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ABSTRACT 

Ship structural design is done today resorting to powerful numerical tools. Ship structures come out to be optimal 
regarding load and failure mechanisms; in spite of this they come to lose that residual capability which in past gave a 
valuable benefit to overcome certain undesirable side effects. Such effects are not acceptable when ship’s structures are 
prone to develop high levels of vibrations excited by propulsion plant or other sources. In this frame, the paper 
investigates a river ship case, where preliminary calculations of structural dynamic response to vibrations induced by 
on board sources gain a relevant role in defining the minimum thickness of plates and supporting structures’ topology. 
River ship hulls have indeed light structures due to low demanding environments, which lead to an increase of vibration 
effects on accommodation decks. The approach here discussed is based on direct calculations of the hull’s structures 
dynamic response, performed in the frequency range where first harmonic frequencies of main excitation sources play a 
relevant role in inducing local and global vibration effects. The critical aspect of interaction between structure and 
fluid will be dealt with by an implicit modeling of the surrounding water around the hull. The aim of the study is to give 
the reader basic tools to implement, in the ship’s hull preliminary design stage, free and forced vibration analyses in 
order to support decision making about the hull scantling when vibration effects are not negligible.  

Keywords: vibration prediction; comfort design; river ship; FE analyses; propeller induced vibrations; structural 
damping; virtual mass; hull vibration; local vibration.  

RESUMEN 

Actualmente el diseño estructural de buques se lleva a cabo utilizando poderosas herramientas numéricas. De este 
modo, mientras las estructuras del buque se optimizan para afrontar cargas y mecanismos de colapso, por el contrario 
han perdido esa capacidad residual que en el pasado les daba un valioso beneficio para superar ciertos indeseables 
efectos secundarios. Dichos efectos no son aceptables si las estructuras de los buques son propensas a desarrollar altos 
niveles de vibraciones excitadas por el sistema propulsivo u otras fuentes. En este marco, el artículo investiga el caso 
de un barco fluvial, donde los cálculos preliminares de la respuesta dinámica a las vibraciones inducidas en las 
estructuras por fuentes a bordo toman un papel importante en la definición de los espesores mínimos de las planchas y 
la topología de las estructuras. En efecto los cascos de los buques fluviales tienen estructuras ligeras debido a un 
entorno poco exigente, que conlleva al aumento de las vibraciones en los puentes habitables. El método tratado en el 
artículo se basa en el cálculo directo de la respuesta dinámica de las estructuras del casco, realizado en el rango de 
frecuencia donde las primeras frecuencias armónicas de las principales fuentes de excitación juegan un papel relevante 
en inducir efectos locales y globales de vibración. El aspecto crítico de la interacción entre la estructura y el fluido 
será tratado con la modelación implícita del agua circundante al casco. El objetivo del estudio es brindar herramientas 
básicas para implementar, durante el diseño preliminar del casco, análisis de vibraciones libres y forzadas para 
respaldar la toma de decisiones respecto al escantillonado cuando los efectos de las vibraciones no son despreciables. 

Palabras clave: predicción de las vibraciones; diseño del confort; buque fluvial; análisis FE; vibraciones inducidas por 
las hélices; amortiguamiento estructural; masa virtual; vibración del casco; vibración local. 
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INTRODUCTION 
On board of ships there are several sources exciting vibrations, usually located at the stern end of 
the ship and in the lower part of the hull, such as propellers, main engines and auxiliary machines 
[1]. As for the latter, in some cases they are placed, like for example the air conditioning units, 
along the ship and also on the accommodation decks. All the mentioned vibration sources cause 
stationary vibration levels that give rise to a continuous cyclic loading on the ship structures and a 
stationary disturbance on the people on board, when the phenomenon is perceived as a deck 
vibration or a noise induced by vibration of ship interiors. Other vibration sources cause intermittent 
vibrations on the hull structures, like thrusters and machines that are in operation for short periods 
with very long intervals between starting-ups. They too cause structure vibrations which could 
cause high levels of stress and noise, but since they are only present for short periods, their effects 
may be considered of less importance [2]. 

Influence of a vibration source may be relevant on the structural integrity of the hull when a high 
vibration amplitude is excited on the structure of the ship [1][3][4]. Structural damage can be 
produced when structure deflections are magnified by resonant vibrations, leading to fatigue 
collapse of the most stressed elements, as is the case of the structural parts of the hull exposed to the 
direct action of vibrating equipment. In the vibration induced fatigue, oscillations at the resonance 
frequencies cause rapid accumulation of fatigue damage and, in turn, a more rapid crack growth.  

Mechanical resonance may develop on both a local structure component or at a hull girder level. In 
any case, vibration of, for instance, a plate can lead to a localized structural failure, but plate 
vibration is more likely a cause of disturbance for people on board.  

Prediction of vibration of the hull structures can be developed by a numerical approach based on 
finite element programs, which offer various algorithms for solving the equation of motion [1]. So, 
in ship structural applications, the solution in the frequency domain is the most common. Basic 
investigations on structure response mainly involve types of excitation which are either harmonic or 
capable of being represented as a harmonic series. Accuracy of results of the vibration analysis 
depends on the accuracy when selecting the input parameters. That means that, if the designer is not 
confident in the accuracy of input parameters, a comparison of the calculated values with measured 
ones, both in terms of natural frequencies and vibration amplitudes, is necessary. 

In this process, the first step is to carry out a free vibration analysis to determine the natural 
vibrations of the structure in the frequency range of interest. This allows to verify the coincidence 
between harmonic excitation forces and natural oscillation frequencies of the structure and to 
identify the mode shapes of the structure. Then, a forced vibration analysis may be developed to 
evaluate the most critical areas of the structure, in terms of resultant amplitude vibration spectra of 
significant points, for both structural and comfort oriented verifications. The frequency response is 
obtained by applying to the model the cyclic propeller and engine forces and moments with varying 
frequencies, and solving the resulting dynamic problem. 

