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Abstract 

Modern Panamax Pure Car and Truck Carriers (PCTC) have become more 
vulnerable to critical roll responses as built in margins have been traded against 
increased transport efficiency. The research presented in this licentiate thesis 
aims at enhancing the predictability and control of these critical roll responses. 
The thesis presents the development of a new method for assessing the roll 
damping, which is a crucial parameter for predicting roll motions. The method 
involves a unique set up of full scale in-service trials and is straightforward, cost 
efficient and shows a good potential. The thesis also includes a demonstration 
of a new application for rudder control to be used for mitigation of parametric 
roll. This is performed by simulating real incidents that have occurred with 
PCTC’s in service. Simulations with rudder roll control show promising results 
and reveal that the approach could be very efficient for mitigation of parametric 
roll. Last but not least an approach for monitoring of roll induced stresses, so-
called racking stresses in PCTC’s, is presented. The approach involves 
measurement of the ship motions and scaling of pre-calculated structural 
responses from global finite element analysis. Based on full scale motion and 
stress measurements from a PCTC in-service the approach is evaluated and 
demonstrated to be an efficient alternative to conventional methods. 
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Sammanfattning 

Moderna PCTC-fartyg (Pure Car and Truck Carriers) har blivit högeffektiva 
lastbärare av volymlaster så som bilar, bussar och grävmaskiner. I jakten på 
ökad systemeffektivitet så har dock de inbyggda marginalerna reducerats vilket 
bl.a. gör fartygen mer känsliga för vissa typer av kritisk rullningsfenomen. 
Forskningen som presenteras i denna licentiatuppsats syftar till att förbättra 
predikterbarheten och kontrollen av dessa kritiska responser. I uppsatsen 
presenteras en ny metod för att utvärdera fartygs rulldämpning baserat på 
fullskaletester. Metoden demonstreras i avhandlingen med försök utförda på 
PCTC-fartyg i service. Rulldämpningen är en av de fartygsspecifika egenskaper 
som är helt avgörande för fartygets rullbenägenhet och är därför i högsta grad 
viktig att kvantifiera som indata till bl.a. operationell rådgivning. I uppsatsen 
demonsteras även en ny tillämpning av roderrullningskontroll där korta 
roderimpulser används för att begränsa tillväxten av det dynamiska 
stabilitetsfenomenet parametrisk rullning. Baserat på simuleringar av riktiga 
händelser visar tillämpningen lovande potential och i alla betraktade fall kan 
rodret helt släcka ut tillväxten av rullningsrörelser som i annat fall hade blivit 
kritiskt stora. Slutligen presenteras en ny metod för att övervaka 
rullningsinducerade så kallade racking-spänningar i fartygsstrukturen baserat på 
uppmätta fartygsrörelser och skalning av förberäknade strukturresponser. För 
PCTC-fartyg i allmänhet är racking-inducerade spänningar den strukturrespons 
som har störst benägenhet att ge upphov till utmattningssprickor och den 
presenterade metoden visar sig vara ett effektivt alternativ till konventionella 
övervaknings-metoder där spänningarna mäts på plats. 
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1 Introduction 

The research presented in this licentiate thesis has been aiming at enhancing the 
predictability and control of critical roll responses for Pure Car and Truck 
Carriers (PCTC) in service. This thesis contains a new method for assessing the 
roll damping, which is a crucial parameter for predicting roll motions, based on 
unique full scale trials (Paper A). The thesis also includes a demonstration of a 
new application for rudder control to be used for mitigation of the critical 
dynamic stability phenomenon called parametric roll (Paper B). Furthermore, 
an approach for monitoring of roll induced stresses, so-called racking stresses is 
presented (Paper C). First however the evolution of the PCTC concept is 
described and how this development has given modern design built-in 
properties that increase the vulnerability for certain critical roll responses.  

2 The evolution of  the PCTC-concept 

With ever increasing focus on maximizing payload and minimizing fuel oil 
consumption, modern Panamax PCTC’s have evolved into highly optimized 
designs. However, being  significantly more efficient in terms of fuel 
consumption per transported unit than their presiders, these modern designs 
have also become more demanding to operate as built in margins have been 
traded against increased efficiency. Wallenius has since the beginning of the 
PCTC-era in the 1970ties been the leading actor in the segment. While the 
concept has remained the same since then, the vessel arrangement, hull form, 
size and structural arrangement has developed in an evolutionary manner over 
the years.  

