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RESUMEN 

El fenómeno de balance paramétrico se ha convertido en un tema de actualidad en los 

últimos años debido al aumento de accidentes relacionados y las discusiones en OMI debido a su 

indiscutible importancia en la seguridad del buque, su carga y tripulación. Por esta razón, su 

estudio ha atraído el interés de universidades, administraciones y sociedades de clasificación. 

Esta tesis trata el fenómeno de balance paramétrico desde diferentes puntos de vista. 

Primero, se estudiaran los diferentes escenarios donde el fenómeno de balance 

paramétrico ha ocurrido para entender cómo se desarrolla el fenómeno en la vida real, así como 

sus implicaciones en la seguridad de las personas y carga abordo. 

Un modelo matemático no lineal de movimiento de balance desacoplado es propuesto. 

Este modelo se basa en la aproximación cuadrática del momento de amortiguamiento junto con 

un brazo adrizante dependiente del tiempo. Este modelo es validado con datos experimentales 

del Canal de Ensayos de la ETSI Navales (UPM) relativos a un buque de pesca de 34.5m de 

eslora y dos cubiertas para diferentes casos de olas longitudinales. Se encuentra una 

correspondencia muy satisfactoria en términos de fase y amplitud entre el modelo teórico y los 

datos de canal para el caso en particular. El modelo es comparado con el estado del arte de la 

tecnología disponible actualmente, así como con los requisitos mínimos que están siendo 

discutidos en OMI relativos a los Criterios de Estabilidad de Segunda Generación. 

Finalmente, el fenómeno es revisado desde los puntos de vista de diseño y operacional 

para entender los parámetros relevantes detrás del fenómeno y conocer/aplicar las herramientas 

disponibles y medios para afrontar/mitigar este fenómeno. 
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ABSTRACT 

A parametric roll resonance phenomenon has become a very relevant technical issue in 

recent years due the increasing number of accidents related and the ongoing discussions at the 

IMO due to its undisputed importance in the safety of the ship, its cargo and crew. For this 

reason, its study has attracted the interest of universities, regulatory bodies and classification 

societies. This thesis deals with this phenomenon of parametric roll resonance from different 

points of view. 

First, we will look at different real scenarios where parametric roll resonance phenomena 

has occurred in order to further understand how it is developed in real life and its implications 

for the safety of the people and cargo onboard. 

A non-linear mathematical model of the uncoupled roll motion is also presented. This 

model is based on a classic quadratic approximation of the damping momentum together with a 

time-varying restoring arm. This model is validated with real data taken from experimental 

results of the E.T.S.I. Navales Towing Tank on a trawler of two decks of 34.5 m. length for 

different cases of longitudinal waves. A very satisfactory correspondence, in terms of phase and 

amplitude, is found between the theoretical model presented and the real data on this particular 

case. The model is compare with the state-of-the-art technology currently available as well as 

with the minimum requirements currently being discussed as part of the IMO SGISC. 

Finally, the phenomenon is reviewed from design and operational aspects to understand 

the underlying parameters and know the available tools and ways to tackle/mitigate this 

phenomenon. 
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1. INTRODUCTION. JUSTIFICATION 

Since the early fifties (Kerwin, 1955; Paulling & Rosenberg, 1959), parametric resonance 

has been studied and discussed by several investigators and safety authorities. However, no 

specific design requirements referring to parametric rolling have found yet their way into the 

IMO stability regulations. 

In the middle of the eighties (BURKER, 1990; VERMEER, 1990), sufficiently reliable 

experimental and theoretical data extended with numerical simulations appeared to confirm the 

possibility of the ship’s capsizing in the strictly following seaway only as a result of excessive 

roll amplitudes in the regime of wave-induce parametric resonance. 

Many fatal damages occurred to vessels in the past have been explained by unexpected 

extreme and violent ship motions related to the phenomenon of parametric roll resonance. 

Further details at this respect can be found in references and will be studied as part of this thesis 

(France et al., 2003; IMO - SLF 47/6/6, 2004). 

It was particularly interesting the Investigation of Head-Sea Parametric Rolling and Its 

Influence On Container Lashing Systems (France et al., 2003) published by SNAME which was 

widely distributed and discussed. This was the first contact of the author with this phenomenon 

and the reason of the interest and development of this thesis. It should be noted that the author 

completed the doctoral courses on 2004. Therefore, this article was quite timely for title and 

subject selection. Since them, the author has been following these phenomena. 

Many efforts have been invested into developing reliable models (Reed & Reed, 2011). 

This thesis deals with the numerical simulation of this phenomenon of the parametric roll 

resonance considering the uncoupled rolling motion. A non-linear mathematical model of the 

uncoupled roll motion is presented. This model is based on a classic quadratic approximation of 
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the damping momentum together with a time-varying restoring arm (de Juana Gamo, Arias 

Rodrigo, & Pérez Rojas, 2005). 

Validation of the numerical model is carried out by comparing the numerical results with 

experimental data obtained in the model basin of the Escuela Técnica Superior de Ingenieros 

Navales (Politechnical Univertity of Madrid) with a trawler of two decks of 34.5 m length under 

longitudinal waves of different characteristics. 

In this context, IMO in 1995, through the Maritime Safety Committee, approved on a 

recommendatory basis the Guidance to the master for avoiding dangerous situations in following 

and quartering seas, with a view to providing masters with a basis for decision making on ship 

handling in following and quartering seas, thus assisting them to avoid dangerous phenomena 

that they may encounter in such circumstances (IMO - MSC Circ 707, 1995). This was reviewed 

afterwards to also cover parametric roll phenomena in head seas (IMO - Circ. 1228, 2006). 

Further efforts are being done to develop more accurate ship dependent guidance (IMO - SDC 3 

INF. X, 2015; IMO - SDC 3/6/X, 2015). 

As these stability phenomena in waves are not properly considered in the International 

Stability Code 2008, being this document based purely on static criteria as opposite to the 

dynamic nature of the phenomena such as the parametric roll resonance treated in this work, the 

IMO is currently working on the review of the Intact Stability Code in order to account for these 

dynamic phenomena with additional criteria.  

Due to the existing lack of design criteria, following the APL China parametric roll 

accident (France et al., 2003), the American Bureau of Shipping (ABS) issued a guide on 

assessment of parametric roll for containerships. The guideline published by ABS (ABS, 2004; 
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Shin et al., 2004) represents a milestone in dealing with the potential danger of parametric roll in 

design as well as operation. 

This thesis will review all the above aspects related to parametric roll resonance 

phenomena on ships to get understanding of the underlying issues and design parameters 

involved and identify the models/tools to assist in the design and operation of ships avoiding 

these scenarios. 
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2. OBJECTIVES AND METHODOLOGY OF THE THESIS 

The objective of this thesis is to study/review the parametric roll resonance phenomena 

on ships from all points of views (physical phenomena, mathematical modelling, accident 

investigation, design criteria, operational guidance/support to the master,…) in order to, 

• Get better understanding of the underlying issues and design parameters involved. 

• Identify and define models and tools to assist in the design and operation of ships 

avoiding these scenarios. 

• Validate tools with the data available. 

 

In order to achieve these objectives, an adequate methodology will be followed by 

exploring the phenomena from different point of views and extracting suitable conclusions for 

each area. Therefore, the thesis body will be broken down in four different areas, 

• Parametric Roll Resonance Phenomena Description, where it will be reviewed the 

physics behind the phenomena (Mathieu Effect). We will analyse different 

accidents that have occurred related to parametric resonance. 

• Parametric Roll Resonance Modelling, where we will develop a tool to evaluate 

parametric roll for a ship design in longitudinal waves. This tool will be assessed 

against model test results and will be compared with state-of-the-art tools. 

Therefore, the following will be followed for this item, 

o Mathematical model. 

o Validation against model test results. 

o State-of-the-art. Model limitations and conclusions. 
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• Parametric Roll Resonance Design Criteria, where we will review all the existing 

design practices and the latest developments at IMO with regards SGISC. 

o Review of the current applicable legislation and current developments – 

State-of-the-art. 

o Conclude design parameters involve in parametric resonance. 

• Parametric Roll Resonance Guidance/Support to Master where we will review the 

different alternatives to provide guidance/support to the master in these scenarios. 

We will review the existing international regulations and the ongoing 

development on these matters. 
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3. PARAMETRIC ROLL RESONANCE PHENOMENA 

Parametric roll resonance is observed as a significant amplification of the roll motion in 

longitudinal seas and it is related to the periodic change of stability (time-varying restoring arm) 

as the ship moves in longitudinal waves at a speed when the ship’s wave encounter frequency is 

approximately twice the rolling natural frequency and the damping of the ship to dissipate the 

parametric roll energy is insufficient to avoid the onset of a resonance condition. 

In other words, the GM varies due to the different wave’s longitudinal position along the 

ship. Because of this, GM is a periodic function with encounter period Te. In first order of 

approximation, this variation can be modelled as a single sinusoidal function with time. 

 

( ) ( )( )tGMGMtGM e ·cos1· ωδ+=  [Equation 1] 

 

Figure 1- GM changes with time as the wave moves along the vessel (Wave I case) 
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Figure 1 shows the real GM variation with time for one of the cases shown in chapter 

below. 

 

 Physical Phenomena 3.1.

Parametric rolling does not result from direct excitation by external wave forces, but from 

the periodic variation of the vessel’s stability characteristics.  For a ship in head or stern seas, the 

uneven wave surface together with pitch and heave motions results in time- varying changes to 

the GM. When that time variation of stability matches a wave encounter period of one-half the 

vessel’s natural rolling period, extreme rolling motions can result. 

 

 Development of parametric roll 3.2.

Parametric roll (short of parametric roll resonance) is an amplification of roll motions 

caused by periodic variation of transverse stability in waves. The phenomenon of parametric roll 

is predominantly observed in head, following, bow and stern-quartering seas when ship’s 

encounter frequency is approximately twice of ship roll natural frequency and roll damping of 

the ship is insufficient to dissipate additional energy (accumulated because of parametric 

resonance) (IMO - SDC 3 INF. X, 2015). 

If the ship is rolled while on the wave trough, increased stability provides stronger 

pushback, or restoring moment (See Figure 2). As the ship returns to the upright position, its roll 

rate is greater, since there was an additional pushback from the increased stability. If at that time, 

the ship has the wave crest at midship, the stability is decreased and the ship will roll further to 

the opposite side because of the greater speed of rolling and less resistance to heeling. Then, if 

the wave trough reaches the midship section when the ship reaches its maximum amplitude roll, 
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stability increases again and the cycle starts again. Note that there was one half of the roll cycle 

associated with the passing of an entire wave. So, there are two waves that pass during each roll 

period. That means the roll period is about twice that of the wave period, see Figure 3. 

 

 

Figure 2 - Development of parametric roll resonance (IMO - SDC 3 INF. X, 2015)  
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Figure 3 - Time histories plots of parametric roll resonance (IMO - SDC 3 INF. X, 2015) 

 

 Frequency characteristics of parametric roll 3.3.

Parametric roll is a resonance phenomenon and similar to roll resonance in beam waves 

(see Figure 4a), parametric roll has a limited frequency range (Figure 4b). The principal 

difference between the two phenomena is that the span of the frequency range for parametric roll 

depends on the magnitude of stability change, while the frequency range for roll resonance 

depends on wave height (Figure 4c).  Also, if the beam waves are far from the resonance 

frequency, the ship only rolls with very small amplitude. Parametric roll does not exist (the 

amplitude is equal to zero) outside of the frequency range. 
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Figure 4 - (a) Roll resonance in beam seas (b) parametric roll resonance (c) frequency range of parametric roll resonance (IMO 
- SDC 3 INF. X, 2015) 

 

 Influence of roll damping 3.4.

When a ship rolls in calm water after being disturbed, the roll amplitudes decrease 

successively due to roll damping, see Figure 5. A rolling ship generates waves and eddies, and 

experiences viscous drag. All of these processes contribute to roll damping. Roll damping may 

play a critical role in the development of parametric roll resonance. If the “loss” of energy per 

cycle caused by damping is more than the energy “gain” caused by the changing stability in 

longitudinal seas, the roll angles will not increase and the parametric resonance will not develop. 

Once the energy “gain” per cycle is more than the energy “loss” due to damping, the amplitude 

of the parametric roll starts to grow. 

There is then a roll damping threshold for parametric roll resonance. If the roll damping 

moment is higher than the threshold, then parametric roll resonance is not possible. If the roll 
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damping moment is below the threshold, then the parametric roll resonance can take place. 

During the parametric roll resonance the combination of harder push-backs due to the increased 

stability on the wave trough and larger achieved roll angles due to the decreased stability on the 

wave crest, which occur about twice during the roll period, makes the roll angle grow 

significantly. The only other condition that has to be met is that the energy loss due to roll 

damping is not large enough to completely consume the increase of energy caused by parametric 

roll resonance – the roll damping is below the threshold value. 

 

 

Figure 5 - Successively decreasing roll amplitudes due to roll damping in calm water (IMO - SDC 3 INF. X, 2015) 

 

 Influence of Speed and Wave Direction  3.5.

The frequency of encounter with waves changes when a ship is in motion.  When a ship 

is sailing in following or stern-quartering seas, the direction of waves and the ship heading are 

similar (Figure 6a).  As a result, the relative speed is small and a ship encounters fewer waves 

during the same time period (compared to a zero speed case). The encounter period is increased 

(and the encounter frequency is decreased) in following or stern-quartering waves.  

When a ship is sailing in head or bow-quartering seas, the direction of waves and the ship 

heading are opposite (Figure 6b). As a result, the relative speed is large and a ship encounters 
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more waves during the same time (compared with the zero speed case). The encounter period is 

decreased (and the encounter frequency is increased) in head or bow-quartering waves. 

The inception of parametric roll depends on the frequency of encounter being in the 

frequency range where the parametric roll is possible (Figure 4c).  Therefore, the development of 

parametric roll depends on speed and heading. 

 

 

Figure 6 - Influence of speed and wave direction on parametric resonance (a) Following and stern-quartering seas: the 
encounter period is longer that the wave period (b) Head and bow-quartering seas: the encounter period is shorter that the wave 
period (IMO - SDC 3 INF. X, 2015) 

 

 Mathieu Effect and the Ince-Strutt diagram 3.6.

This phenomenon is explained by considering an uncoupled linear roll motion model.  
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( ) 0·cos1··2 2
..