Setting the numerical model is the most important task of the designer when starting to deal with 
the prediction of structural response to vibration. To develop an accurate model all factors 
influencing behaviour of structures need to be taken into account. The FE model should be 
representative of real ship structures and stiffness, damping and mass of each part have to be 
properly considered. A series of precise modelling criteria has to be accomplished, regarding 
optimal fineness of the mesh for the structural parts, definition of structural and non-structural 
masses, introduction of the effect of the water mass surrounding the hull, and the intrinsic damping 
action of the structure and that due to other sources.  
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In the forced vibration analysis, exciting forces are to be modelled with care, being dynamic actions 
of main engines and propellers not easy to define as they arise on the hull structures according to a 
complex mechanism of interaction between the source and the receiving structures. In a second 
phase, all resultant local vibration spectra can be linearly combined to obtain the overall response to 
a complex vibration source or to several sources.  

The great mode density of a typical ship structure makes very difficult to develop numerical 
calculations and to easily perform post processing of outcomes in both free and forced vibration 
analysis. So, it becomes mandatory to resort to a well framed assessment procedure, performed by 
taking into account methods to make less consuming a very large dynamic problem like that of the 
whole structure of a ship. Following this basic criterion, mass condensation is used in order to 
reduce the number of degrees of freedom in the problem, and a checking of the quantity of the 
structural mass participating to any mode shape is performed to identify the principal modes of 
vibration. Moreover, in the forced vibration analysis, a series of check points on the mesh grid are 
defined to collect information on the vibration amplitudes of selected structural parts. Clearly, 
outcomes of the vibration analysis in terms of local vibration levels can be considered accurate 
when the check points are at a sufficient distance from any excitation source in order not to suffer of 
approximations in source modelling. Another basic requirement is to increase the fineness of the 
mesh in the part of the structure where the local mode shapes are studied, by defining the most 
appropriate mesh size according to the frequency range of the investigation. 

Calculation of free and forced vibration on an entire ship is a challenging issue due to the 
complexity of the mechanism by which vibration response is governed at both local and global level 
[5][6]. Influence of several parameters describing the physics of the phenomenon has to be properly 
taken into account, and many of them are known just in an approximate way [7][8]. All of these, 
forces the designer to have a clear idea of the purpose of any specific vibration analysis, as a 
general method does not exist to solve any vibration problem arising on board ships. So, each 
vibration problem has to be dealt with by setting a specific procedure according to the structural 
level of the investigation, the frequency range and the target of the study, being that a natural 
frequency (and related mode shape) or a vibration level in terms, for instance, of velocity 
amplitudes.  

For all these reasons, usually calculations, being very demanding, are not carried out unless strictly 
necessary. On the other hand, prediction of response of structures to vibration sources has to be 
carried out to verify if structural design complies with rules requirements when structural capacity 
has to be checked in relation to dynamic and cyclic loads [9]. Comfort design of a ship is another 
important matter to be dealt with. It is an up-to-date issue which entails prediction assessments of 
both vibration and noise levels not only in the accommodation decks of a ship but also in the 
working areas. Such kind of analysis can be carried out with a great effort and, as for the vibration 
related comfort, with procedures not less demanding than those applied for the structural 
assessment. 

Classification societies play an important role in defining the most suitable approaches to deal with 
vibration analysis of the ship structures [1]. Rules for ship structures do pay special attention into 
this and classification societies suggest guidelines for the vibration analysis oriented to the 
structural capacity assessment, which in general are to be complied with an optional basis.  

According to this frame, a study has been carried out oriented to define a procedure to be 
implemented in the first stage of the design of a river ship, aimed to give designers an efficient 
mean for developing vibration analysis of an entire ship structure. Suggested procedure is intended 
as a general procedure which, with some adjustments, can be used to study a global or a local 
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vibration problem of ship’s structures when the main excitation source is a diesel engine or a 
propeller. On laying down the procedure, special attention has been paid to define the most 
influencing parameters which need to be considered when approaching the vibrational analysis of 
small to medium size river boats, which are ships with a low hull-girder dynamic stiffness.  

In the paper the proposed procedure is outlined and an explanation of the approach to the vibration 
problem is given by the support of a study case. A vibration analysis has been carried out on a 
medium size river boat specifically designed to meet all the technical requirements for the 
navigation in the Amazon Basin of Peru. The ship is a clinic ship thought as to complement the fleet 
of the health care system based on three small infirmary ships and one small hospital ship operated 
by the Peruvian government through the Peruvian Navy. Vibration analysis is intended to give 
information useful for the design of comfort on board the ship. 

The procedure is explained by introducing a brief discussion on the basics of the free and forced 
vibration analysis of a ship structure and afterwards, considering the peculiarity of vibration sources 
and the interaction between hull and surrounding water. Then the modelling stage is outlined giving 
information on the techniques for FE model generation using the software Patran/Nastran. Finally, 
discussion of results of the case study aims to clarify how to interpret typical FE outcomes. 

PROCEDURE FOR HULL STRUCTURE VIBRATION PREDICTION 
The general approach for the vibration analysis is based on a numerical method for the solution of 
the free and forced vibration problem [1][3]. The core of the procedure is the FE modelling, which 
is the most challenging part of any efficient method for hull vibration prediction. Clearly, accuracy 
of results depends on how the modelling stage is performed. A large set of input data is required to 
develop the analysis and input data, in terms of significant parameters of the structure and basic 
information about the vibration sources, highly influence reliability of results.  

The FE modelling stage 

The most efficient way to come to accurate results is to model the ship by a three-dimensional finite 
element model of the entire hull, with an accuracy, in the definition of structure, proportional to the 
level of investigation.  

A global vibration analysis requires a mesh pattern generated according to the same basic general 
criteria by which coarse mesh models are generated for hull girder static analysis. According to 
such approach, approximation of local structural geometry in the FE model may be accepted only if 
the resulting approximation in the local structural stiffness and mass distribution do not affect 
significantly the global dynamic response of the hull girder. In general, guidelines are given by 
classification societies on how to simplify the structural geometry in order to come to an FE model 
able to perform the dynamic behaviour of the real structure in terms of natural frequencies and 
related vibration amplitudes. For global vibration analysis, it is sufficient to represent primary 
structural by plate elements. Large web frames are the only main supporting structures that are 
explicitly modelled (flanges of primary structural members are neglected). All minor structural 
components lying outside the planes of the modelled sections, such as stiffeners, are ignored and 
eventually, their inertial properties may be recovered as additional thickness applied to the modelled 
elements. In a typical calculation, the number of degrees of freedom is in the order of 104, yielding 
50 to 150 natural vibration modes in the range of up to 20 Hz for large ships or more for smaller 
ships. 
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If some main substructures of the hull need to be deeply investigated, like for instance a deck 
grillage, all of its elements need to be included in the global model. Expertise acquired by 
classification societies led to FE modelling guidelines, which are a sound basis for a practical 
approach. On that basis, in order to perform such refined analysis, main supporting structures are 
explicitly taken into account by modelling their webs, while flanges may still be considered by 
linear elements with equivalent inertial properties. The number of degrees of freedom remains in 
the order of 104, yielding more natural vibration modes (up to about 500) in the range of up to 20 
Hz for large ships or more for smaller ships. 

