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Abstract  

High-speed craft are in high demand in the maritime industry, for example, in 
maintenance operations for offshore structures, for search and rescue, for 
patrolling operations, or as leisure craft to deliver speed and excitement. Design 
and operation of high-speed craft are often governed by the hydrodynamic 
phenomena of slamming, which occur when the craft impact the wave surface. 
Slamming loads affect the high-speed craft system; the crew, the structure and 
various sub-systems and limit the operation. To meet the ever-increasing 
demands on safety, economy and reduced environmental impact, there is a 
need to develop more efficient high-speed craft. This progression is however 
limited by the prevailing semi-empirical design methods for high-speed planing 
craft structures. These methods provide only a basic description of the involved 
physics, and their validity has been questioned.  

This thesis contributes to improving the conditions for designing efficient high-
speed craft by focusing on two key topics: evaluation and development of the 
prevailing design methods for high-speed craft structures, and development 
towards structural design based on first principles modeling of the slamming 
process. In particular a methodological framework that enables detailed studies 
of the slamming phenomena using numerical simulations and experimental 
measurements is synthesized and evaluated. The methodological framework 
involves modeling of the wave environment, the craft hydromechanics and 
structural mechanics, and statistical characterization of the response processes. 
The framework forms the foundation for an extensive evaluation and 
development of the prevailing semi-empirical design methods for high-speed 
planing craft. Through the work presented in this thesis the framework is also 
shown to be a viable approach in the introduction of simulation-based design 
methods based on first principles modeling of the involved physics. 
Summarizing, the presented methods and results provide important stepping-
stones towards designing more efficient high-speed planing craft. 

Keywords: slamming, high-speed craft, finite-element analysis, design methods, 
experimental analysis, numerical simulations, design loads, statistical analysis. 
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Sammanfattning 

Behovet av högfartsbåtar inom den marina industrin är stort, till exempel för 
underhåll av offshore-installationer, sjöräddning, patrullering eller, i form av 
fritidsbåtar, för att levererar fart och spänning. Dimensionering och operation 
av högfartsbåtar styrs ofta av det hydrodynamiska fenomenet slamming som 
uppstår vid genomslag mellan fartyg och vågyta. Slammingbelastningarna 
påverkar fartygssystemet; besättningen, strukturen och olika subsystem, och 
begränsar fartygets operationella kapacitet. För att möta de ständigt ökande 
kraven på säkerhet, ekonomi, och reducerad miljöpåverkan så finns det ett stort 
behov av att utveckla effektivare högfartsbåtar. Den utvecklingen begränsas 
dock av de rådande semi-empiriska strukturdimensioneringsmetoderna för 
högfartsbåtar. Metoderna ger endast en enkel beskrivning av den inblandade 
fysiken och deras giltighet har ifrågasatts. 

Avhandlingen bidrar till att förbättra förutsättningarna för att konstruera 
effektiva högfartsbåtar genom att fokusera på två nyckelområden: utvärdering 
och utveckling av de rådande semi-empiriska strukturdimensionerings-
metoderna för högfartsbåtar, och utveckling mot strukturdimensionering 
baserat på direkt modellering av den inblandade fysiken. Ett metodologiskt 
ramverk som möjliggör detaljerade studier av slammingfenomenet syntetiseras 
och utvärderas. Ramverket omfattar metoder för modellering av vågmiljö, 
hydrodynamik och strukturmekanik för högfartsbåtar i vågor, samt statistisk 
analys av de resulterande processerna. Med hjälp av detta ramverk så 
genomförs en omfattande utvärdering och utveckling av de rådande semi-
empiriska dimensioneringsmetoderna för högfartsbåtar. Genom arbetet som 
presenteras i den här avhandlingen så visas det även att ramverket är en lovande 
utgångspunkt för att introducera simuleringsbaserad metodik för 
dimensionering av högfartsbåtar. Sammanfattningsvis så representerar de 
presenterade metoderna och resultaten viktiga steg mot att möjliggöra 
konstruktion av effektivare högfartsbåtar. 

Nyckelord: slamming, högfartsbåt, finita-element, simulering, experiment, 
designbelastningar, dimensioneringsmetodik, statistik. 
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Introduction 

High-speed on the water has been a major design objective for a long time. 
Depending on the application the motivations for high-speed can be different. 
For rescue craft, the ability to quickly respond to life threatening situations is a 
major driving force; for patrol craft it may be the ability to cover a large coastal 
area or intercept threats; for racing pilots it may be the urge to win; while for 
the leisure craft owners it may be the joy and excitement that craves high speed. 

Traveling at high-speed in rough seas, as seen in Figure 1, can be dramatic. The 
craft frequently launches off waves, completely emerging from the water, and 
violently impacts, or slams, into the free surface. The slamming loads, which act 
on the craft hull during impact with the water surface, affect the structure both 
on a local and a global level. For highly loaded small craft the slamming loads 
generally govern the craft scantlings (Ferraris et al 2003). It is therefore crucial 
to accurately account for these loads in structural design of high-speed vessels.  

 
Figure 1. A high-speed interceptor craft at a brief instant before slamming into the 
water surface (courtesy of Damen). 

During the last decades a large amount of research has been focused on 
structural design and operation of high-speed craft in waves (e.g. Hayman et al 
2000, Ferraris et al 2003, Cho et al 2012 and Temarel et al 2015). Craft have 
become faster and lighter with evolving design methods, materials and 
production methods, and with accumulating experience. Highly optimized 
racing craft, such as the Class 1 powerboat in Figure 2, have been developed. 
This 14-meter long boat, weighing 4200 kg, has a speed potential of 110 knots. 
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Such craft are often developed with very high efficiency requirements, 
sometimes at the cost of safety, and are often driving technical development. 
Larger craft, such as the Visby class corvette in Figure 2, have also been 
constructed. These vessels are built entirely out of carbon sandwich composites 
and their development was made possible by large research efforts, which 
resulted in a major development of structural design and production 
methodologies (Lönnö 2000).  

 
Figure 2. The Formula 1 class racing boat (left, courtesy of Mannerfeldt Design) and 
the Swedish Navy Visby Class Corvette (right, courtesy of Kockums). 