Basically, the cargo capacity has been increased to reduce the fuel consumption 
per transported unit. However, as the length and beam of PCTC’s practically 
have been constrained by Japanese ports and the Panama channel the demand 
for increased cargo capacity has evolved into higher and higher vessels as 
illustrated in figure 1 where the cargo hold of a typical PCTC anno 1985 is 
compared to a PCTC anno 2005. The beam is the same while the newer vessel 
has got some two additional cargo decks which significantly increase the 
molded depth. This drives the vertical centre of gravity which naturally makes 
the stability situation more challenging. 
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Figure 1, The midship sections of m/v Tristan and m/v Aida, PCTCs build 1985 

and 2005.  

PCTC’s are typically designed for high operational speeds which require slender 
hull forms for minimum fuel oil consumption. At the same time the hulls need 
to provide sufficient form stability to manage the high centre of gravity. High 
amount of form stability is typically achieved by designing hulls with large water 
plane areas. For slender hulls this requires extensively flared sections which 
normally are applied in the aft body.  As the vertical centre of gravity has been 
increased for every new generation of vessels the form stability has also been 
increased to maintain sufficient stability. The striking development is visualized 
in figure 2 by comparing a design from the early 1980’s with a design from 
2005. As seen the stern flare is significantly more pronounced for the newer 
vessel. 
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Figure 2, The flare in the stern sections has increased for modern Panamax 

PCTC’s to provide sufficient form stability, here a design from the early 1980ties 
and a design from 2005 is seen.  

In the drive towards higher cargo capacity the internal arrangements have also 
been thoroughly optimized for utilizing the full potential of the cargo holds by 
maximizing the efficient stowing area. For instance, structural obstacles such as 
pillars and bulkheads in the cargo holds have been significantly reduced. While 
older designs often incorporated several full or partial transversal bulkheads 
throughout the cargo holds, transversal structural members of modern designs 
are kept to the absolute minimum. Figure 3 shows the internal structural 
arrangement of a PCTC delivered in 1999. The transversal bulkheads above the 
main deck are for this design limited to the engine casing, a partial transversal 
bulkhead amidships and the collision bulkhead. Actually, several designs after 
year 2000 have been delivered without any transversal bulkheads in the cargo 
hold above the main deck.  

 
Figure 3, The structural arrangement of the Wallenius PCTC Mignon, built in 

1999 at Daewoo Shipbuilding, Okpo, South Korea. 
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These features essentially make modern PCTC’s highly efficient cargo carriers 
and fuel oil consumption per unit has been reduced some 20 % per unit over 
the last three decades. However, there are some downsides with these highly 
optimized designs that certainly require full attention from the designers as well 
as the operators in the future. 

3 Parametric Roll 

Modern designs have clearly become more prone to the dynamic stability 
phenomenon called parametric roll and in recent years several severe events 
have been reported with new designs. One such event occurred in the East 
Mediterranean in 2008 with a new 230m long, 8000 cars units, Panamax PCTC. 
The incident occurred in following waves in a quite moderate sea state with 3-
4m high waves. Before the incident the vessel did not experience any roll 
motions larger than a couple of degrees but suddenly, without any apparent 
pre-warning for the crew, the roll angles increased rapidly. Figure 4 shows the 
roll and pitch motions recorded on-board and as seen the roll motions went 
from almost nothing to peak amplitudes of 30° within only a few roll cycles. 
The vessel was steaming with reduced speed of 10kn and the waves had a 
period of around 9s. With the waves coming in from the stern this gave an 
encountering period of 15s. The vessel was fully loaded with a GM0 of 1.2m 
which gives a good margin to the govern stability requirements and a natural 
period of roll close to 30s. Thus, for the actual speed and heading the wave 
encountering frequency was twice the natural frequency of roll which is the 
typical characteristics of parametric roll. Although the pitch motions were small 
this 2:1 relation can be observed in the time series as two pitch cycles for every 
roll cycle when the roll motion is excited.    