=





 +++ t

GM
GM

en ωδωφαφ    [Equation 2]  

 

This leads to the Mathieu equation and its well-known instability regions around the 

following frequency ratios, 

 

,...3,2,12
=≈ n

nn

e

ω
ω

 [Equation 3] 

 

The susceptibility to resonance (or the frequency range for which a resonance is possible), 

is greater (frequency range wider) for the case n=1 than for the others. For this reason, many of 

the bibliography on parametric roll resonance consider only the particular case 

 

ne ωω ·2≈  [Equation 4] 

 

This case in which the encounter period is half the natural roll period is often called low 

cycle resonance or principal resonance; it is the most significant regime and may easily lead to 

capsize (Umeda & Peters, 2002). It should be noted that in some cases (much less likely), 

ne ωω ≈ can also lead to parametric roll resonance response. 
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Figure 7 - Ince-Strut Diagram for undamped Mathieu's equation (Moideen, 2010) 

 

 

Figure 8 - Ince-Strut Diagram for damped Mathieu's equation (Moideen, 2010) 
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The Mathieu’s equation graphical representation is commonly known as the Ince-Strutt 

diagram. Figure 7 and Figure 8 show the impact of roll damping (shown graphically as parameter 

µ) reducing the unstable area and raising the threshold required for parametric roll to be 

developed. 

 

 Accident Scenario Review 3.7.

Having reviewed the phenomena description, we will look at different real scenarios 

where parametric roll resonance phenomena has occurred in order to further understand how it is 

developed in real life and its implications for the safety of the people and cargo onboard. 

 

3.7.1. C11 Class Post-Panamax Container Ship – APL CHINA 

This is probably the most known case of parametric roll and it has been studied in 

multiple papers. It has been used as benchmark for many initiatives and groups like IACS or 

IMO. According www.cargolaw.com, direct container loss from M/V APL China was about 406 

with both major & minor damage to more than 1,000 containers. Total damages are estimated at 

US$100M, making this the biggest loss since the invention of containers in the 1960's.  

The subject design, a C11 class, post-Panamax containership, eastbound in the north 

Pacific from Kaohsiung to Seattle, was overtaken by a severe storm in late October 1998.  She 

carried a deck stow of some 1300 containers.  As encounter with the storm became inevitable, 

the master hove-to to ride out the rough seas and winds. 

The storm encounter lasted for some 11 hours, mostly at night. During the period of 

severest motions, port and starboard rolling of as much as 35 to 40 degrees was reported 

simultaneously with extreme pitching.  The master later described the ship as absolutely out of 

http://www.cargolaw.com/
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control. About 400 containers were lost overboard and another 400 collapsed or crushed during 

these motions. 

 

Figure 9 - APL CHINA Container Damage (France et al., 2003) 

A thorough hindcast established that the vessel had encountered winds of Beaufort 11-12 

and completely confused seas up to the highest level of International Sea State Scale, sea state 9, 

with significant wave heights ranging between 12 and 15 m.  Extreme waves were estimated to 

have reached 31 m. 

The C11 class vessels are define by the following main particulars and General 

arrangement are shown in Figure 10, 

 

Lpp 262.0 m 

B 40.0 m 

D 24.45 m 

TA 12.856 m 

TF 11.719 m 

∆ 76020 t 
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LCG 122.78 m 

KG 18.40 

GM 2.075 m 

KXX 16.73 m 

KYY 62.55 m 

Tn 25.2 s 

Table 1 - C11 Main Particulars (Reed & Reed, 2011) 
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Figure 10 - C11 General Arrangement and Body Plan (Reed & Reed, 2011) 



19 
 
 

 

Figure 11 - Stability curves for Post Panamax Container ship in L/20 Wave (France et al., 2003) 

 

While parametric rolling could explain the large roll angles experienced by the vessel, the 

phenomenon had never been considered of practical concern in bow seas.   

In  defence  of  the  numerous  and  costly  cargo  claims  arising  from  the  casualty,  an 

extensive investigation (France et al., 2003) was undertaken to determine whether head-sea 

parametric rolling could have been the cause of the vessel’s extreme motions.  Initially, computer 

modelling was carried out  using  nonlinear,  time  domain  programs  developed  by  the  

Maritime  Institute  of  the Netherlands (MARIN) and by Science Applications International 

Corporation (SAIC), in Annapolis, Maryland.  Both programs predicted rolling between 30 and 

40 degrees for the vessel in the head seas encountered, with significantly decreasing roll 

amplitude as the wave direction exceeded about 35 to 40 degrees from the bow. 

Model testing was next carried out at MARIN because of its newly opened sea keeping 

and manoeuvring basin with its state-of-the-art wave making capability.  The scale model was 
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completely free running during the tests. After preliminary roll damping and speed and power 

runs were conducted, a series of tests at different speeds, headings and wave complexities were 

carried out for the loaded conditions at the time of the casualty. 

Model tests demonstrated roll angles of up to 37 degrees (and 40 degrees when wind heel 

was added) in short crested head seas from the hindcast and at speeds corresponding to Vessel 

speeds at the time of the casualty.   These proved to be conditions in which wave encounter 

periods approximated one-half the vessel’s natural roll period, as parametric rolling theory 

predicted.  Also, extreme rolls were coupled with extreme pitch: there were two complete pitch 

cycles for each roll cycle, with the bow always at maximum pitch down when the roll angle was 

greatest.  When model test roll damping parameters were utilized in SAIC’s computer code, 

predicted roll responses matched the model test results almost perfectly. 

These studies confirmed that parametric rolling will occur when, 

• the wave encounter period is approximately one half the ship’s natural roll period, 

• the vessel is in head seas or near head seas, 

• the wave damping is below a certain threshold level, and, 

• the wave height is above a certain threshold level. 

Aside from severe rolling in head seas, other significant results of the investigations 

were: decreased roll response with greater vessel speed and also with increased GM; 

significantly dampened roll response due to free surface effects; and a several second variation in 

the vessel’s natural roll period during parametric rolling responses.  Certain of these effects, 

translated into ship handling tactics, suggest that the vessel should have remained in beam seas 

during the storm or, if headed into the seas, should have slackened a ballast tank or increased 
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speed to reduce rolling.   All of these manoeuvres are contrary to normal heavy weather ship 

handling practice and counter-intuitive for masters. 

In 1995, IMO promulgated its MSC Circular 707 with operational guidelines for avoiding 

dangerous situations in following and quartering seas, including parametric rolling. While 

parametric rolling could explain the large roll angles experienced by the vessel, the phenomenon 

had never been considered of practical concern in bow seas. Therefore, these findings were 

submitted to IMO in order to consider a review of MSC Circ. 707 (IMO - SLF 45/6/7, 2002). 

Stability diagrams developed for the Mathieu equation reveal that the bandwidth in which 

parametric roll can occur is quite broad when waterplane variations are sufficiently large and roll 

damping is relatively low. 

It was found that parametric rolling in head seas introduces loads into on-deck container 

stacks and their securing systems well in excess of those derived from classification society 

guidelines, or predicted through linear seakeeping analysis. The large roll amplitudes that are 

developed and the in-phase relationship of pitch and roll accelerations are of particular 

importance. Designing container securing systems to withstand the forces induced by head sea 

parametric rolling will have major economic implications. Therefore, avoidance of head sea 

parametric rolling should be given careful attention during hull form development of future post-

Panamax containerships. 

Any size vessel with extensive bow flare and a long, flat stern is susceptible to head-sea 

parametric rolling given the right combination of wave height, wave period, natural rolling 

period and speed.  This includes ro-ro, passenger, reefer, and other vessel types.  Resulting loads 

on ship structures and cargo for such vessels may far exceed design conditions.  Anecdotal 
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evidence since the October 1998 casualty suggests that head-sea parametric rolling might be 

relatively common although otherwise unfamiliar to mariners and vessel operators. 

Similar results for the same vessel were found by different authors and other model 

basins. The results for regular head waves scaled model tests performed at CEHIPAR have 

provided similar relatively large amplitudes of roll motion up to 30 degrees. The most severe 

case was not found out to be the case in which the wavelength equalled to one, but where the 

wavelength was 0.8. When λ/LPP equals to 1.2 the roll motion has not been obtained. This has 

shown the prominent effect of wavelength to ship length ratio on parametric rolling. It has also 

been shown that the increase in wave height has resulted in an increase in roll angle (e Silva, 

Soares, Turk, Prpić-Oršić, & Uzunoglu, 2010). 

 

3.7.2. Maersk Carolina Containership 

In January 2003 the Maersk Carolina, a Panamax container vessel, encountered a storm 

in the North Atlantic en route from Algeciras, Spain, to Halifax, Nova Scotia, Canada. The 

vessel experienced gale-force winds and seas in excess of 10 m. During one particularly violent 

rolling and pitching event, the vessel quickly and unexpectedly began rolling upwards of 47 

degrees. During this incident 133 containers were lost overboard, and 50 others sustained 

moderate to severe water damage but remained on board. Cargo claims exceeded $4M USD. The 

vessel itself sustained moderate structural damage. 

Studies showed that in tiers where containers were lost, excessive compression forces 

acting on the lower on-deck container tiers exceeded the strength of the corner posts, which 

would cause containers in these tiers to collapse and result in a catastrophic failure of the lashing 

system (Carmel, 2006). 
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Figure 12 - Maersk Carolina arriving at Halifax after incident in January 2003 (www.cargolaw.com) 

 

3.7.3. Maersk Svendborg Containership 

Danish-flagged ship was in the Bay of Biscay last week as hurricane-force winds battered 

the Atlantic coast of Europe. Amid waves of 30 feet and winds of 60 knots, the Svendborg began 

losing containers off northern France. After the ship arrived in the Spanish port of Malaga this 

week, Maersk discovered that about 520 containers were unaccounted for. Stacks of others had 

collapsed.  

On 13 February 2014 at 1530, the Danish container ship SVENDBORG MÆRSK 

departed from Rotterdam, the Netherlands. The ship was bound for the Suez Canal, and 

subsequently the Far East. The master expected to encounter adverse weather conditions on the 

route. However, the forecast did not give rise to concern. 
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The following day, as the ship had left the English Channel, the weather conditions 

started deteriorating. In the afternoon, the ship suddenly and without warning rolled to extreme 

angles and a large number of containers fell over board. 

 In the early evening, the ship again suddenly rolled violently, reaching an extreme angle 

of roll of 41° to port. Again a large number of containers were lost over board and, now, the 

master considered the situation to threaten the safety of the ship. The master sounded the general 

alarm to muster the crew members. Later in the evening he assessed that the weather no longer 

posed an immediate danger to the ship. 

 The weather conditions encountered were more severe than the forecast had predicted. 

 SVENDBORG MÆRSK proceeded towards Malaga, Spain, for repairs of the ship and 

removal of damaged containers on board. The ship arrived alongside at 1715 on 17 February 

2014.  

Lashing gear for 600-700 containers was found to have been damaged during the incident. 

The counting of the containers showed that 517 units had been lost over board. From the cargo 

documentation it was established that of these, 75 units contained cargo and the additional 442 

units were empty. Another 250 units were found to be damaged. It's the biggest recorded loss of 

containers overboard in a single incident. 
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Figure 13 - Svendborg Maersk aft deck at arrival in Malaga (DMAIB, 2014) 

 

A number of factors coincided and caused the incidents and subsequent consequences. In 

the analysis the DMAIB has addressed topics such as the master´s decision making and the 

information available to him, as well as optimization processes and the ship´s capability to 

withstand adverse weather conditions. 

  

3.7.4. M/V Aida Pure Car and Truck Carrier 

M/V Aida is a Panamax Pure Car and Truck Carrier, as shown in Figure 14 with the 

following main characteristics shown in Table 2, 
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Loa 199 m 

B 32.26 m 

HUpperdeck 34.7 m 

TDesign 9.5 m 

TMax 11.3 m 

DWT at TMax 22467 t 

Table 2 - M/V Aida Main Characteristics 

 

In 2003, very large angles of roll, according to the inclinometer up to 50°, occurred 

onboard M/V Aida. As a result of this the ship was built with an advanced computer-based 

system that included motion measurements. In 2004, parametric rolling occurred several times 

within a day but in less severe seas and did not reach critical levels. The report Recordings of 

head-sea parametric rolling on a PCTC (IMO - SLF 47 - INF.5, 2004) contains data recorded on 

the PCTC M/V Aida between February 1 and 4, 2004 where the ship encountered head sea with 

significant wave height 5-6 m and travelled with reduced speed 8-10 knots and, at five different 

occasions, parametric rolling evolved with roll angles up to 17 degrees. Conclusions were 

submitted to IMO by the M/V Aida Flag Administration (IMO - SLF 47/6/6, 2004). 

 



27 
 
 

 

Figure 14 - M/V Aida (Wallenius website) 

 

At the time of the incidents with the PCTC in 2004, the on-board system was actively 

used to adjust the ship speed in order to avoid bow slamming as far as possible, travelling in 

heading sea with significant wave height of 5-6 m.  The criteria regarding parametric rolling was 

at  the  specific  time  set  to  default  settings  according  to  MSC/Circ.707  guidance,  i.e.  only 

following and quartering seas was considered and the significant wave height threshold was set 

to 0.04Lpp (7.6 m).  The system did thus not, at the specific time, give any warning or advice to 

avoid parametric rolling.  However, by post-analysis of the measured motions, some interesting 

observations have been possible to make, among these: 

• The  parametric  rolling  occurred  in  a  rather  narrow-banded  irregular  wave 

spectrum that had a peak encounter period, which was half the ship’s natural 

period of roll. The rolling seems to have started just following a small reduction of 

speed. 
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• The rolling and pitching were perfectly correlated and in phase when large roll 

angles developed, with the bow down at the same instance as the rolling reached 

its maximum. As soon as the pitching and rolling developed out of phase, the 

parametric rolling diminished.  The loading condition was such that the natural 

period of pitch was close to half the natural period of roll, so that parametric 

rolling conditions coincided with heavy pitching, a case known to make the 

situation worse. 

As seen in Figure 15 and Figure 16, the pitch period is half the period of roll 

during the roll build-up, and is in-phase in such a way that roll extremes coincides 

with maximum bow down pitch combined with minimum heave. It is also 

interesting to note that rolling starts to diminish when the pitch amplitude 

decreases or becomes phase shifted relative to the rolling. 

 

 

Figure 15 - M/V Aida Measured Roll, Heave & Pitch (IMO - SLF 47 - INF.5, 2004) 
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Figure 16 - M/V Aida Measured Roll, Heave & Pitch (IMO - SLF 47 - INF.5, 2004) 

 

• With the criteria for parametric rolling from MSC/Circ.707 extended to head seas 

and the significant wave height threshold reduced to 5 m, the system would have 

warned of a critical situation.  The nature of the MSC/Circ.707 guidance does not, 

unfortunately, allow for providing proper advice regarding the effects of changing 

course. 

• Even based on weather forecasts given 2 days before the incidents, the situation 

would have been identified as critical for parametric rolling and would have been 

possible to avoid by changing the route on beforehand. 
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3.7.5. Pacific Sun & Voyager/Explorer Cruise Ships 

There have been two accidents on passenger ships where big angle of heels have been 

reported, 

• On 30th July 2008 the cruise ship Pacific Sun rolled heavily in gale force winds 

and high seas while returning to Auckland on the final leg of an 8-day cruise of 

the South Pacific. Of the 1730 passengers and 671 crew on board, 77 were injured, 

with seven sustaining major injuries. The vessel reduced the vessel’s speed to 

below that at which the one working stabiliser was effective. Two hours later, the 

ship rolled heavily three times, to an estimated angle of heel of 31º. Many of the 

injuries sustained by the passengers and crew were caused by falls and contact 

with unsecured furnishings and loose objects in the busy public rooms, including 

those designated as passenger emergency muster stations (Warn, 2009). 