The aim of local vibration investigations is to evaluate vibration magnification relative to the local 
level. A local vibration analysis needs a finer mesh model of the structure, usually obtained by a 
mesh refinement on the parts where local shape modes are to be investigated. This is due to the 
comparatively high natural frequencies of the local ship structures.  

In particular, bending stiffness of local structures must be considered as realistic as possible. The 
mesh density of a FE model aimed to acquire information on the local vibration response depends 
on the type of structural elements to which analysis is oriented. In particular, a distinction is drawn 
between vibrations of plate fields, stiffeners and grillages. The increase of effort needed for the 
creation of such kind of FE models and for their solution is highly influenced by the relative 
extension, compared with the entire ship model, of the local structural area under study. The 
modelling effort grows also as consequence to the need of a very detailed distribution of the masses 
in the local area, both structural and non-structural. 

In general, to make a dynamic analysis accurate enough, the fineness of the mesh is decisive. A 
proper average element size has to be set according to the general rule that to reduce both modelling 
and calculation time, grid mesh must be as large as possible and, at the same time, efficient in 
capturing trend of the physical quantities under study. In the case of vibration analysis, grid points 
should be enough to represent the deformation related to the highest vibration frequency. The 
vibrational deformation of a structural element subject to a harmonic excitation has a wave shape 
having a length closely related to the geometry of the structural element. Once the relation between 
the vibration frequency and the relevant vibration wave length is known [10], the fineness of the 
mesh in the FE model of that structural element may be set. In principle, the minimum number of 
grid points to capture a wave shaped deformation is five, but in practice this is the double. Any FE 
model should be generated according to such simple consideration, recalling the fact that larger 
elements of the mesh grid make the model stiffer and that by limiting the number of grid points a 
reduction of modelling and calculation time may be obtained. Moreover, in the case of global level 
analysis, increasing the grid points –and so, the DOFs– needs to be limited due to the consequent 
augment in local vibration modes, which can shroud the global modes or, at least, hinder their 
identification.  

In a vibration analysis, difficulties in managing large models entail that, usually, a grid mesh as 
large as possible is adopted, according to its ability to capture the response of the structure to the 
higher frequencies of the excitation. From a practical point of view, analysis of changes in response 
due to mesh refinement may be of great interest, especially when adjustment procedures can make 
use of experimental data. 

The free vibration problem 

Once the three-dimensional model of the ship has been created, the evaluation of the natural 
frequencies and mode shapes is performed by solving an eigenvalue problem. The natural 
frequencies (eigenvalues) and corresponding mode shapes (eigenvectors) of the FE model are 
obtained by the following equation of motion: 
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where [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix of the FE model 
and u(t) is the column matrix of displacements. As far as the global mode analysis is concerned, the 
main results are given in terms of natural frequencies, which are listed in ascendant order with an 
indication of the relevant mode shape (and pictures of the shape modes are useful for further 
considerations), whereas in the vibration analysis of local structures, just the values of the natural 
frequencies are usually recorded. 

To validate the calculated results it is suggested first of all to investigate the mode shapes of the 
ship’s hull. The first modes should be rigid body modes, followed by the global modes of the ship’s 
hull. A very interesting checking point on the accuracy of results is that relevant to the first six rigid 
body modes and first elastic natural modes (usually the lowest frequency for a mono-hull is the 2-
node vertical vibration mode): any mixing of rigid body modes or missing rigid body modes would 
be a clear indication of an erroneous FE modelling. Then, a check should be done on the numerical 
values of the natural frequencies of the ship’s hull, which for typical merchant ships are usually 
below 4 Hz, and higher for smaller ships. A first validation on the natural frequencies associated to 
global modes of the ship may be performed by comparing calculated natural frequencies with those 
given by empirical formulations. By applying the Kumai’s formula – and other formulas are 
available in literature [8][11] – for the two-node vertical deflection of the hull a check may be 
performed on the range of the first natural frequency. It is usual to perform the global modes 
identification up to at least the first 6 natural frequencies of the hull.  

In the range of the global modes, no local modes should be present. Any local mode could be an 
indication of incorrect FE modelling. At higher frequencies, global modes should cancel out and 
leave only local modes. Exception to this general rule verifies when dynamic analyses are 
performed on small ships like river ships. It is a usual practice to investigate natural frequencies of 
local structures up to at least twice the propeller blade frequency or main engine ignition frequency 
as defined below. 

Once the equation has been solved, and eigenvalues have been derived, natural frequencies may be 
compared to the excitation frequencies to check for resonance. This implies periodic force 
components and periodic moment components due to the various vibration sources are available, 
just in terms of exciting frequencies, for comparison purposes. In particular, as far as a river ship is 
concerned, excitation of main diesel engines and propellers are calculated or estimated in terms of 
forces applied on the engine foundation and pressures applied on the hull surface above propellers 
respectively. When the aim of vibration analysis is a structural response afar from the source 
location, a simplified distribution of exciting forces and moments may be adopted, applying it to the 
grid points located on the interaction surface between source and ship structure. 