Given a certain intended operation, increasing high-speed craft efficiency is 
about reduction of production cost, operational costs and environmental 
impact, while maintaining craft reliability and safety. Development of more 
efficient high-speed craft is important and progress has, as discussed, been 
made in several areas during the last decades. However, the methods used to 
design high-speed craft structures with respect to slamming, have largely been 
unchanged since the 1970’s (e.g. Savitsky & Brown 1976 and Allen & Jones 
1978). These methods provide a basic description of the involved physics, and 
their validity has been questioned (e.g. Koelbel 2000, 2001, Rosén et al 2007 
and McCue 2012). This limits the possibilities to progress the design of more 
efficient high-speed planing craft structures. 

The aim of the research presented in this thesis is to improve the conditions for 
designing efficient high-speed craft. The research focuses on two key topics: 
evaluation and development of the prevailing design methods for high-speed 
craft structures, and development towards structural design methods based on 
first principles modeling of slamming phenomena. The work is in many aspects 
a synthetization and further development of the extensive and successful 
research performed at the KTH Center of Naval Architecture on 
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hydromechanic and structural mechanic modeling of high-speed craft in waves 
(Garme 2004, Rosén 2004 and Stenius 2009).   

The following chapters give a comprehensive introduction to the area of high-
speed planing craft structural design. The slamming process is described in 
detail. A review of state-of-the-art approaches for modeling, and 
characterization of the involved processes is presented and used as a basis to 
formulate and position the research in the thesis. The contributions of the 
thesis to progressing the state-of-the-art within the research field are outlined. 
Finally, future work is discussed. 

High-speed craft structures 

Design of high-speed craft structures is generally governed by the 
hydrodynamic slamming pressure loading on the hull that occurs at violent 
wave encounters when the craft is being operated in the worst intended 
conditions (e.g. Ferraris et al 2003). These impact loads stress the high-speed 
craft system: the hull, the crew and the various sub-systems, and limits its 
operation. Designing efficient high-speed craft is an intricate balance; the high-
speed craft system must withstand heavy external loading without critical stress 
levels for the hull are being exceeded, while the crew must be able to operate 
the craft as intended. Craft efficiency can be viewed upon in different ways; 
here, given a certain intended operation, increasing craft efficiency is about 
reduction of production cost, operational cost and environmental impact, while 
maintaining sufficient safety and reliability.  

From a structural design perspective, efficiency is often related to structural 
weight. Since high-speed craft are dynamically supported, there is a strong 
coupling between weight and propulsive resistance. Weight reduction therefore 
enables higher speeds, increased payload, or reduced fuel consumption, which 
enable reduction of the operational costs and the environmental impact 
(Stenius et al 2011a). Reduced weight can also be exploited from a safety and 
seakeeping perspective, for example, by improving the onboard working 
environment through strategic weight distribution (Garme et al 2014). Besides 
the important weight issue, structural design of efficient high-speed craft also 
requires that attention be focused on production aspects. It is important to 
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design structures and find solutions that rationalize production in terms of cost, 
time and material utilization. 

In Figure 3 two typical high-speed search and rescue craft are displayed. The 
craft operate in similar environments and with similar operational requirements. 
However, one of the craft is constructed from aluminum and one from fiber 
composites. The selection of material concept has a large influence on the 
resulting structural arrangements, as illustrated in Figure 4. 

 
Figure 3. A 17.5-meter Search and Rescue Vessel, Petter C.G. Sundt Class, built in 
aluminum (left, courtesy of Swedship Marine) and a similar 20-meter vessel, SSRS 
Rausing class, built entirely out of composites (right, courtesy of Dan Boman, Scania).  

Traditionally aluminum has been, and in many cases still is, the preferred 
material concept in design of commercial, search and rescue, and military high-
speed craft. As exemplified in Figure 4, efficient aluminum structures are 
typically densely stiffened with small panels to reduce the plating thickness 
(Boote et al 2012). Loads are usually transferred from plating to longitudinal 
stiffeners and then through transverse frames to primary girders. For single skin 
composite solutions, the structural arrangements are typically similar. Sandwich 
structures, however, are different in that the secondary stiffening is integrated in 
the sandwich panels as seen in Figure 4. Therefore, the structural layout usually 
consists of large unstiffened panels that transfer loads to a set of primary 
transverse frames or girders.  

A common property for these material systems is that they offer high specific 
strength and stiffness, which is particularly important for high-speed craft since 
they are weight critical. There are several studies that compare steel, aluminum 
and composites in high-speed craft structures in terms of weight, cost and 
environmental impact. It is generally agreed on that transitioning from the 
traditional use of aluminum to fiber composites, can reduce life-cycle costs and 

Petter C.G. Sundt Class
17m Fast Rescue Craft

High speed multi-role rescue craft

DNV classed and equipped with the latest

search technology and extensive rescue

equipment.

Fully redundant propulsion-, manoeuvering-,

navigation- and communication systems and

a flexible mounted super silent wheelhouse.
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Figure 4. Typical structural layouts for an aluminum craft, Swedish Coastguard KBV 
312 (left, Courtesy of the Swedish Coastguard) and a carbon sandwich craft, U.S. Navy 
Mark V Special Operations Craft (right, Courtesy of Hodgdon Defense Composites). 

environmental impact through reduction of the structural weight (e.g. Lönnö 
2000, Burman et al 2008, Garala 2011, Stenius et al 2011a and Burman et al 
2015). However, there are a large number of other factors that govern material 
selection, such as fire-resistance, sound and vibration insulation, fatigue 
properties, and robustness. The experiences and traditions of the yards and 
craft designers also influence the choice of material (Russel 2005). 

High-speed craft structures are today designed based on the concept of a design 
acceleration. The design acceleration is calculated using the formulations of 
Savitsky and Brown (1976), or stipulated by classification rules (e.g. DNV 
2014), or selected by the designer based on hands on experience from 
evolutionary development of similar craft. Design slamming pressures, for 
common structural members such as plates and beams, are formulated based 
on the design acceleration using the Allen & Jones method (Allen & Jones 
1978). Scantling requirements are then determined using handbook formulas. 
This approach is implemented in the scantling rules that govern high-speed 
craft design (e.g. DNV 2014, ABS 2014 and ISO 2008), and can still be 
considered as state-of-the-art in terms of practical design of high-speed craft 
structures with respect to slamming. 