 

Figure 17 - Pacific Sun (Warn, 2009) 
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• While on passage from Vancouver to Hakodate, Explorer encountered severe 

weather over several days during which superficial damage to deck fittings 

occurred and difficulties were experienced in securing lifeboats, tenders and 

gangways. On 27 January 2005, while making a speed of 7 knots, the vessel was 

struck by two large waves in succession. Water was slow to clear from the 

foredeck and the second wave struck the bridge front, breaking a wheel house 

window near the centreline of the vessel. A large quantity of water entered the 

bridge and caused severe water and physical damage to the control console. The 

main engines stopped and the vessel drifted beam on to the weather. 

Voyager (Explorer sister ship) was engaged on a Mediterranean cruise and was on 

passage Tunis to Barcelona. On 14 February 2005 the weather deteriorated and 

speed was reduced until the vessel was in effect hove to, making about 3 knots 

against the wind and seas. Voyager was struck by two waves in succession, 

breaking over the bow and advancing towards the bridge. A window at the 

centreline of the vessel was forced inwards and a large quantity of water entered 

the bridge. The main engines stopped and the vessel drifted beam on to the wind 

and seas, rolling heavily (Bahamas Maritime Administration, 2007). 

The Voyager accident was very popular as it was filmed by the SAR helicopter 

that was attending the scenario (youtube.com, 2005). 
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Figure 18 – Explorer (Bahamas Maritime Administration, 2007) 

 

None of the above cases can be fully concluded whether the ships rolled to large angles 

due to the presence of an abnormal wave or waves, or was subjected to the effects of parametric 

rolling. However, in particular for Pacific Sun, MAIB’s calculations into the ship’s vulnerability 

to parametric rolling have indicated that while synchronous rolling is unlikely, parametric rolling 

was possible. 

 

3.7.6. IZAR Fast Ferry Pentamaran 

The IZAR pentamaran as shown in Figure 19 is a slender stabilised monohull, which 

offers the potential for a 30% reduction in power in large high speed vessels, when compared 

with existing monohulls or catamarans. (Gee, Dudson, & González, 2009). 
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Figure 19 - IZAR Fast Ferry Pentamaran Rendering (Gee et al., 2009) 

 

The central hull of the Fast Ferry has been designed for minimum wave resistance at the 

expected service speeds for this vessel which are between 36 and 38 knots. These speeds equate 

to Froude numbers between 0.46 and 0.49. 

The sponsons are designed to meet the requirements of the IMO HSC 2000 code. The aft 

sponsons are sufficiently immersed to ensure that no ballast is required in any loading condition. 

Model Tests were conducted in Spain at the “Canal de Experiencias Hidrodinámicas de 

El Pardo” (CEHIPAR) during the spring of 2002. Model tests were conducted in both regular 

and irregular seas at various speeds and headings. In addition special tests were devised to 

investigate the parametric roll excitation of the pentamaran. 

Parametric rolling was extensively investigated in the case of the Triton trimaran build 

for the UK MOD, and has been the subject of a number of research projects at University 

College London over recent years. The pentamaran design is unique in that its transverse 

stability is achieved with a pair of sponsons one of which is above the free surface in the upright 
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condition. This allows the positioning of the immersed sponsons at a very low draught, which in 

turn gives significant powering benefits. 

One possible disadvantage of shallow sponsons is the ease at which the upright stability 

could reduce with a passing head or following wave. The feedback from the extensive testing on 

the Triton trimaran was that the sidehulls were further immersed to ensure that parametric rolling 

did not occur. This of course has a significant impact on the powering of the vessel. IZAR were 

determined to investigate all possible problem areas of the pentamaran and therefore additional 

model tests were performed specifically to investigate the parametric rolling of the pentamaran. 

Parametric roll must be thoroughly investigated when designing multihulled ships 

because it is known that the variations in the magnitude of the metacentric height (GM) when 

sailing in waves are bigger for a multihull than for a monohull vessel. The behaviour of 

monohull and multihull vessel also differs because, normally, the maxima of GM occur in the 

sagging condition for a monohull, where as these maxima appear for a multihull in hogging 

condition. 
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4. PARAMETRIC ROLL RESONANCE MODEL 

This chapter deals with the numerical simulation of this phenomenon of the parametric 

roll resonance considering the uncoupled rolling motion. A non linear mathematical model of the 

uncoupled roll motion is presented. This model is based on a classic quadratic approximation of 

the damping momentum together with a time-varying restoring arm as suggested in the literature 

(Bulian, Francescutto, & Lugni, 2004). 

Validation of the numerical model is carried out by comparing the numerical results with 

experimental data obtained in the model basin of the Escuela Técnica Superior de Ingenieros 

Navales (Polytechnic University of Madrid) with a trawler of two decks of 34.5 m length under 

longitudinal waves of different characteristics. 

The summary of the results included in this chapter were presented in the International 

Conference on Marine Research and Transportation (de Juana Gamo et al., 2005). 

It should be noted that same vessel was studied afterwards on the same phenomena for 

different purposes (González, Casás, Peña, & Rojas, 2012; González, Casás, Peña, & Rojas, 

2013). 

 

 Mathematical Model 4.1.

The mathematical model that is going to be used in this paper is a nonlinear pure 

(uncoupled) roll motion. 

In generic form, the roll motion of the vessel is given by the following equation: 

 

( ) ( ) δφωφφ =++
GM

tGZA n
,2

..
   [Equation 5] 
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The solution proposed in this paper to this equation is explained hereafter in dedicated 

subsections to each one of the different components: damping, restoring and external 

perturbation components. 

 

4.1.1. Damping Component 

A classical quadratic approximation of the damping moment is considered: 

 

( ) φφβφαφ  ····2 +=A  [Equation 6] 

 

where α and β are linear and quadratic coefficients respectively. These coefficients are 

computed based on reference (Himeno, 1981). A correction is then applied accounting for the 

effect of the longitudinal flow around the vessel. 

The damping component opposes to the roll motion (it damps or dissipates the energy of 

the motion). In this way, a large enough damping moment could prevent the resonance (Shin et 

al., 2004). 

 

4.1.2. Restoring Component 

In our particular case of study (longitudinal waves), the restoring arm is a time dependent 

function due to the encounter with the longitudinal wave. A good modelling of the GZ is 

important since it determines the amplitude of the parametric roll resonance given by the 

theoretical model. In accordance to some publications on this matter (IMO - SDC 3 INF. X, 
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2015; Umeda, Hashimoto, Vassalos, Urano, & Okou, 2004), a good analytical approximation for 

the restoring component is given by the following expression: 

 

( ) ( ) 3
321 ··2·cos·1··, φγπφφφ K

T
tKKGMtGZ
e

+



















+++=   [Equation 7] 

 

It is here worth mentioning that for heel angles very small (tending to 0, 0→φ ), this 

equation simplifies to the Mathieu equation, defined previously in this paper. It can therefore be 

expected similar resonance condition for this newly defined dynamic system. 

The coefficients of the above expression for the restoring component are obtained by a 

non-linear fitting of this expression with the values computed assuming static conditions:  

 

( )φφφ sin,, KG
T
tKN

T
tGZ

ee
−








=








  [Equation 8] 

 

The selected values are for 8 different wave positions with respect to the vessel and for 

different roll angles ranging from 0º to 45º. The best fit is found based on the criteria of 

minimum root mean square of the sum of the residuals by using a Marquardt-Levenberg 

algorithm. 

Figure 20 shows the results of the fit for the Wave I case. 
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Figure 20 - GZ fitting surface 

 

4.1.3. External Perturbation Component 

Under the perfect conditions of the model test described, there is no external perturbation 

along the roll axis. However, and in order to model the instability of the system along the roll 

axis, a very small perturbation (infinitesimal) is needed (and always exists in the “imperfect” real 

case). This perturbation is effective only during the first seconds. 

 

 Validation – Test Model 4.2.

The selected vessel for the model tests is a trawler of two decks of 34.5 meters in length. 

The main dimensions and characteristics are presented in the following table: 
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L 34.5 m 

Lpp 29 m 

B 8 m 

D 3.65 m 

Tdesign 3.607 m 

GT 179.1 GT 

∆ 541.4 t 

Table 3 - 2 Deck Trawler Main Dimensions and Characteristics 

In Figure 21 and Figure 22 are included the general arrangement and body plan of the 

ship. 

 

Figure 21– 2 Decks Trawler General arrangement 
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Figure 22 - 2 Decks Trawler Body Plan 

 

Extended information on stability characteristics of this and other kind of fishing vessels 

can be found in the bibliography (de Juana Gamo et al., 2005; González et al., 2012; González et 

al., 2013; Pérez-Rojas, Abad, Pérez-Arribas, & Arias, 2003). 

 

 Model Tests in Longitudinal Waves 4.3.

The vessel is kept without longitudinal velocity (at rest with respect to the model basin). 

Under these conditions, longitudinal waves are then generated. The subsequent response of the 

vessel develops into a roll motion that is registered, this motion being the one of interest for our 

study. 
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4.3.1. Longitudinal Waves Characteristics 

Longitudinal regular waves are generated in the model basin with the extrapolated 

characteristics shown in Table 4 (infinite depth hypothesis is assumed). 

 

 Wave I Wave II Wave III Wave IV Wave V 

ωw 1.09 rad/s 1.14 rad/s 1.16 rad/s 1.17 rad/s 1.19 rad/s 

Tw 5.76 s 5.53 s 5.44 s 5.37 s 5.30 s 

λw 51.86 m 47.66 m 46.18 m 45.09 m 43.79 m 

Vw 9.00 m/s 8.63 m/s 8.49 m/s 8.39 m/s 8.27 m/s 

Hw 0.99 m 0.84 m 1.11 m 0.94 m 0.99 m 

αm 0.06 rad 0.06 rad 0.08 rad 0.07 rad 0.07 rad 

Table 4 - Wave Characteristics 

 

A record of the wave height is presented in the Figure 23. 
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Figure 23 - Wave Height Record 

4.3.2. Loading Condition 

The characteristics of the loading condition tested are presented in the following table, 

corresponding to the minimum displacement situation. 

TF 2.816 m 

TA 3.767 m 

TM  3.292 m 

∆ 470.90 t 

KG 3.92 m 

GM 0.35 m 

k'xx 3.204 m 

ωn 0.578 rad/s 
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Tn 10.863 s 

Table 5 - 2 Deck Trawler Characteristics of the Loading Condition Tested 

 

4.3.3. Parametric Roll Resonance 

Given that fact that the longitudinal velocity of the vessel is zero, then 

we
Vw

we V
g

ωωωωω = →−= =0
2

·    [Equation 9] 

Hence, the encounter frequency equals to the wave frequency. This leads to the 

relationships (ratios) shown in Table 6 between the encounter frequency and the natural roll 

frequency: 

 Wave I Wave II Wave III Wave IV Wave V 

ωw/ωn 1.88 1.97 2.00 2.02 2.05 

Table 6 - Encounter and natural roll frequency ratio for each wave 

 

These values verify the condition given by the ne ωω ·2≈  [Equation 4, and therefore the 

appearance of parametric roll resonance is expected under these waves. 

The collected data is presented in Figure 25, Figure 26, Figure 27, Figure 28 and Figure 

29. These are only those once the steady state conditions have been reached.  

In addition to these plots, a complete set of data (including the transient) is presented in 

Figure 24. 
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Figure 24 - Roll angle record 

 

 Results 4.4.

The differential equation 5 is integrated numerically using a Runge–Kutta method. The 

obtained solution represents the roll response of the vessel according to the analytical model 

presented in this paper. 

Figure 25, Figure 26, Figure 27, Figure 28 and Figure 29 show the obtained solutions 

along with the real data obtained from experimental data. Good agreement in terms of phase and 

amplitude is observed for all cases.  

Table 7 and Table 8 show values of phase and amplitude for both the here in this paper 

presented model and the experimental data used to validate it, 
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 Wave I Wave II Wave III Wave IV Wave V 

Texp 11.53 s 11.06 s 10.91 s 10.77 s 10.61 s 

Tmod 11.53 s 11.05 s 10.88 s 10.75 s 10.59 s 

Table 7 - Period comparison between experimental data and mathematical model 

 

 Wave I Wave II Wave III Wave IV Wave V 

φexp 12.7 º 14.2 º 16.1 º 14.0 º 14.6 º 

φmod 12.5 º 14.3 º 15.9 º 14.1 º 14.6 º 

Table 8 - Amplitude response comparison between experimental data and mathematical model 

 

Figure 25 - Roll angle record – Wave I 
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Figure 26 - Roll angle record – Wave II 

 

Figure 27 - Roll angle record – Wave III 
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Figure 28 - Roll angle record – Wave IV 

 

Figure 29 - Roll angle record – Wave V 
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 State-of-the-art. Model limitations and conclusions 4.5.

In this paper, experimental results of the phenomenon of parametric roll resonance, 

simulated in a model basin for a fishing vessel in regular waves, have been presented together 

with a mathematical model for the roll motion of the vessel with satisfactory good correlation in 

phase and amplitude with the experimental data. 

The summary of the results included in this chapter were presented in the International 

Conference on Marine Research and Transportation (de Juana Gamo et al., 2005). 

Same vessel was studied afterwards on the same phenomena for different purposes 

(González et al., 2012; González et al., 2013) with similar good results. 

Note should be taken of the very good results obtained with the relatively simple model 

used: A non linear mathematical model of the uncoupled roll motion (no coupling of the roll 

motion with heave or pitch). The model is based on a classic quadratic approximation of the 

damping momentum together with a time-varying restoring arm. 

It should be noted that the current state of the art is far from the model used on this 

example. The 26th ITTC Specialist Committee on Stability in Waves was assigned the task of 

conducting a benchmark of numerical simulation methods for the prediction of the parametric 

rolling of ships in head seas (Reed & Reed, 2011). The vessel chosen for the benchmark was the 

C11 class container ship (APL China) defined in paragraph 3.7.1 and shown in Figure 10 and 

Figure 11 (France et al., 2003).   

Brief descriptions of these computational tools are provided below. With the exception of 

ROLLSS, all of the codes are blended codes that compute the exact nonlinear Froude-Krylov 

excitingforces due to the incident wave and the exact hydrostatic restoring forces over the 
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instantaneous wetted surface of the vessel, and employ linear computations of the radiation and 

diffraction forces for the vessel up to the mean waterline. ROLLSS employs a different blending 

where all forces except for those in roll are calculated linearly. 