  

Figure 4, Parametric roll motions due to 2:1 resonance in 3-4m following waves 
recorded onboard a PCTC  
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With thousands of cars, hundreds of trucks and excavators together with bulky 
project cargoes and break bulk stowed in the cargo hold, severe roll motions 
should naturally be avoided. Figure 5 demonstrate the massive cargo damages 
that may follow a critical parametric roll event onboard a PCTC.  

       s  
Figure 5, Obviously the costs related to a severe roll event can be in the 

magnitude of millions of USD.  

The driving phenomenon behind parametric roll is the stability variations in 
waves. All ship types, beside those with vertical hull sides such as very full bulk 
vessels and tankers, experience variations of water plane area in longitudinal 
waves. These water plane area variations cause the stability to vary and for ships 
with large flare angles such as modern PCTC’s, container vessels and certain 
passenger ships, these stability variations can be particularly large. In figure 6 a 
PCTC is illustrated in longitudinal waves for two different wave positions 
where the water plane area, especially in the stern parts, varies tremendously 
between the different wave positions. 

 
Figure 6, Due to the large flare in the waterline the shape of the momentarily 

submerged hull varies in large waves causing stability variations.  
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The onset of parametric roll requires that these stability variations occur in 2:1 
resonance with the natural roll period and that the magnitude of these 
variations are sufficiently large in relation to the roll damping of the hull. In a 
simplistic manner parametric roll can be modeled using a one degree of 
freedom roll equation according to 

 �� + 2��� +
�		
(�)

�
�	 = 0  (1) 

where (�� , �� , �) are the roll acceleration, velocity and angle, � is the roll 
damping, g is the gravity, r is the radius of inertia and GM(t) represent the 
stability variations with time. In the most simplified form parametric excitation 
can be produced by applying a sinusoidal time variation of GM(t) according to  

��(�) = ��� + �������� cos(���) (2) 

where GM0 is the initial metacentric height, ��	is the encounter frequency and 

�������� is the amplitude of the GM variations. In figure 7 Equation (1) and 

(2) are used to simulate parametric roll for different combinations of �� (in 

relation to the natural frequency of roll ��), � and ��������.  
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Figure 7, Parametric resonance modeled using a sinusoidal GM-variation for 

different encounter frequency  !, damping " and magnitude of stability 

variations #$%&'(!). 

As seen the excitation frequency must be close to twice the natural frequency of 
roll for parametric roll to occur. The magnitude of the stability variations in 
relation to the roll damping is decisive for the roll amplitude in case of 
resonance. If the damping is sufficiently high parametric roll will never develop, 
but if the damping is low relative to the stability variation large roll angles can 
develop rapidly. Predicting parametric roll is thus dependent on an accurate 
description of the inertia, the damping and the stability variations. 

The radius of inertia, which is decisive for the natural period of roll, can be 
estimated if the mass distribution is known with a small, normally semi- 
empirically derived contribution, from added water mass. The stability 
variations (as to frequency and magnitude) in a certain sea state can be 
estimated using non-linear strip theory. In figure 8 stability variations estimated 
with a nonlinear sea keeping code is used to simulate parametric roll in irregular 
waves corresponding to the sea state that the incident shown in figure 4 
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occurred in.  Both the maximum roll amplitudes and the growing rate of the 
roll motion are similar to the real incident.  

 
Figure 8, Simulation of parametric roll using irregular GM-variations  

The third crucial parameter, the damping, is however particularly challenging to 
estimate since the dissipating energy is made up by eddy making-, friction-, 
wave making- and lift induced components. Traditionally forced or free roll 
decay model tests have been considered the most accurate way to estimate the 
roll damping for a certain ship. However, model tests will always be associated 
with costs and scale effects and may often be limited to certain hypothetical 
design load cases which the ship not necessarily will operate in. Alternatively, 
semi-empirical methods may be used where estimates of the different roll 
damping components have been derived based on a mixture of theory and 
systematic model experiments. Semi empirical methods on the other hand will 
always be limited to ship types similar to the sample population from which it 
was derived and may therefore not be accurate for unconventional designs such 
as modern PCTC’s. As part of this licentiate project (Paper A) a new approach 
has been developed for deriving the roll damping where full scale roll decay 
tests are performed by inducing roll motions using rudder impulses. As trials 
can be performed in service, without having to take the ship off hire, costs, 
hypothetical design load cases and scale effects will not be an issue for this 
approach.  
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4 Countermeasures 

To avoid these issues, roll responses need to be properly accounted for in the 
design as well as in the operation.  