There is a potential conflict between reducing the structural weight and the 
capacity of the structure to withstand the heavy external loading. Designing the 
craft structure with due consideration to the intended use is hence particularly 
important. The IMO High-Speed Code (IMO 2000), which is the only 
international agreement that governs high-speed craft design, therefore 
recognizes the concept of operational restrictions. This approach is different 
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from the IMO principles of self-sufficiency, which is traditionally applied to 
conventional ships (IMO 2000). It implies that design and operation of high-
speed craft can be based on active management and reduction of risk, rather 
than passive protection. The operational restrictions essentially dictate how the 
craft are to be operated with respect to the weather conditions and geographical 
location. The operational restrictions are also formulated based on the design 
acceleration using the Savitsky & Brown (1976) formulas as, for example, 
implemented in DNV (2014). The restrictions are expressed as speed reduction 
in relation to the encountered seastate severity, as illustrated in Figure 5. This 
type of operational restriction essentially gives the speed reduction required to 
maintain the vertical acceleration, and thus the structural loads below the design 
limit. 

 
Figure 5. Schematic description of operational restrictions using the prevailing semi-
empirical design approach.  

The work contained in this thesis ultimately aims to improve the conditions for 
designing efficient high-speed craft structures. This requires improved analysis 
and design methodologies. However, as will be demonstrated in the following 
sections, progression of design methodology for high-speed planing craft is a 
significant challenge due to the involved hydromechanics, structural mechanics 
and slamming process complexities (e.g. Cho et al 2009). 

 
 

 

Speed

Wave height

Structural limit
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The slamming process 

The ocean waves are generally irregular and random, constantly changing, for 
example, due to the wind, the currents and the tide. For practical reasons, it is 
often assumed that the conditions are constant during a shorter period of time. 
This implies that the wave environment can be considered as a stationary 
stochastic process, and that it can be described by statistics such as significant 
wave height, mean wave period, and a certain spectral distribution of the wave 
energy. As high-speed craft travel in this wave environment, the interaction 
between the craft and water induces large motions and accelerations. The craft 
leaves the water surface, partially or completely, and violently impacts the free 
surface during re-entry. The high-speed entry into the water generates a 
dynamic pressure, slamming pressure, acting on the hull bottom. Due to the 
random character of the waves, the distribution, magnitude and propagation of 
this slamming pressure, is unique for each slamming event. It depends on the 
relative position, relative geometry and relative velocity between the wave 
surface and craft bottom. In Figure 6, an example of the momentary slamming 
pressure distribution on a craft hull bottom is displayed for four different time 
instants during one particular wave encounter. As seen the pressure distribution 
is highly non-uniform and peaked where the chines are dry, and more 
uniformly distributed for the parts of the hull where the chines are wet. It can 
also be observed that the pressure distribution typically propagates from the 
keel towards the chine during the water entry.  

As the craft impacts the wave surface, the structure is gradually wetted and 
loaded as illustrated in Figure 7. As seen, the loading situation is complex, with 
deformations developing from keel to chine together with the pressure pulse 
propagation. Locally, for structure members such as panels and beams, the 
structural loads depends not only on the load distribution on the member itself 
and the boundary stiffness, but also on the loading on adjacent structure. If the 
slamming loading period is in the order of the first natural period of the craft 
structure and the structure is relatively flexible, hydroelastic interaction between 
the hydromechanic loads and the structural responses may also be important 
(Stenius et al 2011b).  
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Figure 6. An illustration of the momentary slamming pressure distribution at four 
different time instants during hull-water impact (left) where red isobars indicate high 
pressure and the blue isobars low pressure. The craft position (right) and the momentary 
section drafts, indicated with the red lines, are also shown.   

In Figure 8, the distribution and development of bending moments in the 
bottom plating for a transverse section of the structure in Figure 7 is presented. 
As seen the bending moment distribution is asymmetric due to the slamming 
pressure distribution and propagation. For this particular slamming event, the 
largest moments occur at the keel during the initial stages of the impact. 

 
Figure 7. An illustration of the structural deformations at two time instants during a 
slamming impact for a section of the craft displayed in Figure 6. The structural 
deformations develop with the propagating slamming pressure pulse. 
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Figure 8. An illustration of the bending moment distribution and development in the 
bottom plating at the transverse cross-section of the hull structure displayed in Figure 7. 

In Figure 9 time-series of the vertical acceleration at the craft center of gravity, 
and the structural responses at a single point in the craft hull bottom, are 
displayed. Since each slamming event is unique regarding the slamming pressure 
distribution, magnitude and propagation, the response processes are stochastic. 
The acceleration process, which is particularly important for describing the 
loading situation for high-speed craft, is non-linear and transient with large 
magnitude peaks. Similarly, the structural response processes, also illustrated in 
Figure 9, are complex with short duration and large magnitude peaks.  

 
Figure 9. Illustration of the vertical acceleration at the craft center of gravity (top) and 
bending stress (bottom) at a single point in a hull bottom panel for the same time 
sequence, for a high-speed craft in irregular waves. 
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High-speed craft slamming, as shown, involves complex hydromechanics, with 
peaked slamming pressure distributions rapidly propagating across the hull 
bottom during impact with the wave surface. Each wave encounter is unique 
and the resulting response processes are stochastic with a large transient 
content. Modeling and characterization of the physics and processes involved in 
slamming is therefore a substantial challenge. 