The main vibration sources on board the ship 

Among all vibration sources, the main engines are the ones giving the highest levels of vibration on 
the hull girder structures [1][3][11]. Marine diesel engines release on their foundations a large 
amount of vibrational energy due to large free forces associated to the unbalanced rotating and 
oscillating parts and to gas forces. Subject to these forces, the engine is moving as a rigid body and 
the engine block is deformed. To reduce vibration induced on the foundation, the engine is usually 
suspended on a series of resilient mountings, which have good performance in the medium to high 
frequency range, but are not effective in cutting vibration at very low frequencies. So, diesel engine 
is a formidable vibration source which cannot be neutralized in the low frequency range. Hull 
structure vibrations induced by engine may result from one or more of the following excitation 
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sources: external or free mass forces and moments, internal mass forces and moments, and, only in 
case of 2-stoke diesel engines, lateral or guide-force moments.  

The external or free mass forces and moments represent engine unbalance. On modern diesel 
engines, inertia forces are generally neutralized in engines of four or more cylinders, but the 
external moments may be significant. Special attention has to pay to the dynamic coupling between 
main engine and foundation, in which case high vibration velocities can be expected when the 
system resonates with a natural vibration mode. The effect of the foundation and double-bottom 
stiffness is more pronounced for slow-running engines than for medium-speed ones, which are 
usually suspended on a bed of resilient mountings. The large amount of energy released by a diesel 
engine at low to medium frequencies can excite ship structures at all the levels of structural 
vibration. 

While the external or free mass forces and moments are always transmitted through the engine 
seating into the ship structure, the internal mass forces and moments should cancel out within the 
engine frame, or at least on the foundation and its local structural supports. They are retained as 
internal forces and moments only if the engine housing is infinitely rigid, otherwise they give rise to 
deformation-induced excitation forces. This could result in significant local vibration of plates and 
stiffeners and increase noise. That is not the case of medium speed engines, whose housing may be 
regarded as perfectly rigid, so in computation practice, the structure of medium-speed engines does 
not need to be simulated for the purpose of considering excitation forces. 

Basically, main engines of a ship induce excitation forces into the foundation at the fundamental 
frequency associated to the rate of cylinder firing [7]. The lowest tone is always the cylinder firing 
rate CFR, which is the firing rate for any one cylinder. While the cylinder firing rate is the reference 
fundamental frequency in assessment of noise disturbances generated by an engine, also the engine 
firing rate EFR could be considered as a reference fundamental frequency in vibration analyses. For 
a diesel engine, CFR is calculated by the basic relationship given by CFR = RPM / (60 s), where 
RPM is the engine shaft speed and s is equal to 1 or 2 for 2- or 4-stroke engines respectively. The 
EFR frequency may be simply derived from the relation CFR = EFR / z, where z is the number of 
cylinders, in case of an even phase difference between cylinders, otherwise, the actual phase shift 
needs to be considered. The exciting frequencies of a diesel engine are the fundamental frequency 
(first order) and its harmonics (higher orders) up to an order which depends on the engine type and 
its connection to the foundation. In general, 4-stroke diesel engines produce vibrations modulated 
on the EFR frequency, while usually large 2-stroke diesel engines cause vibration amplitude spectra 
where the peak amplitudes are more evident at the CFR frequency and its harmonics.  

Along with diesel engines, propellers are the main sources of hull structures vibrations on board a 
ship [1][3][11]. From a propeller, excitation forces are transmitted into the ship by the shaft line and 
in form of pressure pulses acting on the ship’s hull part above propeller. Whereas shaft line forces 
are relevant in the analysis of shaft line vibration, the pressure fluctuations at the stern are the 
predominant factor for vibrations of ship structures, especially in case of propeller with strong 
cavitation [12]. 

Fluctuating shaft line forces result from the non-uniform wake in which the propeller works, while 
the fluctuating pressure field generated on the hull, which exists even in a uniform wake, is related 
to the relative motion of the propeller blades respect to the hull surface. More precisely, pressure 
fluctuations acting on the hull surface are the result of different physical causes: the displacement 
effect of the rotating propeller, the pressure difference between the back and the face of the blade 
and the displacement effect of the fluctuating cavitation layer. Based on these facts, the hull 
pressure forces and the bearing forces are generally treated quite independently. 
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Although propeller blades are manufactured with extreme precision, the non-uniformity in the 
inflow to the propeller gives rise to variations of thrust and torque that have a fundamental period 
equal to the time required for one revolution of the propeller divided by the number of blades per 
propeller [8]. So, fundamental propeller excitation frequency is equal to the blade frequency fb and 
it is calculated by resolving the simple formula fb = RPM n / 60, where RPM is the propeller shaft 
speed and n is equal to the number of propeller blades. The number of blades and the after body 
arrangement may be such that very large harmonic force and moment components exist. Hence the 
term propeller-exciting forces includes both blade frequency forces and forces whose frequencies 
are multiples of the blade frequency – even if in some cases forces transmitted into the ship by the 
shaft line could present larger peaks at the frequency relevant to the time required for one revolution 
of the propeller. Normally pressure fluctuations decrease for higher blade harmonics. 

To obtain the overall excitation forces on the hull surface above the propeller, pressure fluctuations 
must be integrated over such area, taking into account the different distribution of pressure 
fluctuations induced by propeller blades itself and by cavitation. In effect, the blades induced 
contribution decreases much faster with increasing distance from the propeller than the cavitation 
induced contribution. 

On multiple screw ships, propellers continually shift in phase unless the propulsion system has a 
synchronizing device, so the phase relations between the blade-frequency force components should 
be considered. Taking into account this fact in calculation, hull pressures induced by propellers are 
applied to the FE model considering different conditions: in phase propellers and out of phase 
propellers. That in turn leads, in the case of a two propeller ship, to carry out two different analyses, 
by applying in-phase and 180° out of phase hull surface pressures. In the first loading case, 
cavitation induced pressure fluctuations are magnified and vibration amplitudes of longitudinal 
symmetric mode shapes are amplified, whereas in the second loading case, blade effects on pressure 
fluctuations are magnified and vibration amplitudes of longitudinal unsymmetrical mode shapes are 
amplified.  

The damping forces  

Solving a vibration problem on ship structures, a high level of uncertainty is associated to the total 
damping forces governing the amplitudes of oscillations of the structures. Effects of energy 
dissipations are usually accounted by a damping coefficient ξ (critical damping). 