As previously stated the magnitude of the stability variation in relation to the 
roll damping is decisive for the roll amplitude in case of resonance. As a rule of 
thumb ships with high beam/draft-ratio and low block coefficient will have 
large stability variations in waves. Additionally, the volume distribution of the 
sections in the fore and aft body has a large influence on the magnitude of the 
variations. As previously seen modern stability optimized hull shapes have aft 
bodies with extensively flared sections. Reducing these flare angles reduces the 
stability variations but also reduces the initial stability and as a consequence the 
cargo carrying capacity.  

The roll damping of a hull is dependent on the ship main parameters and the 
roundness of the sections. The built in roll damping of an existing hull can be 
increased by increasing the size of the bilge keels. Unfortunately bilge keels 
always create drag due to added wetted surface area which naturally has an 
impact on the fuel oil consumption. In Wallenius however, the size of the bilge 
keels have been increased for the latest new buildings and the feedback from 
the operation with regard to the behavior in waves is very positive. With the 
positive feedback, some retro fits have also been carried out and the effects on 
the roll damping will now be evaluated using the previously presented in-service 
trial approach providing a unique possibility of quantifying the effects of larger 
bilge keels in full scale.  

Active systems such as active tanks or fin stabilizers may be another option to 
reduce the roll motions. Active tanks are ideally tuned so that the motion of the 
fluid has the same frequency but phase shifted to the roll motion of the vessel 
to counteract the exciting forces. Due to large free surface effects these systems 
however virtually increases the center of gravity which just as reduced stern 
flare sections reduces the cargo carrying capacity. Fin stabilizers, lift generating 
devices providing dynamic stabilizing forces, requires relatively high forward 
speed to work well. However, in presence of speed they are very efficient and 
are therefore often used for vessels that have a high demand for roll reductions 
such as cruise vessels. Yet, commercial cargo vessels are rarely equipped with 
active systems due to the large associated investment costs.  

Alternatively, the rudder can be used to provide active dynamic stabilization to 
mitigate roll motions. The obvious advantage of rudder stabilization is that no 
physical modifications are required to the vessel, only changes to the auto pilot 
algorithm. As the inertia in yaw normally is much larger than the inertia in roll 
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short rudder impulses to mitigate roll motions may be possible without causing 
any significant course deviations. Rudder roll stabilization for reducing roll 
motions in seaway was described in principle already in the early 1970ies. 
Commercial products were developed the following decade and are today used 
for specialized vessels such as navy ships but still none of these systems has 
been widely adopted by the merchant fleet. In this licentiate project (Paper B) a 
new application for prevention of parametric roll using the rudder, is 
demonstrated to be efficient and particularly suitable for PCTC’s. With very 
high centre of gravity and consequently a large lever to the rudder, the rudder-
roll coupling for PCTC’s is generally very distinct which provides good 
conditions for the application. Moreover, as parametric roll is a very rare event, 
occurring typically a few times (if ever) over a vessel’s life time, additional wear 
and tear of the steering gear, which may have caused problems for previous 
regular rudder roll stabilizing applications, is not an issue. 

For existing vessels parametric roll can be avoided as long as sufficiently large 
stability variations in resonance are avoided. All Wallenius vessels are equipped 
with the decision support system Seware EnRoute Live which has a special feature 
to warn for parametric roll. The system uses motions from a motion sensor 
together with hull form data to analyse and evaluate the present wave spectra. 
The procedure is similar to a wave buoy and is especially efficient for evaluating 
wave heights but also the period while the wave directions must be taken from 
forecasts, assumed equal to the wind direction or set manually. In future 
installations wave radars may also be added to provide improved input as to the 
direction and the frequency of the spectra which certainly should improve the 
accuracy of the evaluation. Based on the evaluated present sea state the system 
identifies which critical combinations of vessels speed and heading that may 
lead to conditions when parametric excitations of critical magnitude could 
occur. In some cases, only minor changes in heading or speed are required to 
avoid resonance. However, for some especially broad banded rougher sea states 
significant course deviations may be required to get away from resonance 
conditions.  