FREDYN v9.80 and 10.1 (De Kat & Paulling, 2001; Hooft, 1987) simulates the dynamic 

behaviour of a steered ship subjected to waves and wind. All six degrees of freedom are 

computed in the time domain, where the motions can be large up to the point of capsize. 

Nonlinearities arise from rigid-body dynamics with large angles and fluid flow effects. A linear 

strip theory approach is used to compute the hydrodynamic forces acting on the hull. 

ROLLSS (Söding, 1982; Kröger, 1986; Petey 1988, Brunswig, et al., 2006) is a code for 

the simulation of parametric rolling. While the pitch, heave, sway and yaw motions are 

computed by a linear strip method, and the surge motion by a simple nonlinear approach, the roll 

motion is computed nonlinearly in time domain using the righting arm curves for static stability 

in waves. 

OU-PR (Osaka University simulation program for Parametric Rolling) (Hashimoto & 

Umeda, 2010; Hashimoto, et al., 2011) is a time domain simulation program for prediction 

parametric rolling in regular and long-crested irregular waves, which uses a 3-DoF coupled of 

heave-roll-pitch model. The 2-D radiation and diffraction hydrodynamic forces are calculated for 

the submerged hull with the instantaneous roll angle taken into account. The roll radiation force 

is calculated at the natural roll frequency and those in vertical modes (heave and pitch) are at the 

peak of the mean wave frequency. 

Linear and quadratic roll damping is determined from results of a roll decay test if 

available. Otherwise, they are determined by Ikeda’s semiempirical method. 
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Figure 30 - Organizations Participating in the Benchmark Study and Their Respective Computer Codes (Reed & Reed, 2011) 

 

LAMP 3 (Lin & Yue ,1990; Shin, et al., 2003; Lin, et al., 2006; Yen, et al., 2008, 2010) 

predicts the motions and loads of a ship operating in a seaway. In LAMP’s simulations, the 

wave-body hydrodynamic forces are calculated using a 3-D Rankine potential flow panel method 

with a linearized free-surface boundary condition to solve the wave-body interaction problem in 

the time domain, while forces due to viscous flow and other “external” effects such as hull lift, 

propulsors, rudders, etc. are modeled using other computation methods, or with empirical or 

semiempirical formulas. LAMP’s calculations include 2nd and higher order “drift” forces in the 

horizontal plane (Zhang, et al., 2009). These drift forces play an important role in the horizontal-

plane motions for the prediction of course keeping in waves. 

SNU-PARAROLL (Kim & Kim, 2010b; Kim & Kim, 2011) employs a linear impulse-

responsefunction approach to compute the radiation and diffraction forces. The impulse response 

function approach is basically the conversion of the frequency-domain strip-theory solution into 

the time domain. In this method, the conversion is limited to the radiation force. The excitation 
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force includes the nonlinear Froude-Krylov and restoring force and moment on the instantaneous 

wetted surface as well as the linear diffraction force. The wetted surface is defined as the hull 

surface wetted by the body motion and the incident wave. 

WISH (computer program for nonlinear Wave-Induced loads and SHip motion) (Kim, et 

al., 2009; Kim & Kim, 2010a,b) is a threedimensional Rankine panel method used to study 

nonlinear roll motions. In this method, the total velocity potential is decomposed into three 

components: the basis flow; the incident wave; and disturbance velocity potentials. In this 

weakly-nonlinear approach, the disturbed component of the wave and velocity potentials are 

assumed to be small. The kinematic, dynamic free surface and body boundary conditions are 

linearized. The basis flow-wave induced motion terms (m-terms) are hard to compute, since they 

require second-order differentials of the basis flow. In this code, the second-order differentials 

are converted to first-order differentials using Stoke’s theorem. 

As discussed previously, all the above programs are based 6 DOF calculations which is 

far from the simplified model used on this chapter for a simple regular longitudinal wave 

excitation. 

In addition, it should be noted that, as described in paragraph 5.3.2, the latest draft 

guidelines for direct stability assessment stability failure modes (IMO - SDC 1 INF. 8, 2013) 

establish some minimum requirements for assessing parametric roll phenomena, being one of 

them, the need to include at least three degrees of freedom (heave, roll and pitch) when doing the 

ship motion simulations. 

Therefore, it can be concluded that the model used provided good results due to the 

simple excitation used (longitudinal waves only). However, the model will need to be refined 



52 
 
 

and develop further if it is desired to use it for SGISC Direct assessment or SGISC Operational 

Guidance as described in paragraphs 5.3.2 and 6.2. 
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5. PARAMETRIC ROLL RESONANCE DESIGN CRITERIA 

The aim of this Chapter is to review all the design criteria available related to parametric 

roll resonance. The first design criteria were developed by ABS. In addition we will assess what 

is the current and future regulatory scenario in IMO. 

 

 American Bureau of Shipping Guidance 5.1.

Following the APL China parametric roll accident (France et al., 2003) described in 

paragraph 3.7.1, the American Bureau of Shipping (ABS) issued a guide on assessment of 

parametric roll for containerships. The guideline published by ABS (ABS, 2004; Shin et al., 

2004) represents a milestone in dealing with the potential danger of parametric roll in design as 

well as operation. 

 

 

Figure 31 - Optimal Class Notation proposed by ABS (ABS, 2004) 
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The guide offered an optional class notation, as shown in Figure 31, by following an 

elegant multi-tiered assessment procedure, 

• The first level, susceptibility criteria, was formulated upon changing GM in a 

regular waves and the Mathieu equation. 

• If a ship was found susceptible to parametric roll, then a more complex criterion, 

severity criterion, was applied. This "severity" criterion involved the calculation 

of the full GZ curve in waves and the numerical integration of the roll equation. 

• If the roll response was "severe enough" (based on some specified level), then 

advanced numerical simulations were applied and ship-specific operational 

guidance was developed. 

The simplified equations and methods described above were validated by the more 

sophisticated time domain non-linear ship motion programs. The above elegant step-by-step 

approach was very much the basis for the SGISC (Second Generation Intact Stability Criteria) 

framework considered afterwards and discussed in paragraph 5.4.  

ABS Susceptibility Criteria is based on the fact that, in order to have parametric roll, the 

parametric excitation (change of stability in waves) must satisfy two conditions, 

• its frequency (the encounter frequency) must be within the range and 

• its magnitude must be above the threshold (resulting from damping). 

The Mathieu equation (and Ince-Strutt diagram) is the simplest mathematical model that 

can be used to check if these conditions are satisfied. 

As the roll damping becomes critical to assess the above criteria, it should be noted that 

the ABS guidance (ABS, 2004) proposes a roll decay test in order to get a more reliable roll 

damping data. 
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Finally, as described above, if the roll response was "severe enough" (based on some 

specified level), then advanced numerical simulations were applied and ship-specific operational 

guidance was developed. This would be a ship dependent guidance that can take polar diagram 

format as shown in Figure 32, where the grey area shows the parametric roll vulnerability area 

for this particular design. 

 

 

Figure 32 - Operational Polar Diagram of predicted roll motion (Shin et al., 2004) 
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 Code on Intact Stability for all types of ships covered by IMO Instruments 5.2.

In 1988, the SLF subcommittee was requested to develop a consolidated Code which 

main aim was to summarise all the existing regulatory bodies related to intact stability into a 

single document. At that stage, there were different standards covered by different instruments, 

A.52, A.88, A.167, A.168, A.206, A.207, A.269, A.562, A.685, MSC Circ. 503, A287, A373, 

A414, A469, A534 o A649. This work was finalised in 1993 and the “Code on Intact Stability 

for all types of ships covered by IMO Instruments” was issued (IMO - A749(18), 1993). This was 

reviewed at later stage in 1998 in order to include some amendments related to free surfaces 

calculation, inclining experiment guidance and adding new criteria like HSC (IMO - MSC 

75(69), 1998). 

It shall be noted that the A749(18) was not made mandatory by IMO (it was not 

implemented by any Convention). The Code was used as a collection of criteria from which 

Flags could choose from. Therefore, the implementation was not too strict or consistent. 

Basically, all Flags tend to use the main standard but some Flags may apply them in different 

ways. 

The main criteria contained in the Code is coming from the two following standards, 

• IMO Res. A167 as amended by Res. A202, which is a typical reactive measure 

born from the analysis of casualties at sea and based on a set of standards which 

have to be satisfied by the righting arm curve. 

• The Weather Criterion (IMO Res A562) which is an attempt to provide a 

proactive measure based on a rough physical modelling of a ship capsizing as a 

result of the interaction with wind and waves. 
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In both cases, these standards are based on empirical data coming from a reduced number 

of designs in the early last century. However, they are applied regardless of the features in new 

design. This is one of the biggest weaknesses. On the other hand, these criteria have been in 

force for many years now with no major accidents due to intact stability failure. 

 

 International Intact Stability Code 2008 (2008 IS Code) 5.3.

In 2001, having received number of proposals to update the A749 during the previous years, 

IMO SLF44 decided to request to MSC to carry out the “Intact Stability Code Review” and to 

add the item to the agenda of the coming session. The original timescale given to them was to 

complete the whole review by 2004. Considering the review has not been fully completed yet, 

we shall admit the effort required was underestimated. 

SLF45 (2002) analysed the best way to carry out the job as the range of issues was quite broad. It 

was concluded and agreed to review the Code in two different stages, 

• Short Term Review which aim to tackle all the urgent matters to have an up to date Code. 

• Long Term Review which aimed to include dynamical stability phenomena in waves into 

the Code. This was renamed at later stage as the “Second Generation Intact Stability 

Criteria” (SGISC). 

The Short Term Review was accomplished and adopted by MSC85 in 2008 with the new 

name “International Intact Stability Code 2008 (2008 IS Code)” (IMO - MSC 267(85), 2008).  
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5.3.1. Main changes 

The following main revised features were included into the Code. 

Code Restructure – Part A mandatory via SOLAS’74 y ILLC’88 

The Code was reorganised in order to make Part A to contain mandatory requirements and Part B 

to contain recommendations and additional guidelines. Compliance with the new Code will be 

required under changes to the SOLAS and Load Line Conventions, for all ships whose keels are 

laid on or after July 1, 2010, to which these Conventions apply (IMO - MSC 269(85), 2008; IMO 

- MSC 270(85), 2008). 

Part A includes all criteria and standard those were already mandatory in accordance with 

other IMO instruments, 

• Oil tankers of 5,000 dwt and above 

• Cargo ships carrying timber deck cargoes 

• Cargo ships carrying grain in bulk  

• High-speed craft 

In addition, it was established for first time a minimum mandatory stability criteria for all 

ship types. This is based on, 

• The applicable criteria for cargo ships already included in A749 which small 

adjustments and allowing alternatives for certain ships type/designs. 

• The weather criteria already included in A749 allowing the reduction of wind 

pressure (only if restricted service is being applied) or alternative assessment 

subject to Administration agreement/acceptance. 
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• The applicable criteria for passenger ships (passenger to one side and heel due to 

turning) already recommended in A749. 

 

Weather criteria made mandatory – Alternative Assessment 

The weather criteria was made mandatory for all ship types. This was long discussed as it 

creates a compliance issue for many ship types like yachts or passenger ships. In fact, it is known 

(IMO - MSC Circ.1281, 2007) that the standard formulation is based on data from ships having, 

• B/d smaller than 3.5;  

• (KG/d-1) between - 0.3 and 0.5; and  

• T smaller than 20 s.  

Therefore, for ships with parameters outside of the above limits the angle of roll (ϕ1) may 

be determined with model experiments of a subject ship as the alternative. In addition, the 

Administration may accept such alternative determinations for any ship, if deemed appropriate.   

Alternative means for determining the wind heeling lever (lw1) may be accepted, to the 

satisfaction of the Administration, as an equivalent to calculation given in the Code. 

In order to establish suitable guidance to support the implementation of these alternative 

assessments, IMO issued the “Notes to the Interim Guidelines for Alternative Assessment of the 

Weather Criterion” in 2006 (IMO - MSC Circ. 1200, 2006). In addition, one year later, IMO 

issued the “Explanatory Notes to the Interim Guidelines for Alternative Assessment of the 

Weather Criterion” (IMO - Circ. 1227, 2007) which included a full worked example based on 

these alternative assessments. 

 

Equivalent Criteria for Ships of Wide Beam and Small Depth 
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The criteria “The maximum righting lever shall occur at an angle of heel not less than 

25°” was made mandatory. However, this was not practicable for Ships of Wide Beam and 

Small Depth. Therefore, nased on the current practice by many Flags, it was agreed to apply the 

usual “Offshore Supply Vessel” equivalency subject to acceptance of the Administration. As a 

reference,  it was indicated in the Explanatory Notes (IMO - MSC Circ.1281, 2007) to be 

applicable to ships with B/D ≥ 2.5.  

 

Guidance in preparing stability information Upgrade 

There was a huge motivation behind upgrading the Code to modern time and the use of 

powerful computers and detailed models to assess stability. These are the most relevant items 

updated in the IS Code 2008, 

• The simplified tabular method to calculated Free Surface moment (Mfs) based on 

geometry but independent from the percentage of filling was removed. This 

method was sometimes optimistic and in our days any computer can perform 

these moments easily. 

• Nominally full cargo tanks should be corrected for free surface effects at 98% 

filling level. In doing so, the correction to initial metacentric height should be 

based on the inertia moment of liquid surface at 5° of heeling angle divided by 

displacement, and the correction to righting lever is suggested to be on the basis 

of real shifting moment of cargo liquids. 

• Hydrostatic and stability curves should be included for the trim range of operating 

loading conditions taking into account the change in trim due to heel (free trim 

hydrostatic calculation). Furthermore, appendages and sea chests need to be 
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considered when calculating hydrostatics and cross curves of stability. In the 

presence of port-starboard asymmetry, the most unfavourable righting lever curve 

should be used. 

• Enclosed superstructures complying with regulation 3(10)(b) of the 1966 Load 

Line Convention and the Protocol of 1988 can taken into account. In addition, 

additional tiers of similarly enclosed superstructures may also be taken into 

account as long as the windows have sufficient strength.  

 

Onboard Loading Computers 

In our days it is very usual to have a computer onboard to assess ship stability. It is 

therefore known that the approved stability booklet is not usually used if a loading instrument is 

onboard. 

In accordance to the revised IS Code 2008, if a stability instrument is used as a 

supplement to the stability booklet for the purpose of determining compliance with the relevant 

stability criteria such instrument shall be subject to the approval by the Administration. Full 

detailed guidance is included in the part B, chapter 4 − Stability calculations performed by 

stability instruments, which also makes reference to the “Guidelines for the Approval of Stability 

Instruments” (IMO - MSC Circ. 1229, 2007). All the guidance included in the Code was based 

on the existing information available from International Association of Classification Societies 

(IACS - UR L5, 2006). 