Modeling 

The fundamentals of slamming were studied analytically as early as the 1920’s in 
relation to the development of seaplanes. Groundbreaking work on modeling 
of the slamming phenomena for idealized impact situations, such as Von 
Karman (1929) and Wagner (1932), laid the foundation for much of the 
research to come. The first semi-empirical modeling approach, which account 
for the complete slamming process from a high-speed craft hydrodynamic and 
structural mechanics perspective, was presented in Heller & Jasper (1960). The 
fundamental idea was that the local and global loads could be characterized by a 
statistical measure of the vertical acceleration at the craft center of gravity. 
During the following decades, research on high-speed craft was intensified. The 
hydromechanic problem was studied in, for example, Savitsky (1964) and 
Savitsky & Brown (1976). From a high-speed craft operation and structural 
design point of view Savitsky and Brown (1976) is particularly important since 
it includes semi-empirical formulas for calculating the vertical acceleration for 
planing craft in waves based on the craft main particulars, speed and seastate. 
Methods for modeling slamming pressures following the same principle as 
Heller & Jasper where also developed, e.g. Spencer (1975), Henrickson & 
Spencer (1982), and most importantly Allen & Jones (1978). Allen and Jones 
(1978) presents a method to translate the global slamming load, characterized 
by the vertical acceleration, to local design pressures for structural components 
such as plates and beams, while accounting for the most important 
characteristics of the actual slamming process. The slamming pressures are 
idealized by modeling the transient and non-uniform slamming pressure 
distribution as static and uniform. Hereby, standard handbook type formulas 
can be used to calculate deflection and stresses in hull structural components, 
such as plates and beams. The methods and formulas in Savitsky & Brown 
(1976) and Allen & Jones (1978) are fundamental since they are implemented in 
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the classification societies scantlings rules, that govern high-speed craft 
structural design (e.g. DNV 2014, ABS 2013 and ISO 2008).  

More detailed modeling of the structural responses can be performed by 
combining the semi-empirical load models with finite element analysis. One 
example of this approach is presented in Purcell et al (1988), where the Heller 
& Jasper (1960) method has been used to formulate loads for structural analysis 
of a U.S Coast Guard Patrol boat. Another example is found in Ojeda (2004) 
where the global structural responses on a high-speed catamaran are studied by 
applying design loads from DNV (2014) in finite-element analysis of the 
structural strength (Figure 10). However, this type of analysis is largely limited 
to global responses due to the assumptions underlying the derivation of the 
local design-slamming pressures (Allen & Jones 1977). 

 
Figure 10. The finite-element model of the high-speed catamaran studied in Ojeda 
(2004). 

In its full complexity, high-speed craft in waves is a hydroelastic problem, 
which would require elastically coupled modeling of the hydrodynamics and the 
structural mechanics. Such modeling is presented in, for example, Stenius et al 
(2011b), where the importance of considering hydroelasticity is studied using 
finite-element simulations, and methods for hydroelastic characterization are 
presented. Other important studies on hydroelasticity in relation to high-speed 
craft slamming have also been published in, for example, Faltinsen (1999) and 
Bereznitski (2001). These modeling approaches are, due to the required 
computational efforts, still limited to considering single structural members 
such as plates or beams in idealized impact situations. However, since heavily 
loaded planing craft have very stiff hull structures, hydroelastic effects are 

Fig. 12. Crest landing loads in the FE model.

Fig. 11. Weight distribution plot.

913R. Ojeda et al. / Ocean Engineering 31 (2004) 901–929
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generally of minor importance (Stenius et al 2013). Therefore it is possible to 
separate the modeling of the hydromechanic and the structural mechanic 
problems and couple these under quasi-static or quasi-dynamic assumptions.  

Advanced hydrodynamic modeling approaches for high-speed craft based on 
solving the RANS equations are presented in, for example, Azcueta (2003) and 
Caponetto (2003). In Mousaviraad et al (2015) extensive unsteady RANS 
simulations of a high-speed craft in calm water and waves are performed and 
validated using the experimental measurements of Fridsma (1969 and 1971). 
These modeling approaches have the potential to provide a detailed picture of 
the slamming process from a hydrodynamic point of view, as illustrated in 
Figure 11. A thorough assessment of the state-of-the-art regarding advanced 
hydrodynamic modeling for high-speed craft is presented in Fu et al (2014).  

 
Figure 11. Example of detailed pressure modeling using CFD from Mousaviraad et al 
(2015). The results are for five different craft speeds, increasing left to right. Red isobars 
indicates high pressure and blue isobars low pressure. 

Less complex panel methods based on potential theory modeling of the 
slamming process is presented in Kim et al (2008) where the hydrodynamics for 
large high and medium speed craft are modeled using a 3-dimensional nonlinear 
panel method (LAMP). Uniform slamming pressures are formulated using the 
simulated section forces. In Prini et al (2015) linear potential theory is used to 
model wave loads on a high-speed rescue craft with the aim of coupling the 
wave loads to a finite-element model of the craft. Phillips et al (2004) presents 
another approach where a simplified hydrodynamic solver is used to model the 
slamming pressure distribution on a high-speed rescue craft in waves. These 
distributions are then applied on a finite-element model of the hull quasi-
dynamically in each time-step, including structural inertia effects. The simplified 
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hydrodynamic solver requires tuning either by experiments or by advanced 
CFD analysis.  

For conventional ships the hydromechanic problem has been modeled using 
strip methods since their development during the 1950’s (e.g. Salvensen et al 
1970). Since the complete 3-dimensional hydrodynamic problem is considered, 
but modeled based on a number of 2-dimensional sections, the strip-methods 
are computationally efficient. The first non-linear strip method for high-speed 
planing craft was presented in Zarnick (1978). The method of Zarnick has since 
then evolved and variations are presented in, for example, Keuning (1994), 
Payne (1995) and Garme (2005). A common issue for these strip methods is, 
however, that the pressure distribution on the hull bottom is not explicitly 
given and must therefore be modeled using the simulated section forces. In 
Akers (1999) a non-linear strip method based on Zarnick (1978) is presented, 
where uniform panel pressures are formulated in the time-domain using the 
simulated section forces. An interesting 2D+t strip modeling approach is 
presented in Sun & Faltinsen (2011). The method can be used to study motions 
and accelerations of complex hull shapes in irregular seas and the slamming 
pressure distributions are given explicitly. A promising approach is presented in 
Rosén (2004) where a non-linear strip method, presented in Garme (2005), is 
used together with a pressure modeling technique to calculate the momentary 
non-uniform slamming pressure distribution on the hull bottom in irregular 
seas. The momentary pressure distribution is then applied quasi-dynamically on 
a finite element model of the craft and structural responses are determined. In 
Figure 12, an example of this modeling approach is shown based on the 
methodology outlined in Razola et al (2012)/Paper A. A similar approach is 
also presented in Tuitman & Hoogendoorn (2013) where the method is used to 
model the fatigue life of high-speed aluminum craft.  

