
response.  
 
According to rigid/quasi-static theory the structural response can for example in a simplified 
way be calculated by assuming that the panel is subjected to a uniform pressure distribution 
and calculate the structural response according to engineering beam theory (e.g. Sundström 
1998). In this case, the maximum deflection and strain of a beam subjected to a uniform 
pressure load Pav is 
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where µw and µε are boundary condition factors, b is width of the panel, ζmx is maximum 
normal distance from neutral plane to panel surface, and D is the bending stiffness. Pav is 
formed by integration of the pressure distribution according to Wagner (1932), eq.(1), over 
the wetted half beam. This yields 
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where ρw is the density of water, V is impact velocity and β is deadrise. 
 
Hydroelastic Structure Response 
If rigid/quasi-static theory is outside the range of applicability, the problem has to be treated 
as a hydroelastic problem. This implies solving coupled non-linear differential equations. In 
Figure 9, an example of maximum panel deflection, wmx, during hull-water impacts is 
presented. The deflections presented are based on both rigid/quasi-static theory 
(eq.(4)&eq.(5)) and explicit finite element simulations of the hydroelastic problem (Stenius et 
al. 2006/paper B). Maximum panel deflections are presented as functions of impact velocity 
and panel-deadrise 20 and 30 degrees. As seen, the correlation is good at the lowest impact 
velocities, while the deflection according to FE-simulations differs significantly from the 
rigid/quasi-static theory for the higher impact velocities. The divergence from rigid/quasi-
static theory implies a reduced structural response in relation to the rigid/quasi-static theory 
(Stenius et al. 2006/paper B). In Stenius et al. (2006)/paper B it is also shown that the 
divergence from the rigid/quasi-static theory is larger for a simply supported panel than for a 
clamped panel.  
 
The main cause of divergence from rigid/quasi-static theory is hydroelastic effects due to the 
fluid-structure interaction. A secondary cause is structural membrane effects, which become 
important for panel deflections larger than approximately 2% of the shortest side of the panel. 
Hydroelastic effects incorporate both dynamic and kinematic effects. The dynamic effects are 
related to the interaction between the hydrodynamic forces, inertial forces, and structural 
elastic forces, while the kinematic effects are related to the interaction between the 
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hydrodynamic forces and the change in local deadrise and local impact velocity as the panel 
deforms during the impact. 
 

 
Figure 9: Maximum deflection according to finite element simulations compared with rigid/quasi-
static theory for constant impact velocities (c-c clamped boundaries at keel and chine, r/q-s 
rigid/quasi-static theory eq.(4)&eq.(5), FEA – finite element analysis according to Stenius et al. 
(2006)/paper B). 
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Dynamic Characterization 
In Stenius et al. (2006)/paper B it is demonstrated that the structural response in panel-water 
impacts may diverge significantly from the rigid/quasi-static theory for certain impact 
situations concerning impact velocity, deadrise and boundary conditions. In the previous 
section this was shown for different impact velocities and deadrise in Figure 9. In order to 
quantify the divergence and also enable prediction of the range of applicability of the 
rigid/quasi-static theory the problem may be studied in accordance with basic mechanics. This 
means that the hydroelastic structural response is studied in relation to rigid/quasi-static 
structural response, which in turn is related to a relation between loading period and natural 
period of vibration of the structure. Examples of this can for instance be found in Faltinsen 
(1999) and Bereznitski (2001). In Bereznitski (2001) hydroelastic effects are studied by finite 
element simulations of hull-water impacts. Hydroelastic and quasi-static structural response is 
related to a relation between loading period and dry natural periods of vibration of the 
structure, by which conclusions are drawn about the importance of hydroelasticity. In Faltinsen 
(1999) hydroelastic effects are studied using hydroelastic orthotropic plate theory. The 
importance of hydroelastic effects is illustrated by presenting non-dimensional structural 
response in relation to loading period and wet natural period of vibration of the structure. The 
approach taken in Stenius et al. (2006)/paper B follows a similar line of argument and is briefly 
described below. 
 
Consider a panel impacting a calm water surface with deadrise β and impact velocity V. The 
relation R between loading period and natural period of the impacting panel is expressed as 
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R =
TLP

TNP

, (6) 

 
where TLP is the loading period and TNP is the first natural period. The loading period is 
defined as the wetting time of the panel multiplied by 2, where the wetting time is 
approximated by Wagner (1932) theory. The wet natural period of the structure is considered 
by including the added-mass. However, in order to simplify the situation the added-mass is 
taken at the moment where the wetted area equals the panel area. The resulting relation 
between loading period and natural period R takes the form 
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where µNP is a boundary condition factor, β panel deadrise, V impact velocity, D bending 
stiffness of the panel, ρw density of water, and b is the width of the panel. In order to quantify 
the reduction in structural response, as for example presented in Figure 9, the hydroelastic 
structural response according to finite element simulations (Stenius et al. 2006/paper B) is 
normalized with respect to the rigid/quasi-static theory (eq.(4) and eq.(5)).  
 