 

In addition to the IS Code 2008 changes during the short term review, it should be noted 

that IS Code 2008 was further amended by MSC319(89) on 20 May 2011 with regards the 
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inclusion of the Code for the Construction and Equipment of Mobile Offshore Drilling Units, 

2009 (2009 MODU Code) stability requirements into the IS Code 2008 Part B (IMO - MSC 

319(89), 2011). 

 

5.3.2. Dynamic stability phenomena in waves 

As discussed above in this chapter, the stability phenomena in waves was not included in 

the IS Code 2008 as it was being considered in the long term schedule. However, there were few 

actions accomplished in order to highlight the issue and mitigate the impact on current ship 

designs, 

 

Inclusion on IS Code 2008 Mandatory Part 

The Administrations are being highlighted on these phenomena on the IS Code 2008 Part 

A Chapter 1 (IMO - MSC 267(85), 2008) and being requested to consider these phenomena as 

follows, 

“Administrations shall be aware that some ships are more at risk of encountering 

critical stability situations in waves. Necessary precautionary provisions may need to be 

taken in the design to address the severity of such phenomena. The phenomena in 

seaways which may cause large roll angles and/or accelerations have been identified 

hereunder.  

Having regard to the phenomena described in this section, the Administration 

may for a particular ship or group of ships apply criteria demonstrating that the safety of 

the ship is sufficient. Any Administration which applies such criteria should communicate 

to the Organization particulars thereof. It is recognized by the Organization that 
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performance oriented criteria for the identified phenomena listed in this section need to 

be developed and implemented to ensure a uniform international level of safety.” 

 

In addition, the following phenomena are identified in the Code, 

• Restoring-arm-variation events such as parametric excitation and pure loss of 

stability; 

• Critical behaviour under dead-ship conditions (i.e., loss of steering ability or 

propulsion, and possible endangerment by resonant roll while drifting freely. 

• Manoeuvring-related problems in waves (e.g., broaching-to in following and 

quartering seas when a ship may not be able to maintain a constant course, which 

in turn may lead to extreme angles of heel). 

 

Explanatory Notes to the International Code on Intact Stability, 2008  

As the stability criteria given in the 2008 IS Code are prescriptive rules developed from 

ship operation statistics and weather criterion collected in the middle of the twentieth century, it 

was considered suitable to develop some Explanatory Notes regarding their origin and 

development to enable a proper understanding and application of these criteria. The Explanatory 

Notes were issued together with the IS Code in 2007 (IMO - MSC Circ.1281, 2007). 

It is remarkable that this had to be developed in 2008 when the original criteria is much 

older, however the idea behind was to highlight at this stage background and method of 

elaboration of the present stability criteria included in part A of the 2008 IS. This allows 

Administration and ship designers to understand the empirical approach considered which was 

based on the limited fleet from beginning of last century. 
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As an example, it is included in Figure 33 the application of the discrimination analysis in 

order to estimate critical values of the stability parameters GZ30 which was the basis for 

development of IMO stability criteria included in the old A.167 and A.749. 

 

Figure 33 - Discrimination analysis for parameter GZ30 (IMO - MSC Circ.1281, 2007) 

 

Revised Guidance to the master for avoiding Dangerous Situation s in Adverse Weather 

and Sea Conditions 

As compliance with the stability criteria included in IS Code 2008 Part A does not ensure 

immunity against capsizing, regardless of the circumstances, Masters should therefore exercise 

prudence and good seamanship having regard to the season of the year, weather forecasts and the 

navigational zone and should take the appropriate action as to speed and course warranted by the 

prevailing circumstances. 

In order to support Master on the above, IMO issued Revised Guidance to the Master for 

Avoiding Dangerous Situations in Adverse Weather and Sea Conditions (IMO - Circ. 1228, 
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2006) with a view to providing masters with a basis for decision making on ship handling in 

adverse weather and sea conditions, thus assisting them to avoid dangerous phenomena that they 

may encounter in such circumstances.  This superseded the Guidance to the master for avoiding 

dangerous situations in following and quartering seas (IMO - MSC Circ 707, 1995) which was 

not properly considering parametric roll resonance in head seas. 

Further detail on this development and the involvement of the author (de Juana Gamo, 

Pulido, & Vicente, 2006; IMO - SLF 48/4/4, 2005; IMO - SLF 49/5/11, 2006) will be discussed 

within this thesis in 6.1 IMO Ship Independent Guidance. MSC Circ. 707 Review. 

 

 Second Generation Intact Stability Criteria (SGISC) 5.4.

After completing the short term review of the Code and issuing the IS Code 2008, all 

efforts were put into further developing the performance based criteria related to dynamic 

stability in waves phenomena. As the theme very wide and member of the group could have 

totally opposite point of views or understanding on these new criteria, it was agreed to first agree 

the terminology and the framework to be used during the development of these performance 

based criteria. 

SGISC Framework was first agreed in 2008 agreed (IMO - SLF 51 / WP 2, 2008). 

However it was further updated at later stage in 2011 (IMO - SLF 54/3/1, 2011). This SGISC 

Framework included relevant agreements in definitions, applicability, phenomena, criteria and 

issues to be considered during the development of the SGISC. 

The following definitions were agreed, 

• criterion is a procedure, an algorithm or a formula used for judgement on 

likelihood of failure; 
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• standard is a boundary separating acceptable and unacceptable likelihood of 

failure; and 

• rule (or regulation) is a specification of a relationship between a standard and a 

value produced by a criterion. 

Therefore, SGISC are tools to judge the likelihood of intact stability failures, where an 

intact stability failure is a state of inability of a ship to remain within design limits of roll (heel, 

list) angle and combination of rigid body accelerations. However, two types of intact stability 

failures are distinguished, 

• Total stability failure, or capsizing, results in total loss of a ship's operability with 

likely loss of lives. Capsizing is formally defined as a transition from a stable 

nearly upright equilibrium that is considered safe, or from oscillatory motions 

near such equilibrium, to another stable equilibrium that is intrinsically unsafe (or 

could be considered unacceptable from a practical point of view). 

• Partial stability failure is an event that includes the occurrence of very large roll 

(heel, list) angles and/or excessive rigid body accelerations, which will not result 

in loss of the ship, but which impairs normal operation of the ship and could be 

dangerous to crew, passengers, cargo or ship equipment. Three subtypes of partial 

stability failure are intended to be included in the development: 

o heel/list exceeding a prescribed limit; 

o roll angles exceeding a prescribed limit; and 

o combination of lateral and vertical accelerations exceeding prescribed 

limits. 
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In addition, in order to clearly define the kind of criteria the group was after, it was 

defined the different criteria types distinguishing the criteria on the basis of how they judge 

stability failure – that is, whether they judge on stability failure directly (performance-based) or 

indirectly (empirical), and how the environment is described: 

• probabilistic performance-based criterion is a criterion based on a model of a 

stability failure considered as a random event; 

• deterministic performance-based criterion is a criterion based on a model of a 

stability failure considered in a deterministic manner (for example, present 

weather criterion contained in paragraph 2.3 of the 2008 IS Code, part A, is a 

performance-based criterion, although based on a simplified physical modelling); 

• probabilistic parametric criterion is a criterion based on a measure of a quantity 

related to a phenomenon, but does not contain a model of the phenomenon, and 

includes one or more stochastic values for this criterion (for example, the new 

probabilistic damage stability criterion contained in resolution MSC.216(82)); and 

• deterministic parametric criterion is a criterion based on a measure of a quantity 

related to a phenomenon, but does not contain a model of the phenomenon, while 

all the input values are deterministic (for example, the GZ curve criterion 

contained in section 2.2 of the 2008 IS Code, part A). 

It was also agreed that deterministic criteria, both parametric and performance-based, and 

probabilistic parametric criteria do not provide a likelihood of failure directly. Therefore, it may 

be necessary to evaluate the associated safety level by assessment with probabilistic 

performance-based criteria or application of another appropriate procedure. It should be noted 
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that safety level (level of safety from stability failure) may be different for different stability 

failures. 

The second generation intact stability criteria will establish minimum requirements for 

ship design, applicable to unconventional types of ships and major dynamic modes of stability 

failures. Distinction between conventional and unconventional ships is to be determined with 

vulnerability criteria. 

The major dynamic modes, as listed in section 1.2 of the 2008 IS Code, part A, should address: 

• restoring arm variation problems such as parametric excitation and pure loss of stability; 

• stability under dead ship condition defined by SOLAS regulation II-1/3-8; 

• manoeuvring-related problems in waves such as broaching-to; and 

• problems connected with excessive accelerations. 

The second generation intact stability criteria are to be considered, for the time being, as 

a complement to the existing criteria. 

It is also the intention of this framework to establish requirements for ship-specific 

operational guidance to complement the second generation intact criteria as an integral part of 

the 2008 IS Code. 

Existing intact stability regulations provide deterministic criteria associated with physical 

typologies and sizes of ships operated in the 1960s. Ships that have typologies or sizes outside 

the scope of those for which the existing regulations were developed, as well as some ships that 

fully satisfy the 2008 IS Code, may be susceptible to different modes of stability failures. 

Vulnerability criteria would check for this susceptibility and should be based on 

simplified models, simple mathematical formulations, analytical solutions or statistical data. 
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Vulnerability criteria can be probabilistic or deterministic in nature. These criteria will likely 

require separate development for different failure modes. If a ship, judging from the relevant 

vulnerability criterion, is susceptible to a stability failure neither explicitly nor properly covered 

by the existing intact stability regulations, it is regarded as an "unconventional ship" for this 

particular stability failure within this framework. 

Ships that pass a vulnerability test would be considered safe with respect to the particular 

mode of stability failure for which it was developed. Therefore, these criteria should reflect a 

conservative envelope of the ship performance when a minimum of technical and operational 

data is available. 

Parametric stability criteria are expressed in simple mathematical form and are intended 

to reproduce the prescribed safety level associated with a dynamic mode of stability failure. 

Parametric criteria are intended to be easy to use. They may be derived from the results of the 

direct safety assessment procedures for a sufficiently large set of ships, using regression, 

discriminate analysis, or similar methods. They also may be defined using parameters effectively 

related with the stability failures. Caution should be exercised when employing parametric 

criteria based on empirical data, in order not to exceed the range of applicability. 

Performance-based criteria provide physically robust solutions and can use procedures 

including model tests, numerical simulations and analytical solutions, as well as a combination 

of these methods. Probabilistic performance-based criteria can be expressed in the form of 

probability of failures during a specified time or as an average rate of failures. Deterministic 

performance-based criteria result in a binary output for the stability failure, e.g., capsizing or 

non-capsizing. To quantify the safety level demonstrated by a ship, as well as to compare it with 
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the prescribed level of safety, a corresponding direct stability assessment is required. For 

probabilistic performance-based criteria development, the following issues need to be considered. 

• Time dependence – For probabilistic performance-based criteria, the dependence 

of the probability of a stability failure on the exposure time requires consideration. 

One possible solution would be to use the rate of failures, which eliminates the 

need of fixing a reference time. 

• Problem of rarity – The problem of rarity arises when the average time before a 

stability failure may occur is very long in comparison with the natural roll period 

that serves as a main time-scale for the roll motion process. As stability failures 

are rare for cases for which the application of probabilistic performance-based 

criteria may be required, the need for obtaining estimates of the rate of stability 

failures means performing many time-domain numerical simulations or model 

tests for long durations. To mitigate this problem, several possible solutions have 

been considered, including but not limited to: 

o using theoretical distributions of extreme values for large roll angles; 

o extrapolation of the rate of stability failure over significant wave height; 

o methods using the Blume criterion; 

o the split-time method uses separation of the entire problem of evaluation 

of probability of stability failure into one "rare" and one (or several) "non-

rare" problems. Separate numerical simulations and/or analytical solutions 

are used for each problem. Solutions are combined with the up-crossing 

problem; and 

o method of wave groups. 
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It  was  agreed in 2008 (IMO - SLF 52/3, 2009) that  the  state  of  the  art  is  not mature 

for the application of a formal safety assessment approach and that a subdivision of the criteria in 

three layers would be more appropriate to try to reduce the application of the highest level,  in  

view  of  their  expected  greater  complexity,  only  when  really  necessary.   To  this  end,  a 

three-layer structure was identified as the most appropriate, the first two levels corresponding to 

vulnerability criteria and the third one to the performance-based criteria.  The formulation of the 

different criteria should be such that only the failure to pass one level justifies the application of 

the subsequent level.  

 The two layers belonging to the vulnerability criteria of increasing complexity could be 

possibly connected with the parametric criteria.  The performance-based criteria should address 

both the partial and total stability failure for all the identified failure modes by means of a direct 

assessment. 

IMO (IMO - SLF 52 / WP 1, 2010) also agreed that the vulnerability criteria levels 1 and 

2 will be developed with the purpose of assessing stability failures not adequately covered by 

existing criteria, and also providing justification for the application of direct stability assessment. 

Since the direct stability assessment has a higher level of complexity, it is expected to be applied 

only to ships deemed non-vulnerable for a particular failure mode (as determined by the 

vulnerability criteria level 2). The standard for the vulnerability criteria level 2 will be chosen to 

provide sufficient justification for the application of direct stability assessment. Its application 

has to be well justified; additionally, the method should be transparent and the tools readily 

available. 

After SLF 52, the structure shown in Figure 34 was being considered (IMO - SLF 53 / 

WP 4, 2011). It was also agreed that new generation criteria should be implemented into part A 
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of the IS Code as mandatory criteria, when appropriate verification and validation is done and 

sufficient experience is gained. Therefore, it will be initially considered as recommended criteria 

in part B of the 2008 IS Code (IMO - SLF 53 / WP 4, 2011). 

 

 

Figure 34 - Structure of Second Generation Intact Stability Criteria (IMO - SLF 53 / WP 4, 2011) 

 

IMO agreed to standard format, as proposed by Germany (IMO - SLF 54/3/7, 2011) 

including a developed example, for the vulnerability criteria to improve their understanding and 

transparency by developing application procedures (IMO - SLF 54 / 17, 2012). 

During SLF 54 (2012), it was discussed in IMO the possible benefit of providing the 

additional option for the application of countermeasures that could be taken if, on one hand, the 
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vulnerability criteria are not satisfied and, on the other hand, progressing to a higher level is not 

practical. However, it was decided not to commit to this option at that stage because it 

considered such decisions premature at this current stage of the criteria development (IMO - SLF 

54 / 17, 2012; IMO SLF 54 / WP 3, 2012). 

Draft vulnerability criteria of levels 1 and 2 for the failure mode parametric roll were 

agreed at SLF55 (2013), which will be fully detailed in following chapters, including the 

selection of a wave environment for the application criteria as contained in the tables shown in 

5.4.1 and 5.4.2 (SLF 55 / WP 3, 2013). However, they were later amended with minor 

modifications by SDC2 (IMO - SDC 2 WP4, 2015). 