 
Figure 12. Example of the applied slamming loads and the resulting structural 
responses using the methodology outlined in Razola et al (2012)/Paper A. 
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The range of different approaches for modeling of the physics involved in high-
speed craft slamming, as shown above, is large. The accuracy with which the 
involved physics are described varies, typically together with the required 
computational efforts. In Figure 13, a schematic illustration of this relationship, 
for the categories of methods outlined in the above is presented. The semi-
empirical modeling approach is at the lower end of the accuracy and 
computational effort scale. The hydroelastic modeling approaches provides very 
detailed representation of the involved physics, but also requires vast 
computational capacity. From a high-speed craft practical design perspective 
this is an important dilemma. Sufficient accuracy at a reasonable computational 
effort is important.  

 
Figure 13. Schematic illustration of the relation between modeling accuracy and 
computational effort. 

Characterization 

As shown in Figure 9 the slamming processes are stochastic and involve 
transient events. Understanding the character of these processes in terms of, for 
example, time-scales, peak magnitudes and peak value statistical distributions, is 
important for several reasons. In the prevailing semi-empirical modeling 
approach the acceleration process is the basis for determining slamming 
pressures. For simulation-based modeling approaches, characterization of the 
load magnitudes and distributions in such a way that they can be compared 
with design criteria is a key aspect.  
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The loading situation for high-speed planing craft is often characterized by 
acceleration peak fraction averages, such as the average of the largest 1/10th or 
1/100th of the peak values. These measures are used to evaluate the on-board 
conditions (e.g. Riley et al 2010) and for comparative analysis of craft 
seakeeping properties. Limiting criteria for the crew is expressed using peak 
fraction averages, for example in Koelbel (1995) and Riley et al. (2014). Design 
loads for the craft structure are also based on such measures through the 
fundamental work of Allen & Jones (1977, 1978). The classification rules have 
adopted the Allen & Jones method for predicting design-slamming pressures. 
However, the interpretation of the design acceleration varies considerably. In 
ABS (2014) it is clearly stated that the design acceleration represents the average 
of the largest 1/100th acceleration peak values. In ISO (2008) reference is rather 
made to a load factor, which lacks statistical meaning. In DNV (2014) yet 
another interpretation is presented. The consequences of these ambiguities 
regarding the structural safety are not clear. 

Principally there are two ways to determine peak fraction average statistics: 
through semi-empirical formulations such as Savitsky & Brown (1976), or 
based on times series of measured or simulated acceleration data. The semi-
empirical approach of Savitsky & Brown (1976), which is based on a regression 
analysis of the Fridsma (1971) trials, is particularly important since it is 
implemented in many scantling rules, e.g. DNV (2014). Here it is assumed that 
the acceleration peak values follow an exponential distribution, and that peak 
fraction averages on higher levels can be calculated by exponential scaling of 
the average peak acceleration. However, this assumption has been strongly 
questioned and the implications for high-speed craft structural design have 
been discussed (e.g. Grimsley et al 2010, McCue 2012, Bowles & Soja 2014, 
Begovic et al 2016).  

The alternative, to determine peak fraction averages from simulated or 
measured time series is, however, far from trivial. It involves selection of the 
proper time step or sampling rate, and runtime to obtain converged statistics. 
This is, for example, discussed in Zseleczky & McKee (1989), Zseleczky (2012), 
Savitsky & Koelbel (1993), Rosén & Garme (2004), and Riley et al (2010). It 
also involves filtering and peak identification. In McCue et al (2012) the effect 
of filter characteristics and cut-off frequencies are studied. Peak identification 
methods are proposed in Zseleczky & McKee (1989), Taunton et al (2011) and 



M. Razola 
 

 16 

Riley et al (2010), where an encouraging attempt to standardize the process of 
both filtering and identifying peaks through the standard-G method is outlined. 
There are, however, still no conclusive recommendations on how peak fraction 
average statistics shall be determined. 

Statistical characterization of the acceleration process using peak fraction 
averages has been proven useful. Using more sophisticated modeling 
approaches, where the slamming process is described in the time-domain, 
however, enable a more detailed statistical description of the involved 
processes. To improve the conditions for designing more efficient high-speed 
craft it can be realized that it is the extreme values, rather than peak fraction 
averages, that will set the ultimate limit for the structure and crew. 
Determination of the extreme responses either requires very long simulation 
times, or statistical extrapolation based on fitting analytical distribution 
functions to smaller samples, as illustrated in Figure 14. Methods for calculation 
of extreme values are well established (e.g. Ochi, 1981) and commonly applied 
for larger ships (e.g. Wang & Moan 2004, Wu & Moan, 2006a). Examples of, 
and methods for, acceleration or structural response extreme value analysis for 
small high-speed craft are, however, few (e.g. Garme and Rosén 2003, Rosén et 
al 2007, McCue 2012 and Begovic et al 2016).  

 
Figure 14. Example of the sampled empirical cumulative distribution of acceleration 
peaks values, together with two analytical distribution functions that are fitted to the 
sampled data using the methods in Razola et al (2016a)/Paper D. 

Characterization of the slamming processes, as discussed in the above, is a 
broad subject. However, the research need is clear: better fundamental 
knowledge of the slamming processes is required, and methods for statistical 
description of the loading situation need further development. 
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Problem statement 

Figure 15 is a schematic illustration of the complete set of core activities that 
are involved in high-speed craft structural design. The first step in the design of 
high-speed craft is defining the intended operation, i.e. what tasks the craft 
should perform and in which environment. Based on the intended operation 
the corresponding wave environment, and the craft hydromechanics and 
structural mechanics must be modeled. The resulting processes are 
characterized and the largest responses, the extreme values during the craft 
operational lifetime, are determined and compared with acceptance criteria to 
ensure structural integrity. 

In the preceding sections it is shown that a substantial number of different 
methods for modeling of the slamming processes have been developed. As 
outlined in Figure 13 the methods are associated with different levels of 
complexity and accuracy regarding the representation of the slamming 
phenomena, ranging from the prevailing semi-empirical modeling approach to 
consideration of the full hydroelastic problem.  

 
Figure 15. Schematic outline the core activities involved in high-speed craft structural 
design together with different approaches to the modeling of the craft physics. 