By comparing the normalized structural response, wnd, with R, eq.(7), for different impact 
situations, conclusions can be drawn about the importance of the hydroelastic effects. This is 
illustrated in Figure 10, where the maximum panel deflections presented as a function of 
impact velocity in Figure 9 are presented on a normalized form and as a function of R. As can 
be seen the normalized deflection is more or less constant for R > 5. This means that the 
loading conditions corresponding to R > 5 can be considered as quasi-static. For R < 5 the 
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normalized deflections decrease with decreasing R which hence corresponds to increasing 
hydroelastic reduction of the structural response in relation to the rigid/quasi-static theory.  
 

 
Figure 10: Normalized maximum deflection, wnd, as a function of R, (c-c clamped edges). 

 
The range of applicability of the rigid/quasi-static theory can hence be estimated according to 
this tentative method for dynamic characterization. Further, this study demonstrates that the 
rigid/quasi-static approach is conservative, in the sense that hydroelastic effects imply 
reduced structural response. By further development of this tentative method for dynamic 
characterisation, by both theoretical and experimental work, it may be possible to take 
advantage of hydroelastic effects to further optimize the structure. The following section 
presents an example of the design of a bottom hull panel with and without hydroelastic 
effects accounted for. 
 
 



Design Example 26 

Design Example 
In this example the design a bottom-hull panel from a craft called 90E (Figure 11) is studied. 
90E is for instance used by the Swedish marine and operates in speed regimes up to above 40 
knots. The craft is 10.5 m long and displaces 6.5 metric tonnes.  
 

 
Figure 11: Storebro 90E (photo: Anders Rosén). 

 
The design example presented here is a simplified analysis with the emphasis on illustrating 
the influence of hydroelastic effects on the design. The hydroelastic effects are predicted 
according to the tentative dynamic characterisation method presented in Stenius et al. 
(2006)/paper B. The design is here only based on the hydrodynamic loading and with respect 
to strength and stiffness requirements according to DNV (2003). Minimum fibre 
reinforcement weight requirements, as stipulated by DNV (2003), are for example not 
considered. The dimensions of the panel studied are: width b = 0.75 m and length L = 2m (b 
- width in direction from keel to chine, L - length in the longitudinal direction). The panel 
deadrise β is 20 degrees. Both clamped and simply supported boundaries are considered. The 
hull of 90E is made of carbon-fibre/vinyl-ester laminates and a foam core. The material 
properties and allowable design lamina strain and core shear strain are presented in Table 1 
(Rosén 2004). For simplicity the inner and outer lamina properties and dimensions are 
considered equivalent here, where the outer lamina properties of 90E are used. A design 
pressure on 90E according to DNV (2005) would be PD  = 39kPa. The panel stiffness 
criterion according to DNV (2003) is that the maximum deflection of the panel must be less 
than 2 % of the shortest panel side. 
 
Table 1: Material properties in lamina and core, and maximum allowable design strains in lamina, 

! 

ˆ " , and core, 

! 

ˆ "  (Rosén 2004). 

 ρ [kg/m3] E [GPa] G [MPa] 

! 

ˆ "  [%] 

! 

ˆ "  [%] 
Lamina  1470 26.1 - 0.2 - 

Core 180 - 65 - 1.4 
 
The aspect ratio of the panel is 2.67, which implies that the deformation in the mid-span (L = 
1 m) can be approximated by beam theory. Thin-face and weak-core sandwich theory (e.g. 
Zenkert 1997) is assumed, i.e. lamina thickness tf is much smaller than the core thickness tc 
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and the core modulus Ec is much smaller than the lamina modulus Ef. This means that shear 
forces are carried by the core and bending moments by the faces. Throughout this section the 
subscripts f and c correspond to face and core respectively. 
 
Strength Design 
The critical core thickness can with thin-face and weak-core sandwich theory be calculated as 
 
 

! 

tc,cr =
PDb

2Gc
ˆ " c

, (8) 

 
which in this example results in a strength based critical core thickness of 16 mm. Further, by 
again using thin-face and weak-core sandwich theory, and using the assumption d ≈ tc (i.e. 
the distance between the centroids of the faces, d, equals approximately the core thickness) 
the critical face thicknesses can be calculated as 
 
 

! 

t f ,cr =
Mmx

E f tc
ˆ " f

, (9) 

 
where Mmx is maximum bending moment. The weight of the sandwich panel per unit area is 
given by 
 
 

! 

m = 2t f " f + tc"c . (10) 

 
By finding the weight minima according to eq.(10) and fulfilling the strength requirements 
according to eq.(8) and eq.(9) a weight optimized strength based design with clamped 
boundaries would give a core thickness of 24 mm and a face thickness of 1.46 mm. The 
weight of the panel would be 8.61 kg/m2. With simply supported boundaries the 
corresponding core thickness is 29 mm, the face thickness is 1.81 mm, and the weight of the 
panel would be 10.55 kg/m2. The maximum deflection in relation to the shortest panel side is 
0.58% and 1.15% for clamped and simply supported boundaries respectively, which is less 
than 2% and hence the stiffness requirement is fulfilled. 
 