Whereas the material damping only depends on the energy dissipation due to the deformation of the 
material used for the structure of the ship, the total damping, referred to as structural damping, 
depends also on the dissipative effects caused by rigid and movable connections of components and 
masses acting on the structure itself. This latter may be classified as component damping, if it 
accounts for contribution on damping given by floor coverings or fittings, or cargo damping, if it 
covers action of large bodies in contact with structures, like fluid or solid in bulk and container 
filled with different types of goods, or hydrodynamic damping, when related to energy dissipation 
in liquids with free surface. The structural damping effect is not easy to be defined and may 
increase material damping factor with amplifications up to 10.  

The value of structural damping to be considered in frequency analysis of a ship, must be set 
according to the type of analysis, that is the level at which the analysis is carried out: hull vibration, 
substructure vibration or local vibration. As a matter of fact, local damping has a very small 
influence on vibration amplitudes of the hull in the lower frequency range. So, while in a local 
analysis the structural damping needs to be accurately set according to the local causes of energy 
dissipation, in a global analysis only large damping sources need to be accounted.  
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In a global analysis, material damping ξ could be a valid reference value, even if it cannot precisely 
be defined and ranges between 0.1% and 0.5% or 1.5% depending on the author, and may be 
magnified by a factor of 2 for considering component or cargo effects. On the other hand, in a local 
analysis, the structural damping factor ξ widely changes from 1.0% to 4.5% and may be largely 
increased by local damping effects up to 10% or more. The mentioned values are frequency 
dependent and the vibration problem can be solved according to the approach of proportional 
damping (proportional to vibration amplitudes) as far as frequency analyses are carried out in the 
frequency range typical of vibration analyses on hull structures.  

The inertial forces 

The vibration behaviour of a ship is noticeably influenced by surrounding water [13][14]. Action of 
the fluid pressure onto the structure cannot be neglected as the surrounding water can considerably 
reduce the natural frequencies of the dry ship and therefore can significantly affect the vibration 
response. So, a coupling scheme between the fluid domain and the structural domain needs to be 
considered in solving the vibration problem.  

The hydrodynamic influence of the water on the vibrations of a ship can be modelled by an 
additional mass which is distributed on the outer shell of the wetted surface of the hull. According 
to this idea, the acceleration of the structure causes the fluid near the interface to accelerate and in 
turn to exert an opposing force on the ship’s hull. The mass acting on the wetted surface of the hull 
is called hydrodynamic mass or added mass. 

Since the structural displacements in ship vibration are small compared to the dimensions of the 
ship, the interaction between ship and the surrounding fluid can be dealt with by a linear approach 
where the fluid is assumed to be non-viscous and irrotational and its domain infinitely wide and 
deep. By applying an approach based on the boundary element method, the only boundary 
conditions to be specified are those on the free water surface, which can be linearized for 
frequencies above 1 Hz and small displacements, and on the submerged ship surface where the fluid 
velocity normal to this surface must be equal to the normal velocity of the structure. Such relation 
expresses the dynamic coupling between hull structure and surrounding water.  

FE software can take into account the added mass effect through a virtual mass method using 
boundary element method [15]. The approach consists in distributing a set of sources over the outer 
boundary of the ship’s structure, each producing a simple solution to the problem of the fluid 
dynamics. By matching the assumed known boundary displacements on the ship’s hull to the 
effective motion caused by the sources, the magnitude of the sources may be easily derived. 
Knowledge of the values of the sources leads to the effective pressures and, thereby, to the forces 
on the grid points of FE model. Combining all these steps into a matrix form, results in terms of 
virtual mass matrix are derived. 

The value of a point source of fluid σ (units are volume flow rate per area) and the value of the 
forces F at the grid points are given by: 

{ } { }
{ } { }

( ) [χ] σ( )

( ) [ ] σ( )

=

= Λ





x t t

F t t
 (2) 

 
where [χ] and [Λ] are matrices composed on the geometric data of the fluid dynamic problem (the 
latter, also by using the value of the fluid density) and x(t) is the column matrix of displacements in 
the fluid field. By combining the two relationships and considering the coupling between structure 
and fluid field, forces at the grid points may be written as:  
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{ } { }f( ) [ ] ( )= F t M u t  (3) 
 
where [Mf] is the virtual fluid mass matrix to be added to the structural mass matrix in order to form 
the mass matrix [M] of Equation 1. 

The forced vibration problem  

In order to compute the frequency response analysis of a ship structure to a steady-state oscillatory 
excitation, a frequency response analysis is carried out on the three-dimensional FE model of the 
ship subject to systems of harmonic loads representing the oscillatory excitation forces induced by 
the vibration sources.  

A direct method may be used to solve the coupled equations of motion in the frequency domain. 
Otherwise, the eigenvalue problem may be simplified by solving it through a normal mode analysis, 
so reducing the calculation time. A modal method utilizes the mode shapes of the structure to 
reduce and uncouple the equations of motion in order to give solutions, for any particular forcing 
frequency, obtained through the summation of the individual modal responses. The use of such 
approximate method is confined to large problems in terms of number of the excitation frequencies.  

Whichever method is applied, to solve the dynamic problem the following equation of motion has 
to be set: 

{ } { } { } { }[ ] ( ) [ ] ( ) [ ] ( ) ( )+ + = M u t C u t K u t f t  (4) 
 
The frequency response analysis is obtained by applying to the FE model the cyclic loads. The 
analysis may be carried out to come to the response of any single vibration source or to the overall 
response to all vibration sources acting at the same time. By the former approach, a clear 
identification of the cause to effect relationship may be drawn both at the local and global level of 
structural analysis. Forces may be applied as discrete pulsating forces (each of them with a given 
intensity, phase and frequency) or in terms of narrow-band spectra. Usually, any single discrete 
exciting force is applied one at a time varying its frequency among the possible values (i.e., the 
fundamental frequency of the source and its harmonics), so coming to the identification of the 
effects of each vibration source. Alternatively, a force spectrum with constant amplitude and equal 
to unity may be applied for any given vibration source in order to obtain, at each selected grid point, 
a reference frequency response from which derive the actual response according to the linear 
superposition principle.  