The semi-empirical modeling approach is today the only method that is 
established for practical design of high-speed craft structures. The approach has 
a widespread use and has been implemented in most of the classification 
societies scantling rules (e.g. DNV 2014, ABS 2013, ISO 2008). As illustrated in 
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Figure 13 it provides a basic description of the physics involved in slamming to 
a very limited computational cost. However, due to the simplifications of the 
hydromechanic and structural mechanic problems that this method imply, the 
method has been questioned, particularly in relation to modern high-speed craft 
structures (e.g. Koelbel 2000, 2001 and Rosén et al 2007). Ultimately, this limits 
the design of more efficient high-speed craft structures. 

Simulation-based design based on first-principles modeling of the involved 
physics comes with obvious potential in designing more efficient high-speed 
craft systems. A key issue for such approaches, from a design point of view, is 
the conflict between the modeling accuracy and the associated computational 
cost. As shown in Figure 13 the combination of nonlinear-strip methods and 
finite element analysis is an attractive approach. It offers a good balance 
between an accurate representation of the involved physics and the required 
computational effort. However, this approach is not yet established for practical 
design of high-speed craft structures. 

It is clear that there are large challenges in, but also opportunities for, a 
progression of design methodologies for high-speed planing craft. With the aim 
of contributing to improving the conditions for designing efficient high-speed 
craft, this thesis project has been addressing two interlinked research tracks: 

• The prevailing semi-empirical design methods are well established, but 
involve significant simplifications of the involved processes, and their 
validity has been questioned. These methods should therefore be 
evaluated and developed using modern analysis techniques. 

• Further improvement of the conditions for designing efficient high-
speed craft requires establishment of simulation-based design methods 
using first principles modeling of the slamming process. Establishment 
of such an approach for practical design of high-speed craft requires: 

o High-quality modeling of the stochastic wave environment, at 
low computational cost, for long-duration simulations. 

o Synthetization, development and validation of the 
hydromechnical and structural mechanical modeling methods. 

o Development of statistical methods for characterization of the 
slamming processes. 
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Progress in these areas will enable design of more efficient high-speed craft, 
which ultimately could lead to reduced production costs, operational costs and 
environmental impact, while improving craft reliability and safety. In the 
following section the appended papers are summarized and the main 
contributions to the research field are stated. 

Contributions to the field and summary of 
appended papers 

In this section the content of, and interrelation between, the appended papers 
are outlined. It is shown how the papers address the stated research problems 
and how they contribute to advancing the research field of high-speed craft 
structural design. 

Paper A – On structural design of high-speed planing 
craft with respect to slamming 

Razola M., Rosén A., Garme K., Stenius I. Antonatos A., Proceedings of the 8th 
International Conference on High-Speed Marine Vehicles, Mülheim an der Ruhr, Germany, 
26-28 September 2012. 

Paper A is a synthetization of previous research carried out at KTH (e.g. Garme 
2004, Rosén 2004 and Stenius 2009) in terms of a methodological framework 
that enables detailed studies, in both time and space, of the slamming loads and 
the structural responses for high-speed planing craft in waves. The 
methodological framework consists of four modules: the rule-based scantlings 
module, the slamming load module, the finite-element module and the signal-
processing module. The rule-based scantlings module is used to efficiently 
develop initial scantlings and enables parametric studies of different material 
concepts and structural arrangements. The slamming module contains a 
numerical and an experimental approach for determination of slamming loads. 
The numerical approach is based on a non-linear strip method where rigid body 
motions, accelerations and slamming loads are simulated in the time-domain. 
The experimental approach uses a method to reconstruct slamming pressure 
distribution sequences from discrete point measurements. In the finite-element 
module momentary slamming pressure distributions are applied on a fully 
parameterized model of the craft hull based on results from the scantlings 
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module, and detailed structural responses are calculated in the time-domain. 
The signal-processing module is used to post-process the stochastic load and 
response processes. Application of the methodological framework is 
demonstrated on a 10.5 m high-speed craft using experimentally derived 
slamming loads. The methodological framework and the included methods 
form the ground for the analysis, research and development efforts in the 
following papers, and could be further developed into a simulation-based 
structural design approach. 

Paper B – Proposal of a new standard for wave 
realizations in time-domain simulations 

Razola M., Huss M., Rosén A., Garme K., preprint paper, 2016. 

In Paper B the conditions for using the methodological framework presented in 
Paper A, for long-term numerical simulations of high-speed craft loads and 
responses, are investigated regarding the numerical wave realization. To enable 
these simulations, high-quality wave realization at the lowest possible 
computational cost is crucial. However, there are limitations in the prevailing 
recommendations and standards for numerical wave realization.  

Irregular waves can be represented by a Fourier series of a finite number of 
harmonic wave components, which are derived from a target wave spectrum. 
The computational cost is directly related to the number of wave components. 
The quality of the wave realization depends on how the target wave spectrum is 
discretized and truncated, i.e. indirectly on the number of wave components. 
This paper investigates different approaches to truncation and discretization of 
the target wave spectrum. Statistical measures for characterization of the wave 
sequence are outlined. These measures are used to assess the quality of the 
realized wave sequences for the different considered spectrum discretization 
approaches. The presented results highlight the need for careful consideration 
when performing numerical wave realization. The study is concluded with a 
proposal of a standard model for irregular wave generation in the time-domain, 
where the wave spectrum is discretized in the period domain. The model gives 
excellent wave sequence quality, and practically infinite return periods, at low 
computational cost. The study provides a solid statistical foundation for analysis 
such as in Paper D and fills an important gap in the establishment of 
simulation-based design methods. 
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Paper C – Experimental evaluation of slamming 
pressure models used is structural design of high-speed 
craft 

Razola M., Rosén A., Garme K., International Shipbuilding Progress 61: pp 17-39, 2014. 

In Paper C the slamming load module outlined in Paper A is further developed 
and evaluated regarding the numerical pressure modeling technique using 
experimental measurements in model scale. The experiments are also used to 
perform phenomenological studies of the slamming phenomena, which 
highlight some of the limitations in the design pressure formulation in the 
prevailing semi empirical design methods. It is, for example, shown that 
representing the propagating and non-uniform slamming pressure distribution 
as uniform, may imply under predictions of structural loads (i.e. bending 
moments and shear forces) by as much as 10-20%. Hence, the paper 
contributes to improving the fundamental understanding of the slamming 
process, and towards the development of first principles modeling methods. 