Stiffness Design 
Maximum deflection of the panel in the mid span is given by 
 
 

! 

wmx = µw

PDb
4

384D
+

PDb
2

8S
, (11) 

 
where µw is a boundary condition factor, D and S are bending and shear stiffness of the 
sandwich based on thin-face and weak-core sandwich theory. By again using d ≈ tc as for the 
above strength design, finding the weight minima and fulfilling the stiffness requirement a 
weight optimized stiffness based design with clamped boundaries would give a core thickness 
of 19 mm and face thickness of 0.53 mm. The weight per unit area of the panel is 4.99 kg/m2. 
With simply supported boundaries the corresponding core thickness is 31 mm, the face 
thickness is 0.94 mm, and the weight per unit area of the panel is 8.34 kg/m2. Maximum 
strain in lamina is 0.69% and 0.36 % for clamped and simply supported boundaries 
respectively, which is above 0.2% and hence violates the strength criterion. 
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Design by Including Hydroelasticity  
As seen in Figure 9 the hydroelastic structural response may be significantly lower than the 
structural response calculated by rigid/quasi-static theory. This reduction is accounted for by 
regression of the results in Stenius et al. (2006)/paper B. The relation between the structural 
response according to finite element simulations (subscript FEA) and according to 
rigid/quasi-static theory (subscript r/q-s) is formed as 
 
 

! 

wFEA = fred wr / q"s and 

! 

"FEA = fred "r / q#s, (12) 

 
where w is deflection, ε strain, and fred is a reduction factor as a function of R formulated to 
fit the dynamic characterisation in Stenius et al. (2006)/paper B. The reduced strain and 
deflection is then used in the above presented strength and stiffness design, by which new 
panel dimensions are obtained. The results are summarized in Table 2. 
 
The weight optimized strength-based design with clamped boundaries would now, with 
hydroelastic effects accounted for, result in a core thickness of 23 mm, a face thickness of 
1.49 mm and a panel weight of 8.53 kg/m2. For the simply supported panel the corresponding 
core thickness would be 18 mm, the face thickness 1.39 mm, and the weight of the panel 
would be 7.32 kg/m2. Compared with the rigid/quasi-static design, the difference in panel 
weight for the clamped panel is negligible while the difference for the simply supported panel 
is approximately 30 %. The weight optimized stiffness-based design with clamped 
boundaries would with hydroelastic effects accounted for result in a core thickness of 17 mm, 
a face thickness of 0.49 mm and a panel weight of 4.49 kg/m2. For the simply supported 
panel the corresponding core thickness is 25 mm, the face thickness is 0.63 mm, and the 
weight of the panel would be 6.35 kg/m2. Compared with the rigid/quasi-static design, the 
difference in panel weight for the clamped panel is 10 %, while the difference for the simply 
supported panel is 24 %. 
 
Table 2: Results of panel design according to rigid/quasi-static theory and with hydroelasticity accounted for 
(c-c clamped at keel and chine and s-s simply supported at keel and chine). 

no hydroelasticity hydroelasticity   
tc mm tf mm 

! 

m  kg/m2 tc mm tf mm 

! 

m  kg/m2 
reduction 
in 

! 

m  % 
c-c 24 1.46 8.61 23 1.49 8.53 1 strength 

design s-s 29 1.81 10.55 18 1.39 7.32 31 
c-c 19 0.53 4.99 17 0.49 4.49 10 stiffness 

design s-s 31 0.94 8.34 25 0.63 6.35 24  
 
As shown, the hydroelastic effects on the design are larger for the simply supported panel 
than for the clamped panel. This is related to the difference in hydroelastic effects between 
clamped and simply supported boundaries demonstrated in Stenius et al. (2006)/paper B. 
Further, it is seen that the strength requirement is violated with the stiffness-based design, 
which hence would have to be compensated for not fulfilling the strength requirements. An 
interesting result is also that, when accounting for hydroelastic effects by strength design the 
simply supported panel results in a lighter structure than what the clamped panel results in. 
By this example it can be seen that in terms of hydrodynamic loads on a sandwich panel 
hydroelastic effects may have significant effects on the overall design, depending on for 
example boundary conditions. 
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Future Work 
 
Future work may for example involve: 
 
- Further development of the tentative method for dynamic characterization presented in 

paper B. For example concerning the modelling of the added mass and application of this 
approach for smaller panel aspect ratios. 

- Experimental evaluation of the results presented in paper B. 
- Clarification of the dynamic characteristics of typical bottom-hull panels and hull-girders 

of high-speed craft in relation to craft size, craft speed, craft geometry (deadrise), panel 
and girder location, heading in relation to sea, sea state, etc. 

- Further development of direct calculation methods based on rigid/quasi-static theory (e.g. 
Rosén 2004), where hydroealstic effects may for example be accounted for by application 
of compensating factors. 

- From a somewhat visionary point of view further optimize the structure with respect 
hydroelastic effects by using super-elastic structures. 
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