While in the free vibration analysis investigation of the vibration behaviour was limited to 
resonance identification, the forced vibration analysis allows coming to the prediction of the 
vibration levels. The results of the forced vibration problem are the vibration amplitudes relevant to 
the considered harmonic load, taken on a fairly large quantity of grid points within the structural 
model in terms of displacements, velocities or accelerations. Usually, values are measured in terms 
of zero-to-peak velocities obtained in the form of magnitude or spatial components. Typical critical 
areas which are to be taken into consideration in any vibration analysis are, for example, zones right 
above the propeller, engine room areas and accommodation decks. 

The results of the forced vibration problem are represented by vibration amplitude response spectra 
of velocity, as far as comfort analyses and analyses on machinery and equipment are concerned, or 
displacement, when analysis regards the risk of structural damage. A useful representation of the 
results is the picture of the spatial distribution of velocities (or displacements) taken on the grid 
nodes of large substructures like decks. 
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The harmonic orders of the spectrum and, in case of comfort evaluations, the overall frequency 
weighted RMS value of the spectrum are finally compared with the limit values specified for the 
ship concerned. Typical range of assessment of vibrations in comfort analyses is between 2 Hz and 
80 to 100 Hz and the same stands in assessment of structural vibrations.  

A guideline for the vibration analysis of ships 

Based on the considerations above outlined, about the method for the vibration analysis of a ship 
structure, a proper calculation framework has been set to implement vibration analysis on a real 
case. First of all, a series of parameters has to be collected, regarding the structural geometry, the 
structural and non-structural mass distribution, the structural and component damping and the 
vibration sources. As for the latter, first of all, the fundamental frequency –along with the order of 
the highest significant harmonic– has to be determined for each oscillating force and moment 
relevant to any vibration source. Then, the intensity of the oscillating forces and moments has to be 
acquired from the diesel engine and main machinery manufacturers, and from designers of 
hydrodynamic performance of hull and propeller.  

Vibration analysis is carried out in different ways depending on the purpose of the investigation. 
Two main types of investigation can be performed, those aimed to verify the structural integrity and 
those aimed to the comfort on board ships.  

Vibration analysis aimed to verify the strength of the hull girder are carried out when the ship is 
expected to undergo high vertical or transverse bending moments or torque due to low stiffness of 
the hull girder. This is the case of ships which suffer from springing effects due to their low hull 
girder natural frequencies and/or high forward speed (high wave to ship encounter frequency). 

Hull girder response to vibrations is carried out in a preliminary design phase, in order to prevent 
any resonance condition induced on the hull girder by the main vibration sources. This is done with 
the intention of removing the risk of structural failures due to high stress levels induced by hull 
girder oscillations in wave and, in some cases, also in order to reduce the low frequency 
oscillations, which highly affect the comfort on board ships. 

The aim of the global level analysis is to check the coincidence between the fundamental 
frequencies, and the first related harmonics, of the excitation of propellers and diesel-engines with 
the lower natural frequencies of the hull. Whether a coincidence shall occur, alternative solutions 
must be investigated, usually by varying the main characteristics of the vibration sources, for 
example changing the number of propeller blades or the number of diesel-engine cylinders or 
changing the rotation rate of the propeller. Once that has been removed, the vibration analysis can 
be developed at a local level. In this second stage the main characteristics of the vibration sources 
are considered established, and any critical structural response is managed by changing the local 
structure design. 

The second step in the process of designing ship structures for vibrational behaviour, is the study of 
the dynamic mobility of diesel-engines foundations and other main plants. This assessment is 
carried out in order to come to a dynamic decoupling between foundation and equipment on top of 
it. Dynamic decoupling is reached when there is no coincidence between the natural frequencies of 
the foundation and the fundamental frequency –and its first harmonics– of the equipment. If high 
vibration levels are expected to be transmitted to the foundation by equipment, it must be suspended 
on a bed of resilient mounts.  

Structures of ships built in aluminium alloys or designed according to the concept of the lightweight 
design are especially prone to high stress levels coming from the main vibration sources. In this 
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case, a detailed local analysis of the effects of such sources has to be carried out. Typical regions of 
interest are the diesel-engine foundations and the hull structures subject to the dynamic pressure 
field generated by the propellers. Fatigue damage can indeed arise on the structural details subject 
to high oscillating stresses due to vibrations.  

As for the comfort design, the vibrational response of the ship structures plays a significant role in 
relation to both the wellbeing of passengers and the work-efficiency of the crew. Two levels of 
investigations are performed: the resonance check of the hull girder and a detailed and systematic 
analysis of local structures.  

A vibration analysis at local level is then carried out in order to calculate the displacement or 
velocity levels on the deck plating of the accommodation decks, to check the comfort in cabins and 
public spaces. Only the stationary vibration sources are usually considered in the predictive 
calculations. When comfort on board ships is investigated in relation to vibrations of decks, two 
approaches are used to verify the level of habitability of the accommodation decks. In general, in a 
predictive analysis, the peak values of the spectrum of the vibration amplitude calculated at any 
point are compared with a maximum admissible value, defined according to some standards like the 
old standard ISO 6954:1984, or agreed by the designer and the shipowner [16]. The checking of 
comfort levels can also be performed according to the concept of the overall frequency weighted 
RMS value of the response spectrum introduced by the ISO 6954:2000, but this procedure is usually 
applied only on direct measurements taken on board the ship. 

However, it is to be remarked that shipyards and shipowners usually adopt the standard based on 
the “peak value approach” as reference, reducing their limits and differentiating them between areas 
devoted to passengers or crew accommodation. The lower limit of the range of acceptability 
mentioned in the old ISO standard is today considered a maximum tolerable level. Such peak value 
is set to 4 mm/s (when the crest factor is not taken into account). So, this limit value represents the 
starting point for the determination of an ever increasing level of comfort for the accommodation 
spaces for passengers and crew. High level of comfort is assured when any peak value of the 
response spectrum, in any checking point of the deck in a cabin or public space, does not exceed the 
limit value of 2 mm/s. A limit value of 1 mm/s is the target for accommodation decks of luxury 
yachts.   

In order to clarify the method of a vibration analysis aimed to predict vibration levels on the 
structures of a ship, a summary of a practical procedure based on the criteria previously mentioned 
is given in the flow chart reported in Table 1.  