Paper D – On high-speed craft acceleration statistics 

Razola M., Olausson K., Garme K., Rosén A., Ocean Engineering 114: pp. 115-133, 
2016. 

In Paper D the statistical character of the slamming process is studied in detail. 
The study is based on extensive time-domain numerical simulations of vertical 
accelerations for a representative high-speed planing craft in irregular waves. 
The simulated conditions are carefully selected to give a comprehensive picture 
of the possible operational conditions that such a craft could encounter. 
Slamming time-scales are studied and terminology for key concepts is defined.  

Recommendations on sampling rates and filtering levels in relation to the 
involved physics are presented. Methods for peak identification, calculation of 
peak fraction averages and extreme values are established and evaluated using 
the simulated data set. The methods are applied to study the statistical 
distribution of acceleration peak values. It is shown that the common 
assumption that acceleration peaks follow an exponential distribution leads to a 
significant over prediction of the peak fraction averages. Hereby the calculation 
of peak fraction averages representing high-level accelerations based on 
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exponential extrapolation of the average acceleration, as in the prevailing design 
methods, can be strongly questioned. Recommendations on samples sizes for 
convergence of peak fraction averages and extreme value statistics are provided.  

The results contribute to, and form the foundation for, the evaluation and 
development of the semi-empirical design methods in Paper E. The study is 
also an important step towards simulation-based design by establishing 
methods for calculation of extreme values for slamming processes. 

Paper E – Allen and Jones revisited 

Razola M., Rosén A., Garme K., Ocean Engineering 89: pp. 119-133, 2014. 

The semi-empirical design methods are consolidated in the scantling rules of 
the classifications societies and widely used within the design community. 
However, these methods were developed based on research carried out during 
the 1960’s and 1970’s on at that time contemporary craft, and have obvious 
limitations. It is, for example, shown in Paper C that modeling the propagating 
and non-uniform slamming pressure distribution as uniform, may imply 
significant under predictions of structural loads.  

In Paper E, the methodological framework presented in Paper A is applied to 
perform an extensive evaluation of the prevailing semi-empirical design 
method, i.e. Allen & Jones (1978). The simulation methodology is successfully 
used to recreate the original formulation, with better representation of the 
involved physics. It is shown that the conceptual approach of Allen and Jones 
is sound and that the predicted design pressures are on the same statistical level 
as that used to define the design acceleration. In the prevailing scantling rules, 
the design acceleration is typically expressed as the average of the largest 
1/100th peak acceleration values. Consequently the design pressures are on the 
same statistical level. This observation combined with the fact that the uniform 
pressure model is shown to under predict the structural loads is however 
alarming, since the resulting design loads are associated with a relatively high 
probability of being exceeded. As shown in Paper D it is a lucky coincidence 
that this error is counterbalanced by the assumption that the acceleration peaks 
follows an exponential distribution, since this infers a significant over 
predictions of the statistical level of the design acceleration, leading to relevant 
design pressures. 
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A new form of the design slamming pressure equation is suggested, which 
provides a clearer link between the model and the physics. Two new correction 
factors, which accounts for important aspects of the involved physics, are 
proposed and shown to substantially improve the design slamming pressure 
predictions. The results are validated using experimental measurements, and it 
is shown that the simulated loads are comparable to the experimentally 
measured loads, both on a global and local level. This study and the generated 
results open up for a thorough revision of the prevailing design approach with 
respect to slamming. 

Future work 

Semi-empirical modeling 

In Paper D and E it is clearly demonstrated that the there is a potential in 
improving the prevailing semi-empirical design method regarding the design 
pressure formulation and the selection of the design acceleration. It is suggested 
that this study is continued and broadened by performing similar analysis based 
on parametric variation of the craft main particulars using the methodology 
presented in Paper A. Particular attention should be focused on the pressure 
reduction factor with respect to panel location and aspect ratio. Further, it is 
suggested to remove the peak pressure factor and instead relate the pressure 
reduction factor directly to the reference pressure. The effects of modeling the 
slamming pressure distribution as static and uniform on the resulting structural 
loads should also be studied in detail as highlighted in Paper C. It is further 
recommended that the factorial formulation of the design pressure equation 
presented in Paper E is adopted in the classification societies scantling rules, to 
give a clearer link between the involved physics and the model equation. Strong 
caution is further advised if determining the design acceleration by other means 
than the Savitsky & Brown (1976) formulations, since this would infer design 
pressure predictions on a too high probability level. For example, this poses 
important questions on how data from on-board acceleration monitoring 
systems shall be put in relation to the design acceleration. 
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First principles modeling 

The simulation-based analysis methodology outlined in Paper A, and used 
throughout this thesis work is shown to be an effective approach, with a good 
compromise between accuracy and required computational effort. For long-
term numerical simulation using this or similar approaches it is here 
recommended to adopt the standard for numerical wave realization presented 
in Paper B.  

Yet further confidence in the simulation-based analysis methodology, which is 
outlined in Paper A, could be established by further validation of the structure 
responses in well-controlled conditions. Such validation is planned to be 
perform in model scale by simultaneous measurements of the accelerations, the 
slamming pressure loading and the structural responses. The non-linear strip 
method used in the methodology could also be further developed by including, 
for example, the roll, yaw and sway degrees of freedom so that other wave 
directions than head seas can be simulated.  

As shown in Paper D, there are limitations in the prevailing recommendations 
on how high-speed craft experiments and simulations should be set up (e.g. 
ITTC 1999). Therefore the study presented in Paper D should be further 
broadened and complemented with experiments similar as, for example, in 
Begovic et al (2016). The results should be used to formulate an updated set of 
generalized recommendations regarding how experiments and simulations of 
high-speed planing craft physics should be set up in terms of required sample 
sizes, sampling frequencies, and post-processing methodology.  