In 2015, it was agreed by SDC2 to develop explanatory notes regarding the application of 

the criteria, in order to ensure uniform implementation and correct interpretation of the 

information provided. This concerns, in particular, the development of adequate provisions and 

guidelines for presentation and preparation of the stability information given by the second 

generation intact stability criteria (IMO - SDC 2 WP4, 2015). This will take into account at least 

the following: 

• the explanation of the physical phenomena addressed in the second generation 

intact stability criteria; 

• the physics and associated mathematical models which are forming the basis for 

each criterion; 

• an overview about all data needed for the calculations; 

• a description about all possible results (e.g. limiting curve upper/lower) and its 

interpretation; 

• the provision of worked examples; and 
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• possible countermeasures if the requirements of a criterion cannot be complied 

with. 

Draft Explanatory Notes for Parametric Roll Resonance phenomena are included in the 

draft Report of the Correspondence Group about to be submitted to SDC3 (IMO - SDC 3 INF. X, 

2015; IMO - SDC 3/6/X, 2015). 

In accordance with the latest approved plan of action shown in Figure 35, the SGISC 

completion will be accomplished by 2019 (IMO - SDC 2 WP4, 2015). 

 

 

Figure 35 - Further Steps with regards SGISC (IMO - SDC 2 WP4, 2015) 

  



75 
 
 

5.4.1. Level 1 Vulnerability Criteria  

The Level 1 vulnerability criteria is based on the ratio between variations of amplitude of 

the GM when a longitudinal wave passes a ship, and, the GM of loading conditions in calm 

water. As discussed in previous chapters, this parametric excitation shall be greater than the 

threshold, which mainly depends on the roll damping. 

Variations of the GM amplitude can be evaluated with two different methods, 

• By considering half the difference between the moment of inertia of the water 

plane calculated at the draughts corresponding to the height of the wave crest and 

the wave trough. 

• By calculating it as half the difference between the maximum and minimum 

values of the GM calculated, assuming a ship to be balanced on a series of waves 

with the wavelength equal to ship length and prescribed wave height, with the 

wave crest centred at the longitudinal centre of gravity and at each 0.1L forward 

and aft from the longitudinal centre of gravity. 

Wave height to be considered in the above evaluation is described in the methodology. 

Full description of the vulnerability criteria including relevant explanatory notes are transcribed 

below from the latest IMO working papers (IMO - SDC 2 WP4, 2015; IMO - SDC 3 INF. X, 

2015; IMO - SDC 3/6/X, 2015). It should be noted than IMO references are included in brackets 

and italic for easy reference and to maintain the original paragraph cross references. 

 

Level 1 Vulnerability Criteria for Parametric Rolling (IMO - SDC 2 WP4, 2015)  

(2.11.2.1) A ship is considered not to be vulnerable to the parametric rolling stability 

failure mode if 
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GM1∆  ≤ PRR  

Where,   

  PRR  = 1.87, if the ship has a sharp bilge; and, otherwise, 
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GM1 = metacentric height of the loading condition in calm water including 

free surface correction (m); 

∆GMC = the amplitude of the variation of the metacentric height (m) 

calculated as either, 

• a longitudinal wave passes the ship calculated as provided in 2.11.2.3; 

or 

• provided in 2.11.2.2. 

Cm = midship section coefficient of the fully loaded condition in calm 

water; 

Ak = total overall projected area of the bilge keels (no other appendages) 

(m2); 

 L = Length of the ship (m) as defined in in the Code; and 
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 B = moulded breadth of the ship (m). 

 

(2.11.2.2) As provided by 2.11.2.1, ∆GM1 may be determined according to: 

 ∆GM = 
V

II LH

2
−  ,    only if 0.1

)(
≥

−
−

dDA
VV

W

D , 

Where, 

 D = moulded depth at side to the weather deck (m); 

 VD = volume of displacement at a waterline equal to D and at zero trim 

(m3); 

 V = volume of displacement corresponding to the loading condition  

   under consideration (m3); 

 AW = waterplane area at the draft equal to d (m2); 

 d = draft amidships corresponding to the loading condition under  

   consideration (m); 

 Hdδ   = )
2

,( WSLdDMin ⋅
−  (m); 

 Ldδ  = )
2

,25.0( W
full

SLddMin ⋅
− (m), 

and fulldd 25.0− should not be taken less than zero; 

 Hd   = Hdd δ+  (m); 

 Ld   = Ldd δ−  (m); 

 SW = 0.0167; 

 L = length as defined in 2.11.2.1 (m); 
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 IH = moment of inertia of the waterplane at the draft dH and at zero trim 

(m4); 

IL = moment of inertia of the waterplane at the draft dL and at zero trim 

(m4); 

 dfull = draft corresponding to the fully loaded departure condition (m). 

 

(2.11.2.3) As provided by 2.11.2.1, ∆GM1 may be determined as one-half the 

difference between the maximum and minimum values of the metacentric height calculated for 

the ship, including free surface correction, corresponding to the loading condition under 

consideration, considering the ship to be balanced in sinkage and trim on a series of waves with 

the following characteristics: 

• wavelength L=λ ; 

• wave height WSLh ⋅= , where SW =  0.0167; and 

• the wave crest centered at amidships, and at 0.1L, 0.2L, 0.3L, 0.4L, and 0.5L 

forward and 0.1L, 0.2L, 0.3L, and 0.4L aft thereof. 

 

5.4.2. Level 2 Vulnerability Criteria 

The Level 2 vulnerability criteria consist of two stages. Evaluation of the first stage 

employs the calculation of the ratio of GMs from the first level of vulnerability, but uses a 

statistical average of the results from multiple wavelengths and wave heights in the computations 

instead of using a single wavelength and single wave height. The ratio in the first stage of 
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second-level vulnerability also assumes the ship to be balanced on a set of waves defined in 

terms of prescribed wavelengths and wave heights. 

In the second stage of the second-level of vulnerability criteria, a weighted average-roll 

amplitude in head and following seas is also evaluated. Roll response is calculated using the 

equation for uncoupled roll motion while accounting for the influence of pitch and heave quasi-

statically. A range of speeds is considered and the environment is described by a specified set of 

waves. Grim’s effective wave height is calculated for all possible significant wave heights, and 

for zero-crossing wave periods appearing in the wave-scatter diagram of the North Atlantic, with 

wavelength equal to ship length. With this procedure the roll amplitude for all possible short-

term sea states in the North Atlantic is obtained. The probability of encountering critical sea 

states where the roll amplitude is greater than the critical angle can be calculated and compared 

with the required standard (Umeda, 2013). 

Full description of the vulnerability criteria including relevant explanatory notes are 

transcribed below from the latest IMO working papers (IMO - SDC 2 WP4, 2015; IMO - SDC 3 

INF. X, 2015; IMO - SDC 3/6/X, 2015). It should be noted than IMO references are included in 

brackets and italic for easy reference and to maintain the original paragraph cross references. 

 

Level 2 Vulnerability Criteria for Parametric Rolling (IMO - SDC 2 WP4, 2015)  

(2.11.3.1) A ship is considered not to be vulnerable to the parametric rolling stability 

failure mode if RPRO is greater than either, 

.1 the value of C1 calculated according to paragraph 2.11.3.2; or  

.2 the value of C2 calculated according to paragraph 2.11.3.3, 

Where, 
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 0PRR   = 0.06 

 

(2.11.3.2) The value for C1 is calculated as a weighted average from a set of waves 

specified in 2.11.3.2.3.  

 1C  = ∑
=

N

i
iiCW

1

 

Where,  

iW  = the weighting factor for the respective wave specified in 

2.11.3.2.3;  

iC  = 0,  if the requirements of either the variation of GM in waves  

contained in 2.11.3.2.1 or the ship speed in waves contained in 2.11.3.2.2 

is satisfied; and 

  = 1,  if not; 

 N = the number of wave cases evaluated of those specified in 2.11.3.2.3. 

 

(2.11.3.2.1) The requirement for the variation of GM in waves is satisfied if, for each 

wave specified in 2.11.3.2.3: 
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λ , 

 

Where,  
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PRR   = as defined in 2.11.2.1;  

∆GM(Hi, λi) = one-half the difference between the maximum and minimum 

values of the metacentric height calculated for the ship (m), corresponding 

to the loading condition under consideration, considering the ship to be 

balanced in sinkage and trim on a series of waves characterised by a Hi, 

and a λi ; 

GM(Hi, λi) = the average value of the metacentric height calculated for the ship 

(m), corresponding to the loading condition under consideration, 

considering the ship to be balanced in sinkage and trim on a series of 

waves characterized by a Hi, and a λi; 

Hi  = a wave height specified in 2.11.3.2.3 (m); and 

λi  = a wave length specified in 2.11.3.2.3 (m). 

 

The requirement for the ship speed in waves is satisfied if, for a wave specified in 

2.11.3.2.3: 

 

siPR VV >  

 

Where,  

 VS = the service speed (m/s); and  

 VPRi = the reference ship speed (m/s) corresponding to parametric 

resonance conditions, when GM(Hi, λi)>0: 
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 Tφ = the roll natural period in calm water (s);  

 GM = the metacentric height in calm water (m);  

GM(Hi, λi) = as defined in 2.11.3.2.1 (m); 

 λi = a wave length specified in 2.11.3.2.3 (m);   

 g = gravitational acceleration of 9.81 m/s2; and 

 | |  = the absolute value operation/operand. 

 

(2.11.3.2.3) The specified wave cases for evaluation of the requirements contained in 

2.11.3.2.1 and 2.11.3.2.2 are presented in Table 2.11.3.2.3.  In Table 2.11.3.2.3, Wi, Hi, λi are as 

defined in 2.11.3.2 and 2.11.3.2.1. 

 

Table 2.11.3.2.3 Wave cases 

Wave 

case 

number 

Weight 

iW  

Wave 

length 

iλ  (m) 

Wave height 

iH  (m) 

1 0.000013 22.574 0.350 

2 0.001654 37.316 0.495 

3 0.020912 55.743 0.857 

4 0.092799 77.857 1.295 

5 0.199218 103.655 1.732 

6 0.248788 133.139 2.205 

7 0.208699 166.309 2.697 
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8 0.128984 203.164 3.176 

9 0.062446 243.705 3.625 

10 0.024790 287.931 4.040 

11 0.008367 335.843 4.421 

12 0.002473 387.440 4.769 

13 0.000658 442.723 5.097 

14 0.000158 501.691 5.370 

15 0.000034 564.345 5.621 

16 0.000007 630.684 5.950 

 

 

(2.11.3.2.4) In the calculation of ∆GM(Hi, λi) and GM(Hi, λi) in paragraph 2.11.3.2.1, 

the ship centre should be located at a wave crest, and at 0.1 λi, 0.2 λi, 0.3 λi, 0.4 λi, and 0.5 λi 

forward and 0.1 λi, 0.2 λi, 0.3 λi, and 0.4 λi aft thereof. 

 

(2.11.3.3) The value of C2 is calculated as an average of values of C2(Fni), each of 

which is a weighted average from the set of waves specified in 2.11.3.4.2, for each set of Froude 

numbers and wave directions specified:  

 2C  = ( ) ( ) 7/2)0(22
3

1

3

1








++ ∑∑

== i
ifh

i
ih FnCCFnC  

Where, 

C2h(Fni) = calculated as specified in 2.11.3.3.1 with the ship 

proceeding in head waves with a speed equal to Vi; 
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C2f(Fni) = calculated as specified in 2.11.3.3.1 with the ship 

proceeding in following waves with a speed equal to Vi; 

Fni = Froude number corresponding to ship speed, Vi; 

Vi = Vs Ki, means the ship speed (m/s); 

 VS = ship service speed (m/s); 

 g = gravitational acceleration of 9.81 m/s2;  

 Ki = as obtained from Table 2.11.3.3; and 

 L = Length as defined in 2.11.2.1 (m). 

 

 

Table 2.11.3.3 – Corresponding encounter speed factor, Ki 

i Ki 

1 1.0 

2 0.866 

3 0.50 

 

 

(2.11.3.3.1) The value of C2(Fn,β) is calculated as a weighted average from the set of 

waves specified in 2.11.3.4.2 for a given Froude number and wave direction. 

 ( )FnC h2  = ∑
=

N

i
iiCW

1

 

( )FnC f2  = ∑
=

N

i
iiCW

1
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Where, 

iW  = the weighting factor for the respective wave cases specified in 

2.11.3.4.2;  

iC  = 1, if the maximum roll angle evaluated according to 2.11.3.4 

exceeds 25 degrees, and 

  = 0, otherwise; 

N = total number of wave cases for which the maximum roll angle is 

evaluated for a combination of speed and ship heading. 

 

(2.11.3.4) The maximum roll amplitude in head and following waves is evaluated as 

recommended in 2.11.3.4.1 for each speed, Vi, defined in 2.11.3.3.   For each evaluation, the 

calculation of stability in waves should assume the ship to be balanced in sinkage and trim on a 

series of waves with the following characteristics: 

• wavelength, L=λ ; 

• wave height, 0,1,...,10j   where,01.0 =⋅= jLhj . 

For each wave height, hj, the maximum roll amplitude is evaluated.  For each wave 

height for which Cj = 1 by the standard given in 2.11.3.3.1, the representative wave height, Hri 

and associated Wi are determined according to the procedure given in 2.11.3.4.2.  

 

(2.11.3.4.1) The evaluation of the maximum roll amplitude should be calculated using 

a method in accordance with the guidelines. 
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(2.11.3.4.2) Wi is obtained from Table 2.11.3.4.2 or an equivalent table of wave data 

satisfactory to the Administration. Each cell of the Table corresponds to an average zero up-

crossing wave period, Tz, and a significant wave height, Hs and is associated with a 

representative wave height, Hr, should be calculated using the procedure. The maximum roll 

amplitude, corresponding to the representative wave height, Hr, is obtained by linear 

interpolation of the maximum roll amplitudes for wave heights, hj, obtained in 2.11.3.4.1. This 

maximum roll angle should be used for evaluation of Ci given in 2.11.3.3.1. 