All forced vibration analyses are developed by modelling the action of each vibration source by 
resorting to one or more cyclic forces acting on the interface between source and hull structure. 
Excitation of each source may be considered separately in order to clearly recognize the cause-and-
effect correlation for each source. By invoking the linear superposition principle, effects in terms of 
vibration amplitudes are then accounted for by summing up all the structural responses relevant to 
the single source. The effects of some kind of sources need to be considered with more attention, 
like in the case of ships with two or more propellers. Response to propeller excitations should 
indeed be analyzed by taking into account the phase difference between dynamic pressures induced 
by the propellers. This is made in order to identify both symmetric and antisymmetric mode shapes 
of the hull girder. 

It is worth saying that the outlined investigation may be performed by applying any excitation in 
different ways. The most direct method is to load the FE model with the real force amplitude 
spectrum relevant to each force or force distribution considered acting simultaneously on the hull 
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structure, so that any response spectrum of vibration amplitudes measured in any grid point of the 
model is the real one. Based on this method, any changes in the spectral density of the exciting 
force require running again the FEM solver. So the alternative method appears more convenient, 
which implies performing FE analyses by using, for any force, a constant amplitude unit value 
spectrum. This implies that any response spectrum of vibration amplitude measured in any grid 
point of the model is a frequency response function, which can be employed for analytic 
calculations of any desired response spectrum according to the real force amplitude spectrum 
considered. 

Table 1: Flow chart for the vibration analysis of ships. 

Step Action Description 

1st step: 
Hull girder analysis 

Type of analysis global level free vibration analysis 
Target  remove the hull girder resonances at low 

frequencies 
Study cases different engine rates and propeller rates; at 

least two phase differences between propeller 
induced pressures; different ship loading 
conditions 

2nd step: 
Foundations analysis 

Type of Analysis local level free vibration analysis 
Target remove the foundation resonances at low to 

medium frequencies 
Study cases different engine rates 
Further studies resilient mount design 

3rd step (if necessary):  
Hull-propeller interaction 
analysis 

Type of Analysis local level free vibration analysis 
Target remove the resonances of rudders and hull 

structures above propellers at low to medium 
frequencies 

Study cases different propeller rates 

4th step (if necessary):  
Structural fatigue analysis 

Type of Analysis local level forced vibration analysis 
Target reduce stress ranges induced by vibration 

sources on local structures subject to direct 
action of vibrating sources 

Study cases different propeller rates and equipment 
regimes 

5th step: 
Comfort analysis 

Type of Analysis local level forced vibration analysis 
Target reduce amplitude of vibration on decks 

(comfort design) 
Study cases different propeller end engine rates 
Note peak value approach 

THE CASE STUDY 
The case study has been performed on a small ship designed for river navigation, classified as clinic 
ship. The ship has been designed as to complement a small operating fleet which gives support to 
the health care system in the northern Amazon basin [17]. The health care service will be delivered 
when ship is at rest, while a hospitalization service will be also offered during navigation. So, a high 
degree of habitability should be provided on board during navigation at design velocity, and special 
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attention has to be paid to the vibration comfort on the two decks of the ship especially on the first 
deck where the clinic areas are arranged. 

Ship’s main dimensions are the following: overall length LOA equal to 26.60 metres, moulding 
breadth B equal to 6.36 metres, depth D (at the main deck) equal to 1.70 metres and design draught 
TD of 1.20 metres (which corresponds to a design mean draught of 1.00 metre and a displacement 
ΔD of 118.00 metric tons). The design speed of the ship is of 10 knots at full load condition. The 
betweendeck height of main and upper deck is equal to 2.40 metres, while maximum gross height 
above the bottom is of about 1.70 metres. The hull geometry of the clinic ship is outlined on the 
typical hull of ships sailing in the Amazon region, a barge-like hull. Superstructure deck develops 
from bow to stern, leaving uncovered just a small area of the weather deck at bow end, where hatch 
opening of the first hold and gangway devices are located. Both hull and superstructure are made of 
steel.  

The power to two independent shaft lines is supplied by two medium speed 4-stroke diesel engines. 
Each diesel engine delivers, by a reduction gear, a power of about 250 kW to a 4-blade propeller. 
The cylinder firing rate CFR is equal to 11.7 Hz (RPM = 1400.0 and s = 2) and, according to the 
phase shift among the cylinders, the EFR comes out to be equal to 70.0 Hz (z = 6). Thanks to a 
reduction gear with a reduction factor of about 1:2.4, the propeller shaft RPM is reduced to 590.0 
and fb results in 39.4 Hz (n = 4). Propulsion system is considered the main source of vibrations on 
board the clinic ship. 

The extent of the investigation  

Vibration analysis hereinafter presented and discussed have been developed referring to the case of 
full load condition and design velocity of the ship. Calculations here presented have to be 
considered as a part of the complete vibration analysis which should be carried out with reference to 
a series of loading conditions and propulsion plant regimes. The FE model used in the dynamic 
analysis is a fine mesh model created with the aim of performing an accurate evaluation of 
habitability on board the ship.  

No investigations have been performed on the stress arising on the structures as a consequence of 
dynamic excitation due to the vibration sources. Moreover, no local analysis has been carried out on 
the dynamic coupling between vibration sources and hull structures, based on the assumption that 
local structures directly exposed to vibration sources are properly designed. This implies that 
corrective actions against possible high vibration levels calculated on the accommodation decks 
could be mitigated by changes in the structures at the receiving points. This approach has to be 
considered applicable only if there is a reasonable confidence that the dynamic behaviour of local 
structures directly exposed to vibration sources has been properly designed. 

The vibration results of some grid points of the FE model will be shown, just to explain how to 
manage such kind of assessments, whereas a complete vibration checking should be performed on a 
wide number of points. 

A free vibration analysis has been carried out on the entire ship to evaluate the natural frequencies 
of the hull and the relevant global mode shapes. Thanks to the fineness of the mesh, the same model 
has also been used to perform a forced vibration analysis in order to get the vibration amplitudes 
response spectra on some significant points of the ship’s structures. Being the aim of the analysis 
that of acquiring data for the assessment of the habitability, the read out points have been chosen on 
the first deck at the operating room, which lies just above the propulsion plant, and on the second 
deck in correspondence of the captain cabin, at the forward end of the superstructures.  
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Vibration sources which could have a significant role in exciting vibrations on the structures are the 
main engines and propellers. Results here presented refer to effects of the two propellers. Clearly, a 
complete investigation should also consider the effects of the main engines and eventually of the 
two small diesel generators.  