Towards simulation-based design 

As outlined in the thesis introduction, increasing high-speed craft efficiency is 
essentially about, given a certain intended operation, reducing production cost, 
operational cost and environmental impact, while maintaining, or improving, 
craft reliability and safety. However, the prevailing semi-empirical design 
methods for high-speed craft structures limit such progress for two reasons: the 
description of the involved physics is basic, and the method validity has been 
questioned. In this thesis it is shown that a promising approach for design 
based on first principle modeling of the involved physics, is the combination of 
non-linear strip methods and finite element analysis (Figure 15). However, with 
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improved modeling approaches, improved design methodology must follow. 
To truly evaluate craft efficiency it must be quantified how well a given craft 
design performs its mission, and to which associated costs (production, 
operational and environmental). This requires a more holistic design approach 
where higher levels goals and key stakeholders expectations can be formulated 
and translated into quantifiable and verifiable requirements for the high-speed 
craft system. To exemplify how improved modeling methods could be applied 
in high-speed craft design using a more holistic approach, a hypothetical design 
scenario considering a high-speed search and rescue craft is here discussed.  

There is a need for search and rescue operations along the Swedish coastline. 
This need is clearly stated in Swedish law (2003:778) and ordinance (2003:779) 
regarding protection against accidents, which dictates that the Swedish 
Maritime administration is responsible for this function. The Swedish Maritime 
Administration has clearly defined goals regarding the complete search and 
rescue system, which includes boats, helicopters, hoover craft, etc. It is stated 
that a distressed object located within the Swedish territorial waters shall be 
reached within 60 minutes in 90% of all alarms, if the position of the object is 
known (SMA 2014). The majority of the search and rescue operations are 
performed using conventional high-speed rescue craft positioned at permanent 
rescue stations that are spread along the entire Swedish coastline. To support 
the discussion we here consider a single high-speed search and rescue craft to 
be deployed at any of these rescue stations. The time to target for the craft can 
principally be given by the distance between the craft location and the rescue 
area, and the speed that the craft can maintain as 

                                     P(ttarget ≤ 60 minutes) = Ps (s)
Pv(v)

                                    (1) 

Here Ps is the probability distribution of the distance to target, and Pv the 
probability distribution of the craft maximum speed.  

The probability of distance to target, Ps, could, for example, be derived based 
on accident statistics. In Figure 4 an area of the Swedish west coast is depicted, 
and an actual rescue station is highlighted. Also shown are alarm locations from 
the year of 2014 (SMA 2014). Based on the shortest path from the rescue 
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station to each of the alarm locations it is straightforward to approximate the 
distribution of distance to target, i.e. Ps. The result could look like Figure 17. 

 
Figure 16. Locations of search and rescue alarms from SMA (2014) in an area along 
the Swedish west coast and examples of the shortest paths between the rescue station 
RS Strömstad and the accident locations.  

 
Figure 17. Schematic illustration of the probability distribution of distance to accident. 

If we here limit our discussion and only consider the transit time between the 
craft current location to the rescue area, two requirements on the high-speed 
craft system can be formulated in relation to the overall goal: 

• The hull load carrying capacity shall be larger than the generated loads 
in the intended operational conditions. 

E [m] ×105
2.6 2.65 2.7 2.75 2.8

N
 [m

]

×106

6.495

6.5

6.505

6.51

6.515

6.52

6.525

6.53

6.535

6.54

6.545

RS Strömstad

N 

S 



New Perspectives on Analysis and Design of High-Speed Craft 
 

 27 

• The crew resistance to motions and loads shall be larger than the 
generated motions and loads in the intended operational conditions. 

The requirements can be addressed by the physical design of the craft, which 
either increase the capacity of the structure and crew, and/or reduce the 
generated loads and motions. The external loads could also be reduced by 
enforcing operational restrictions (IMO 2000). The operational restrictions can 
be categorized in terms of voluntary and involuntary speed reduction. 
Involuntary speed reduction is related to the installed power and the craft 
resistance in calm water and waves. Voluntary speed reduction is here related to 
the design limits for the structure and the crew. 

An integral part in formulating and refining the system requirements is the 
determination of the craft operational restrictions with respect to the voluntary 
and involuntary speed reduction. By using first principles modeling methods 
the operational restrictions could be explicitly expressed, such as in Figure 18, 
where both voluntary and involuntary operational restrictions are presented for 
a 22-meter high-speed rescue craft. As seen, the operational limit for this craft 
is governed by operational restrictions relating to structure capacity, crew 
capacity and the installed power. 

 
Figure 18. Illustration of operational restrictions due to powering, structure and crew 
capacities for a 22-meter high-speed rescue craft. 

The distribution of maximum speed, Pv, could then be given by the craft 
operational limits, i.e. the maximum allowable speed for a given seastate, 
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combined with the probability of encountering that limiting seastate. Based on 
the operational restrictions in Figure 18 and the seastate probability data for the 
area of operation in Figure 16, the resulting maximum speed distribution could 
look something similar to Figure 19. 

 
Figure 19. Typical probability distribution of maximum speed. 

In Figure 20 the cumulative distribution of the time to target for a 22-meter 
high-speed craft, based on evaluating Equation (1) using the probability 
distributions in Figure 17 and 19, is presented. The result is a quantitative 
measure of how well the high-speed craft system, based on the detailed 
requirement specification, fulfills the main goal of reaching the alarm location 
in less than 60 minutes in 90% of all alarms. For this example the system fulfills 
the goal with a large margin. This suggest that iterative refinement of the 
requirement specification is needed to improve the efficiency of the high-speed 
craft system, for example, by better utilization of, and balance between, the 
structure and crew capacities. The margin is also associated to a certain cost 
through the craft design (production, operational and environmental). If these 
costs can be quantified, which is by no means trivial, the craft efficiency could 
be truly quantified. 

The analysis here is hypothetic, but it serves to illustrate an idea. It 
demonstrates some of the possibilities in using more advanced modeling 
methods in the context of improved design methodology, where craft efficiency 
can be truly evaluated in relation to the intended operation. Development of a 
design framework, which facilitates the development of quantifiable and 
verifiable requirements in relation to higher-level goals, is a crucial step in 
progression of high-speed craft design. The research presented in this thesis 
provides key fundaments in the development of such a framework. This 
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development is the focus of ongoing and future research, and could enable a 
large leap in design methodology for high-speed planing craft. 

 
Figure 20. Example of the hypothetical cumulative distribution of time for the rescue 
craft to reach the rescue area. 
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