 

 

Table 2.11.3.4.2 - Wave case occurrences 

 Tz (s) = average zero up-crossing wave period 

Hs 

(m) 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 16.5 17.5 18.5 

0.5 1.3 133.7 865.6 1186.0 634.2 186.3 36.9 5.6 0.7 0.1 0.0 0.0 0.0 0.0 0.0 0.0 

1.5 0.0 29.3 986.0 4976.0 7738.0 5569.7 2375.7 703.5 160.7 30.5 5.1 0.8 0.1 0.0 0.0 0.0 

2.5 0.0 2.2 197.5 2158.8 6230.0 7449.5 4860.4 2066.0 644.5 160.2 33.7 6.3 1.1 0.2 0.0 0.0 

3.5 0.0 0.2 34.9 695.5 3226.5 5675.0 5099.1 2838.0 1114.1 337.7 84.3 18.2 3.5 0.6 0.1 0.0 

4.5 0.0 0.0 6.0 196.1 1354.3 3288.5 3857.5 2685.5 1275.2 455.1 130.9 31.9 6.9 1.3 0.2 0.0 

5.5 0.0 0.0 1.0 51.0 498.4 1602.9 2372.7 2008.3 1126.0 463.6 150.9 41.0 9.7 2.1 0.4 0.1 

6.5 0.0 0.0 0.2 12.6 167.0 690.3 1257.9 1268.6 825.9 386.8 140.8 42.2 10.9 2.5 0.5 0.1 

7.5 0.0 0.0 0.0 3.0 52.1 270.1 594.4 703.2 524.9 276.7 111.7 36.7 10.2 2.5 0.6 0.1 

8.5 0.0 0.0 0.0 0.7 15.4 97.9 255.9 350.6 296.9 174.6 77.6 27.7 8.4 2.2 0.5 0.1 

9.5 0.0 0.0 0.0 0.2 4.3 33.2 101.9 159.9 152.2 99.2 48.3 18.7 6.1 1.7 0.4 0.1 

10.5 0.0 0.0 0.0 0.0 1.2 10.7 37.9 67.5 71.7 51.5 27.3 11.4 4.0 1.2 0.3 0.1 

11.5 0.0 0.0 0.0 0.0 0.3 3.3 13.3 26.6 31.4 24.7 14.2 6.4 2.4 0.7 0.2 0.1 

12.5 0.0 0.0 0.0 0.0 0.1 1.0 4.4 9.9 12.8 11.0 6.8 3.3 1.3 0.4 0.1 0.0 

13.5 0.0 0.0 0.0 0.0 0.0 0.3 1.4 3.5 5.0 4.6 3.1 1.6 0.7 0.2 0.1 0.0 

14.5 0.0 0.0 0.0 0.0 0.0 0.1 0.4 1.2 1.8 1.8 1.3 0.7 0.3 0.1 0.0 0.0 

15.5 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.4 0.6 0.7 0.5 0.3 0.1 0.1 0.0 0.0 

16.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.2 0.2 0.1 0.1 0.0 0.0 0.0 
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5.4.3. Direct Assessment 

Direct assessment procedures for stability failure are intended to employ the most 

advanced state-of-the art technology available, yet be sufficiently practical so as to be uniformly 

applied, verified, validated, and approved using currently available infrastructure. 

The latest draft guidelines for direct stability assessment stability failure modes can be 

found in the IMO document SDC 1/INF. 8, annex 27 (IMO - SDC 1 INF. 8, 2013). This draft 

was almost agreed but some undecided elements, such as the quantitative requirements and the 

use of calm-water manoeuvring tests, still exist.  

The procedure for direct stability assessment consists of two major components: 

• Requirements for a method that adequately replicates ship motions in waves 

• A prescribed actual procedure that identifies the process by which input values are 

obtained for the assessment, how the output values are processed, and how the 

results are evaluated. 

The implementation of a direct stability assessment procedure requires special attention 

and planning in order not to overextend existing resources of the compliance verifiers (i.e. 

Administrations and their recognized organizations) as well as the compliance demonstrators (i.e. 

ship designers and owners). 

Ship motions in waves, used for judgment on stability performance, can be replicated by 

the means of numerical simulations or model tests. The choice between numerical simulations, 

model tests, or their combination must be made on a case-by-case basis by the Administration 

that may rely on guidelines developed as a part of the second generation intact stability criteria 

development agenda item, which has not been started at the time of writing this Thesis. 
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The procedures, calibrations, and proper application of technology involved in the 

conduct of model tests that will produce reliable data is well established and is documented as 

the "Recommended Procedures, Model Tests on Intact Stability, 7.5-02-07-04.1" (ITTC, 2008). 

Therefore, IMO procedure focuses on requirements for numerical simulations that adequately 

replicate ship motions. 

The suitability of different computational methods for determining hydrodynamic forces 

(i.e. strip-theory, 3-D potential flow, computational fluid dynamics (CFD), etc.) is not 

specifically addressed by the procedure. However, some general and phenomena specific 

requirements are mentioned. With regards numerical simulation of parametric roll, the following 

can be summarised, 

• Because of the current state-of-the art of computational hydrodynamics, the 

mathematical model of waves may be based on the theory of small waves (Airy 

waves). However, despite the desirability of using a nonlinear wave model for this 

purpose, the computational methods for this use need to be mature in order to be 

sufficient for regulatory application. 

• Modelling of irregular wave must be statistically and hydrodynamically valid If 

Fourier series are used for the mathematical duplication of irregular waves, 

caution should be exercised to avoid a self-repetition effect. 

• The ship motion simulations should include at least three degrees of freedom: 

heave, roll and pitch (based on experience with container carriers – other ships 

may require additional account for yaw and sway). 

• The Froude-Krylov and hydrostatic forces should be calculated using body-exact 

formulations, which should include panel and strip-theory approaches. 
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• Radiation and diffraction forces should be represented in one of three ways: one is 

to use approximate coefficients and the other two involve either a body linear 

formulation or a body-exact solution of the appropriate boundary-value problem. 

• Care should be taken on modelling roll damping in order to avoid including these 

effects more than once. Roll damping forces must include wave, vortex (i.e. 

eddying) and skin friction components. The preferred source of the data to be 

used for the calibration of roll damping is a roll decay / forced roll test. CFD 

results may be substituted for this only after sufficient agreement with 

experimental results in terms of roll damping is demonstrated. 

• The capability to reproduce statistically valid long-crested irregular waves must 

be present. Irregular waves must be represented in a form of an ensemble of a 

required number of independent records of specified duration. 

Finally, the most difficult challenge to define a validation/verification process is tackled. 

It defines validation as the process of determining the degree to which a numerical simulation is 

an accurate representation of the real physical world from the perspective of the intended uses of 

the model or simulation. 

As different physical phenomena are responsible for different modes of stability failure, 

the validation of software for the numerical simulation of ship motions is failure-mode specific. 

The process of validation should be performed in two phases: one qualitative and the 

other quantitative. 

• In the qualitative phase, the objective is to demonstrate that the software is 

capable of duplicating the relevant physics. The objective of the quantitative 
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phase is to determine the degree to which the software is capable of duplicating 

the phenomenon.  

• The results of a model test carried out in accordance with ITTC guidelines should 

be recognized as the "correct" values. The second objective is to judge if the 

observed difference between simulations and model tests is small enough for 

direct stability assessment to be performed for the considered modes of failure. 

The procedure includes objectives/goals and acceptance criteria for both validations 

above. 

 

 Design Aspects Considerations 5.5.

Having reviewed physical phenomena, the accidents included in paragraph 3.7 and all the 

design criteria studied in chapter 5, it is the aim of this chapter to review different design 

parameters which will have an influence on developing this kind of phenomena, as well as the 

impact of possible design measures/features. 

As discussed recurrently in many part of this thesis and shown graphically in the Ince-

Strut diagram (Figure 8 in page 14), the following three main parameters are required for 

parametric roll to develop, 

• Large relative variation of stability, which can be caused by a combination of: 

o Hull form with large flare around the water line 

o Large breadth/draught ratio 

o Flat transom 

o Low loading condition initial stability 
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o Waves lengths close to the ship length, (most critical at 80% L but at least 

in the 50-150% L range) 

o Large wave amplitude/height 

• Resonance between stability variation and ship’s natural period of roll requiring: 

o a wave encounter period half (or less critical, equal to) the roll period, 

o regularity in waves so that resonant periods are kept for a sufficient 

number of cycles 

• Low hydrodynamic roll damping, which is generally the case for most ships, but 

typically exaggerated by, 

o Slender hull with large bilge radius 

o Small or no bilge keels/skegs 

o Low speed 

The risk of a severe outcome from parametric roll is the combined effect from these three 

conditions; if resonance is perfect and damping low there need not be a very large variation in 

stability and if the variation is large, there need not be perfect resonance. This is perfectly 

reflected by the Ince-Strut diagram. 

In addition, the following design and equipment features may have a big influence in 

controlling parametric roll resonance development. 

• Hull design – by reducing the large flare around the water line, reducing the 

breadth/draught ratio, avoiding a flat transom or reducing the bilge radius. However, 

these features are usually required to achieved important design requirements (cargo 

area, speed, draught limitations,…) and may need to be controlled/compensated by 

some other features below. 
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• Appendages design – by increasing the bilge keel and skeg area to increase roll 

damping. This may include stabilising fins being fitted. However, it should be 

considered the efficiency dependence with speed which can be jeopardised if the 

vessel losses power as it has happened in some of the accidents studied in paragraph 

3.7. 

• U-tank - by increasing damping through the use of passive and active anti-rolling 

tanks. 

• Heavy Weather Tank – by increasing the initial stability (GM), the relative variation 

of stability is automatically reduced. 

• Rudder and speed control is also being proposed to avoid or getting out of a 

parametric roll situation. 

Some of the above aspects have a close connection to the operation of the ship. 

Operational guidance to master will be discussed in the following chapter which will also 

address the relationship with the wave amplitude and direction also mentioned above as critical 

factor for parametric roll development. 
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6. PARAMETRIC ROLL RESONANCE OPERATIONAL SUPPORT 

On this Chapter, we will review the different alternatives we have to provide 

guidance/support to the master in parametric roll scenarios. In particular, we will review the 

existing international regulations and the ongoing development on these matters, where the 

Author has been involved. 

 

 IMO Ship Independent Guidance. MSC Circ. 707 Review 6.1.

As mentioned in the Code (IMO - A749(18), 1993), compliance with the stability criteria 

does not ensure immunity against capsizing, regardless of the circumstances, or absolve the 

master from his responsibilities. Masters should therefore exercise prudence and good 

seamanship having regard to the season of the year, weather forecasts and the navigational zone 

and should take the appropriate action as to speed and course warranted by the prevailing 

circumstances. In order to support the master in his duties, IMO developed in 1995 the 

“Guidance to the master for avoiding dangerous situation in following and quartering seas” 

(IMO - MSC Circ 707, 1995) with a view to providing masters with a basis for decision making 

on ship handling in following and quartering seas, thus assisting them to avoid dangerous 

phenomena that they may encounter in such circumstances. 

The guidance aims at giving seafarers caution on dangerous phenomena that they may 

encounter during navigation in following and quartering seas, and providing the basis for a 

decision on ship handling in order to avoid such dangerous situations. It provides advice on safe 

and unsafe combinations of ship speed and course relative to waves, in a simplified form of a 

polar diagram. The diagram does not take into account the actual stability and the dynamic 

characteristics of an individual ship, but provides a general unified boundary of safe and unsafe 
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combination of the operational parameters for all types of conventional ships covered by IMO 

instruments. 

Curing the Intact Stability Code Short Term Review, IMO carried out the MSC Circ. 707 

review with the following aims, 

• Update the contents with the latest development on the matter (the main issue was 

to include parametric roll resonance on head seas) 

• Improve the clarity on the guidance and make it more user friendly as the 

feedback from master was not great. 

Spain, with the Author as Technical Advisor, has been deeply collaboration with 

Australia on this matter as it is documented on the paper “La estabilidad de buques en la 

organización marítima internacional y la contribución de España” (de Juana Gamo et al., 2006). 

These delegations issued two documents that tackle the above issues, 

• SLF48/4/4. (2005). Review of MSC/Circ.707 to include parametric rolling in head 

seas (Spain and Australia).  

• SLF49/5/14. (2006). Comments on the review of MSC/Circ.707 (Spain and 

Australia). 

The paper submitted to SLF48 (2005) was the first revised circular draft which tackle 

most of the shortcomings. The paper is attached in full for further reference in the Annex I (IMO 

- SLF 48/4/4, 2005). The following should be highlighted, 

• It included parametric roll resonance in head seas, which was the main aim of the 

review. 

• Change the sign criteria based on feedback from experienced mariners to verify 

its credibility for its master mariner users. Through this process it was established 
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that use of the ITTC standard definition of heading (zero/360° for following seas, 

increasing clockwise) would be confusing to many mariners, therefore the more 

normal mariner’s definition of zero/360° for head seas (increasing clockwise) was 

proposed. This can be shown in Figure 36 and Figure 37. 

 

Figure 36 - Definition of Heading Angle [SLF 48/4/4] 
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Figure 37 - Definition of Encounter Angle [MSC Circ. 707] 

• Include worked examples as annexes to facilitate Master familiarisation with the 

established guidance. 

• The guidance proposed remained ship independent, following MSC 707 

background and rationale. 

• Open a debate whether a new consolidated Circular shall be issued (avoid sign 

convention misunderstanding/confusion) or two separated annexes should be 

allowed (one for head seas and the other for following and quartering seas). 

After Spain/Australia submission, Germany presented a new consolidated draft proposal 

(SLF 48/4/8). Opposite to Author´s view, Germany considered that including worked examples 

could be misleading. 

Therefore, SLF48 concluded, 

• In response to the question raised by Spain/Australia, the revised Circular should 

be a unique document combining head, following and quartering seas. 
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• The revised circular should provide ship independent guidance in the same way as 

the previous Circular. This was aligned with Germany, Spain and Australia view. 

Many other proposals were submitted (SLF 47/6/12, SLF 48/4/14, SLF 48/4/16 y 

SLF 48/4/17) but none of them were taken into account as they were ship 

dependent guidance which was a significant different approach to MSC Circ. 707 

which was not the objective at that stage. 

• It was agreed to consider as draft guidance the consolidated Circular from 

Germany but considering the sign criteria from the submission from 

Spain/Australia. It shall be noted that no agreement to include work examples was 

found. 

During the intercessional period between SLF48 and SLF49, Japan showed further 

research to propose changes to the operational limits in the current guidance. These were agreed 

as follows, 

• Surf-riding risk area was maintained 





 > 8.1

L
V  but marginal area 







 >> 4.18.1

L
V was removed. This can be shown in Figure 38 and Figure 39. 
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Figure 38 - Risk of surf-riding in following or quartering seas [MSC Circ 1228] 

 

 

Figure 39 - Diagram indicating dangerous zone due to surf-riding [MSC Circ 707] 
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• As it can be seen by comparing Figure 40 and Figure 41, the dangerous zone was 

reduced from ( )28.0 >> T
V   to ( )23.1 >> T

V . 

 

Figure 40 - Diagram indicating dangerous zone of encountering to high wave group and relation between mean 
wave period and encounter wave period in following and quartering seas [MSC Circ. 707] 

  

• In order to get out of a parametric roll situation, it is not only applicbal to change 

heading but it can also be recommended to increase speed instead of reducing 

speed, which would have an impact reducing roll damping. 
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Figure 41 - Risk of successive high wave attack in following and quartering seas [MSC Circ. 1228] 

 

Other changes were agreed during the SLF49 session. The most interesting was to 

remove the formula to estimate the natural roll period used in other IMO instruments (like the IS 

Code) as it was considered not suitable/reliable for the purposes of this guidance. In addition, it 

is remarkable the proposed way to calculate the period of encounter TE by entering with the ship 

speed in knots, the encounter angle β and the wave period TW in Figure 42. 
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Figure 42 - Determination of the period of encounter TE [MSC Circ. 1228] 

 

Finally, Spain and Australia submitted another document (IMO - SLF 49/5/11, 2006) to 

SLF49 to further discussed some of the items already raised in the previous session. The most 

relevant aspects was to do with the worked examples which still was considered confusing by 

some Administrations like Germany and Italy. 