The modelling stage  

The vibration analyses have been carried out by using the general purpose FE software MSC 
Patran/Nastran. Ship structures have been modelled by a fine mesh model (average element size of 
100 mm) with 4-node shell elements, whereas for the flanges of minor stiffeners beam elements 
have been used. Structural masses and cargo and component masses have been accurately 
distributed along the ship length to give a real representation of the inertial properties of the ship. 
Material properties for steel (Young modulus: 210.0 GPa; shear modulus: 78.0 GPa; density 7850 
kg/m3) and water (bulk modulus: 2.3 GPa; density 1000 kg/m3) have been set. Structural damping 
has been chosen equal to 3.0% in order to account the effect of both material and components (even 
if a more accurate analysis should be set by linearly varying ξ in the lower frequency range). 

Pulsating forces induced by propellers have been applied on the hull surface area above propellers, 
by distributing a total force estimated on the safe side in 2450 N for each propeller at the first 
harmonic and the half at the second harmonic. Propeller induced forces on the hull surface have 
been accounted by considering two extreme cases: in-phase propellers and 180° out of phase 
propellers. No shaft line pulsating forces have been considered.  

Natural frequency identification has been done in both dry and wet condition of the hull. In the 
latter analysis, the added mass effect has been accounted by application of 4-node acoustic elements 
(Nastran MFLUID bulk data input) to the outer surface of the wetted hull [15]. A complete linear 
analysis has been performed and, being the mode density very high, to reduce calculation time and 
facilitate the post-processing analysis, a static condensation (Guyan reduction) has been applied. 

The results of free and forced vibration analysis 

Vibration modes of ship structure have been calculated up to 100 Hz, that is to more than twice the 
first harmonic of the blade frequency, for both dry and wetted FE model. The upper calculation 
limit corresponds to the usual upper limit of the frequency range in comfort analysis. The dry and 
wetted natural frequencies of the ship are listed in Table 2 and the relevant mode shapes of the ship 
are shown in Figure 1 to 3. 

Table 2: Comparison between the wetted and dry vibration modes of the ship. 

Mode shape Dry ship Wetted ship 

Mode 1 – torsional mode 21.0 21.0 
Mode 2 – 2-node vertical bending mode 25.9 24.3 
Mode 3 – mixed 3-node vertical bending and torsional mode 35.7 

32.6 
Mode 4 – 3-node vertical bending mode 37.5 
Mode 5 – 2-node horizontal bending mode 38.3 37.8 
Mode 6 – 4-node vertical bending mode 49.3 42.6 
Mode 7 – 3-node horizontal bending mode 73.1 71.6 

 
The relatively high values of the natural frequencies of the hull may be explained by the shape of 
the hull, and the low frequency local modes are the result of a light structure design of the 
superstructure decks. The little difference between the natural frequencies calculated in the dry ship 
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condition and in the wetted ship condition suggests that, due to the low draft of the ship, the added 
mass due to interaction between hull and surrounding water is very small compared with the mass 
of the ship. Values relevant to the dry ship calculation are only reported for comparison purposes.  

 

Figure 1: Global torsional mode at 21.0 Hz. 

 

 

Figure 2: Global vertical bending mode at 24.3 Hz (hull and hull plus superstructures). 

 

Figure 3: Global horizontal bending mode at 37.8 Hz. 

Vibration amplitudes (velocity) on a number of selected grid points of the model are shown in 
Figure 4 and 5. The read out points at any location are chosen on the intersection between a deck 
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beam and a longitudinal deck girder and in the centre of a deck panel (also at the mid span of a 
stiffener in one of the two locations). Only vertical vibrations are reported here for the case of 
pulsating load induced on the hull surface by in-phase propellers. 

 

Figure 4: Forced vibration response on the deck at the operating room. 

 

Figure 5: Forced vibration response on the deck at the captain cabin. 

The high values of the vibration of the deck at the operating room are a clear indication of a very 
low stiffness of the structures, due to a light design justified by the low loading profile of the ship. 
As for the captain cabin, values are much lower, probably due to the great distance from the 
propellers. The vibration velocity peak on the floor of the captain cabin at the first harmonic of the 
propeller comes out to be 0.8 mm/s, and that at the second harmonic is equal to 0.6 mm/s, 
satisfactory standards for a high level comfort. The vibration velocity peaks on the floor of the 
operating room at the first and second harmonic of the propeller are 2.7 mm/s and 4.7 mm/s 
respectively. While the first value is below usual acceptance limits, the second one cannot be 
considered adequate. So, corrective methods must be considered to reduce vibration levels on the 
floor of the operating room. Structural stiffening would be advised by increasing plate thickness and 
section modulus of deck beams and stiffeners, or by insertion of pillars below deck level. Reduction 
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of deck vibrations could also be attained by applying a viscoelastic layer on the deck plating or by 
using an elastically suspended floor. These are all possible interventions to pass the vibration check 
based on the ISO 6954 standard [18][19]. 

CONCLUSION 
A wide discussion has been presented on the basics of the vibration analysis of a ship’s hull 
structures, pointing out on the main parameters which shall be accurately calculated or chosen to 
come to sound results. 

Then, the main steps of a practical procedure for free and forced vibration analysis have been 
outlined. Other than stopping at the theoretical basis of the applied methods, useful suggestions 
have been given for the numerical modelling of the vibration problem by making use of a 
commercial multipurpose FE software. 

Finally a case study has been presented and discussed showing a vibration analysis carried out on a 
river ship specifically designed for the navigation in the northern Amazon basin. Being the ship a 
clinic ship, attention of designer to structural vibration is very high as the limits on the vibration 
discomfort in the clinic areas of the ship are very strict. The study has been explained starting from 
the modelling stage, passing through the practical implementation of the analysis procedure and 
coming at end to basic results in terms of both mode shapes and vibration amplitudes. 

Presentation of the case study offers readers clear information on how to replicate the vibration 
analysis on any ship, and especially on a river ship. Useful suggestions are given on how to treat a 
predictive assessment and how to manage the results of such kind of investigations. 
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