Based on the work discussed above, MSC 82 (2006), approved the Revised Guidance to 

the master for avoiding dangerous situations in adverse weather and sea conditions (IMO - Circ. 

1228, 2006), with a view to providing masters with a basis for decision making on ship handling 

in adverse weather and sea conditions, thus assisting them to avoid dangerous phenomena that 

they may encounter in such circumstances. This Revised Guidance supersedes the Guidance to 
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the master for avoiding dangerous situations in following and quartering seas (IMO - MSC Circ 

707, 1995).  

 

 IMO Ship Dependent Operational Guidance Based on SGISC 6.2.

As discussed in the previous paragraph, the Revised Guidance to the master for avoiding 

dangerous situations in adverse weather and sea conditions (IMO - Circ. 1228, 2006) provides 

guidance for the following phenomena but without ship specific data: 

• surf-riding and broaching; 

• reduction of stability when riding a wave crest amidships; 

• parametric rolling; and 

• synchronous rolling. 

It should be noted that this guidance to the master has been designed to accommodate for 

all types of merchant ships. Therefore, being of a general nature, the guidance may be too 

restrictive for certain ships with more favourable dynamic properties, or too generous for certain 

other ships. A ship could be unsafe even outside the dangerous zones defined in this guidance if 

the stability of the ship is insufficient. Masters are requested to use this guidance with fair 

observation of the particular features of the ship and her behaviour in heavy weather. To properly 

supplement the performance-based design criteria, guidance (preferably quantitative) should be 

provided for the phenomena to which the ship has shown to be vulnerable. This guidance should 

be obtained by using the same methods applied in developing the design criteria. 

Once ship-specific operational guidance is provided in accordance SGISC, its 

requirements should supersede the recommendations contained in MSC.1/Circ.1228. (IMO - 

SLF 54/3/1, 2011). 
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Although completion/agreement on this IMO agenda item is not expected until 2017 as 

shown in Figure 35, draft guidelines of operational limitation/guidance are available (IMO - SDC 

3 INF. X, 2015; IMO - SDC 3/6/X, 2015) and shown below. In this draft, the operational 

limitation should be developed using the results of level 2 criteria for the required failure modes. 

As a result, dangerous sea and operational states would be specified in a binary manner for pure 

loss of stability and parametric rolling. Regarding the operational guidance, the draft guidelines 

noted that it should be developed with the methodologies approved within the preliminary 

guidelines for direct stability assessment. 

 

General idea of operational limitation 

Since the operational limitation should be applied to ships judged as vulnerable to a 

failure mode with the relevant level 2 criteria, the final and intermediate calculated results for the 

level 2 criteria should be fully utilised for development of the operational limitation. Therefore, 

based on the level 2 calculation results, dangerous conditions for operation, given as the 

combination of significant wave height, average zero-crossing wave period, ship speed and 

loading condition, should be set for the relevant failure mode. Only measures for surf-riding are 

considered for surf-riding/broaching failure mode as the level 2 criterion is. If the ship fails to 

pass the level 2 check, the loading condition needs to be changed or operating efforts for 

avoiding the dangerous conditions are imposed. Here, wave direction to be avoided should be 

specified without the value of heading angle. Nevertheless, the operational limitation is still ship-

dependent while MSC.1/Circ.1228 is ship-independent. In case the operational limitation for a 

certain failure mode is provided for the ship master, the guidance in MSC.1/Circ. 1228 for the 

relevant failure mode is superseded by the operational limitation.  
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General idea of operational guidance 

Similarly, the operational guidance should be developed using the final and intermediate 

results of direct stability assessment. Based on methods for the direct stability assessment, 

dangerous conditions for operation, given as the combination of significant wave height, average 

zero-crossing wave period, ship speed, wave direction and loading condition, should be set for 

the relevant failure mode. Here, measures for broaching not for surf-riding are considered. If the 

ship fails to pass the direct stability assessment, the loading condition needs to be changed or 

operating efforts for avoiding the dangerous conditions are imposed. Here, the dangerous wave 

direction, to be avoided by ship handling, should be provided with the values of angles between 

ship heading and wave direction. 

 

Operational limitations for Parametric roll 

If the ship fails to pass the level 2 (as described in paragraph 5.4.2) check for possible 

loading conditions from at departure to at arrival, it is required to change the loading condition to 

that can pass the vulnerability checks. 

Alternatively, the dangerous conditions of significant wave height, average zero-crossing 

wave period and ship forward speed, determined by the calculation method of the second check 

of level 2 vulnerability criterion, should be avoided . The dangerous conditions defined here 

means that under which Ci in the paragraph 2.11.3.3.1 of the Part B of the Intact Stability Code 

is equal to 1.  

 

Operational guidance for each failure mode 



105 
 
 

Numerical methods for direct stability assessment, approved with the guidelines of direct 

stability assessment, should be used to determine the dangerous situations for each failure mode.  

 

Additional requirement for both operational limitation and guidance 

For monitoring wave condition on-board, the use of weather forecast and wave radar 

should be mentioned other than the methods specified in the MSC.1/Circ. 1228.  

Ship speed mentioned above should be regarded as the nominal speed, which is the ship 

speed with a certain propeller RPM in calm water, so that the propeller RPM could be directly 

commanded in operation. In other words, the ship speed mentioned here is neither instantaneous 

speed in waves nor mean speed in waves. 

The loading condition mentioned above is not only the draught, trim and metacentric 

height but also natural roll period (if it can be estimated under an actual situation). 

Specific wave statistics data approved by Administration can be used for the relevant 

operational water areas. 

For facilitating the use of the operational limitation and guidance on-board, the use of 

dangerous zone display and/or the use of automatic alert systems for some failure modes should 

be encouraged. 

 

 Other Systems for Operational Support 6.3.

The approach taken above so far is based on the ongoing IMO developments. However, 

as this phenomena is becoming critical in many scenarios, different administrations and Supplier 

are taking steps further for an overall solution for mitigating the risk involved in these risky 

vessel operators. Things like, 
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• Strategic Route Planning, so before the start of voyage, download forecast wind 

and wave conditions and simulate the intended route to predict ship motion and 

encounter periods and relative headings to sea and swells. This can be used in 

combination with this ship independent guidance or with Tactical Polar diagram 

defined for the specific ship. However, as reported in some of the accidents 

discussed, it is not always a reliable system. 

• Real-time Motion Monitoring with warnings and advice on possible actions for 

avoiding high risk situations. 

• Education and disseminating efforts have been made by Administrations and 

classification societies. However, this need to be strengthen to remove bad 

practices (for instance, the long standing heavy-weather maritime practice of 

sailing into head seas at reduce speed) and make Master aware of the issue (this is 

the case for the fishing vessel industry). 

This should also include regular procedures for following up and analyzing all 

events that may contribute to increased knowledge and awareness. 
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7. CONCLUSIONS AND FUTURE WORK 

The objective of this thesis is to study/review the parametric roll resonance phenomena 

on ships from all points of views (physical phenomena, mathematical modelling, accident 

investigation, design criteria, operational guidance/support to the master,…) in order to, 

• Get better understanding of the underlying issues and design parameters involved. 

• Identify and define models and tools to assist in the design and operation of ships 

avoiding these scenarios. 

• Validate tools with the data available. 

 

Accident Review 

Parametric Roll Resonance Phenomena was reviewed and different accidents were 

analysed where parametric resonance was the main issue. It is concluded that vessels with large 

B/T-ratio and with extensive bow flare and flat stern sections (or a combination of these) could 

be subject to this phenomena. This is the case for Containerships, Car Carriers, Ro-pax/passenger 

ships and certain fishing vessel design with flat stern. In addition, trimarans and pentamarans are 

considered vulnerable and careful considerations are required. 

With regards the damage reported, in most scenarios it was a partial stability failure with 

no personal damage but huge economical claims up to $100M in some cases. However, it is 

known and understood that these accelerations will always put life at sea in danger. 

Further work could be done in the future by adding more accidents into the current list. 

This could particularly relevant for trimarans and fishing vessels (if reported) ships. 

It should be noted that it is known that head sea parametric roll is rarely reported from 

real ship operations in heavy weather. One reason for this may be that roll motions in head seas 
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are mixed with heavy pitching and therefore are less notable as a separate phenomenon. Another 

reason may be that the potential hazard has not yet been sufficiently highlighted to the relevant 

Master. This is clearly the case for fishing vessel operators. Therefore, this is an area for 

Administration to tackle. 

 

Parametric Roll Resonance Modelling 

A non-linear mathematical model of the uncoupled roll motion is proposed by the Author. 

This model is based on a classic quadratic approximation of the damping momentum together 

with a time-varying restoring arm. This model is validated with real data taken from 

experimental results of the E.T.S.I. Navales Towing Tank on a trawler of two decks of 34.5 m. 

length for different cases of longitudinal waves. A very satisfactory correspondence, in terms of 

phase and amplitude, is found between the theoretical model presented and the real data on this 

particular case. This Author contribution was presented in the International Conference on 

Marine Research and Transportation (de Juana Gamo et al., 2005).  Same vessel was studied 

afterwards on the same phenomena for different purposes (González et al., 2012; González et al., 

2013) with similar good results. 

However, a state-of-the-art technology currently available is carried out and minimum 

requirements currently being discussed as part of the IMO SGISC are being reviewed concluding 

that the model used provided good results due to the simple excitation used (longitudinal waves 

only). The model will need to be further refined and developed if it is desired to use it for SGISC 

Direct assessment or SGISC Operational Guidance as described in paragraphs 5.3.2 and 6.2. It is 

noted the need to include at least three degrees of freedom (heave, roll and pitch) when doing the 

ship motion simulations. 
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Parametric Roll Resonance Design Criteria 

Current situation of these phenomena in the IS Code 2008 was discussed. All the existing 

design practices and the latest developments at IMO with regards SGISC were reviewed. In all 

cases, more or less simple vulnerability criteria are defined together with potentially required 

direct assessment or operational guidance (some of these may require model testing) which may 

impose limitations to the Master. This may require quite detailed calculation/assessment at the 

early stage of design in order to define properly the contract specification with regards 

compliance level (i.e. if it would require operational guidance/restrictions).  

In addition, it is noted that some coefficients can be calculated in more than one way. 

This may lead to inconsistencies and non-uniform application of the new criteria. From the 

author point of view, further development of the Explanatory Notes is needed to prevent these 

issues. 

It is also the opinion of the author that a clear guidance with regards direct assessment 

and operational guidance needs to be developed. In particular, it needs to be clarified how these 

aspects/levels will be used, applied and verified by Administrations. 

The following parameters are found critical for parametric resonance to develop (as 

discussed in 5.5), 

• Large relative variation of stability, which can be caused by a combination of: 

o Hull form with large flare around the water line 

o Large breadth/draught ratio 

o Flat transom 

o Low loading condition initial stability 
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o Waves lengths close to the ship length, (most critical at 80% L but at least 

in the 50-150% L range) 

o Large wave amplitude/height 

• Resonance between stability variation and ship’s natural period of roll requiring: 

o a wave encounter period half (or less critical, equal to) the roll period, 

o regularity in waves so that resonant periods are kept for a sufficient 

number of cycles 

• Low hydrodynamic roll damping, which is generally the case for most ships, but 

typically exaggerated by, 

o Slender hull with large bilge radius 

o Small or no bilge keels/skegs 

o Low speed 

The risk of a severe outcome from parametric roll is the combined effect from these three 

conditions; if resonance is perfect and damping low there need not be a very large variation in 

stability and if the variation is large, there need not be perfect resonance. This is perfectly 

reflected by the Ince-Strut diagram (Figure 8). 

In addition, the following design and equipment features may have a big influence in 

controlling parametric roll resonance development. 

• Hull design – by reducing the large flare around the water line, reducing the 

breadth/draught ratio, avoiding a flat transom or reducing the bilge radius. However, 

these features are usually required to achieved important design requirements (cargo 

area, speed, draught limitations,…) and may need to be controlled/compensated by 

some other features below. 
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• Appendages design – by increasing the bilge keel and skeg area to increase roll 

damping. This may include stabilising fins being fitted. However, it should be 

considered the efficiency dependence with speed which can be jeopardised if the 

vessel losses power as it has happened in some of the accidents studied in paragraph 

3.7. 

• U-tank - by increasing damping through the use of passive and active anti-rolling 

tanks. 

• Heavy Weather Tank – by increasing the initial stability (GM), the relative variation 

of stability is automatically reduced. 

• Rudder and speed control is also being proposed to avoid or getting out of a 

parametric roll situation. 

Some of the above aspects have a close connection to the operation of the ship, which 

will also address the relationship with the wave amplitude and direction also mentioned above as 

critical factor for parametric roll development. 

Further future work could be interesting in, 

• The determination of the damping moment, which have a major impact on the 

parametric resonance phenomena, as well as any stability related phenomena. 

• Validating the current proposed SGISC. 

• Further develop the current mathematical model to be able to carry out direct 

assessments or operational guidance. 

• Assess the impact on a real scenario of using roll damping systems such as anti-

roll tank or anti-roll fins on a vessel susceptible to parametric roll. 
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Parametric Roll Resonance Guidance/Support to Master 

Different alternatives to provide guidance/support to the master in these scenarios in 

accordance with existing international regulations and the ongoing development on these matters 

have been reviewed. It is also reviewed the Author involvement (de Juana Gamo et al., 2006; 

IMO - SLF 48/4/4, 2005; IMO - SLF 49/5/11, 2006) on the development of the Revised IMO 

Ship Independent Guidance (IMO - Circ. 1228, 2006). 

Further work can be developed in further developing current model to be in compliance 

with the minimum requirements for SGISC direct assessment, so operational guidance can be 

performed for vulnerable ships. 

It can also be further investigated the options available to establish operational limitations 

based on the level 2 vulnerability criteria. 

It has also been discussed that, in addition to design actions to prevent parametric roll by 

providing accurate parametric roll operating guidance, there are other approaches which 

considers system installation to prevent parametric roll occurrence in first instance by real time 

motion monitoring. 

It has also been highlighted the need to disseminate the findings of these accidents. In 

particular, it has been concluded that some of the common used practices (for instance, the long 

standing heavy-weather maritime practice of sailing into head seas at reduce speed) can make the 

parametric roll phenomena scenario worse. This needs to be tackled thought continuous 

master/crew education. 

Similar uneducated situation is concluded for fishing vessel operators where, it is known 

these vessels are subject to these phenomena but accidents are not reported accordingly. 
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