With a perfect analysis of the sea state and perfectly accurate models of the 
vessels these kind of system would provide the ideal tool to avoid critical 
conditions. Today, neither the evaluation of the sea state nor the description of 
the vessels is perfect but there are measures to reduce uncertainties and thus 
improve the quality of the guidance. The previously mentioned approach for 
assessing the roll damping using full scale trials (Paper A) can for instance 
provide accurate roll damping estimates for the actual service condition and 
thus improve the quality of one of the crucial parameters for the systems.  
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5 Racking 

Another challenge with these modern designs with high molded depth and 
limited transversal structure is control of racking induced stresses. Racking can 
be described as a global transversal sheer deformation of the hull caused by 
inertia forces as the vessel is rolling. In figure 9 exaggerated racking 
deformations of a partial transversal bulkhead in a PCTC are illustrated.  

 

 
Figure 9, Exaggerated racking deformations of a partial transversal bulkhead in 

a PCTC. 

Even though racking stresses in general are well below yield strength levels 
racking loads induces structural fatigue which is accumulated as soon the vessel 
is rolling and if not well controlled may lead to local fatigue cracks.  
 
Structural responses are normally not dealt with in operational guidance 
systems. As to monitoring, the conventional approach is to apply strain gauges 
to measure stress levels at critical spots. However, the motions of the vessel 
may for certain structural responses be sufficient to identify critical stress levels. 
One such response is racking which as previously mentioned is the most critical 
global response for PCTC’s. In this thesis (Paper C) a new approach for racking 
stress monitoring involving measurement of the ship motions and scaling of 
pre-calculated structural responses with the measured motions is presented and 
shown to be efficient. This means that an additional feature in decision support 
systems for PCTC’s may be added for  structural condition reports, which 
ideally could be used in short term route planning, when deciding which route a 
particular vessel should operate in or serve as the basis for inspection.  
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6 Discussion and conclusion 

Ship design is always a tradeoff and optimization of volume carriers such as 
PCTC’s is a balance between stability, structural integrity and transport 
efficiency. Economy of scale effects always tends to give incentives to increase 
the cargo capacity for new designs and constraints on main dimensions such as 
length and beam restriction may give un-desired side effects when designers 
push the limits.  

Traditionally, commercial cargo vessels have been optimized for a single 
contractual design point which normally describes the vessels’ performance in 
calm weather. However, most vessels are rarely operated at this hypothetical 
design condition. Furthermore, the operation is certainly not limited to calm 
weather. For instance, a typical design condition for a PCTC may contain very 
high cargo capacity relative to the amount of ballast which makes the design to 
appear efficient. However, this design condition may be a condition with very 
low stability and even though the vessel with margin fulfills the IMO’s present 
intact stability regulations such low stability makes the vessel too sensitive for 
safe operation in real conditions. Thus, in practice the vessel either needs to be 
operated with restrictions (more conservative routing) or loaded with 
restrictions (less cargo or more water ballast) to get sufficient stability, meaning 
that the vessel not really will be as efficient as it appeared to base on the design 
figures. Therefore, thorough consideration of the behavior of the vessel in 
realistic service conditions must be targeted in the design process at an early 
stage and will, at the end of the day, give more efficient and safe designs for the 
actual operation.  

Ideally, a safety level of built in robustness against parametric roll should be 
established. However, the highly non-linear behavior of the phenomenon 
makes simulations very sensitive to the input and quantitative risk assessment a 
true challenge which is one of the reasons why quantitative requirements not 
yet have been established. The second generation intact stability criteria 
currently under development within the IMO are intended to support these 
considerations with a multi-tiered approach. For vessels not passing the 
vulnerability checks in the first tiers, a direct stability assessment incorporating 
state-of-the-art motion simulations in various operational conditions will be 
required. Dependent on the outcome, this assessment may be used either to 
reduce the vulnerability by re-design and/or to provide input to operational 
guidance as to assist the crew onboard in avoiding critical conditions. These 
new regulations are warmly welcome. However, with increased focus on the 
environmental footprints along with higher bunker prices incentives to push 
the limits will remain. In this continued drive towards further optimized 
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designs, and especially in the operation of those designs, well established 
methods for control and monitoring of ship specific critical responses are 
required.  

The work in this licentiate thesis contributes to this by providing a new method 
for assessing the roll damping based on a unique full scale approach (Paper A). 
The method is well adopted to provide the crucial input that is required for the 
operational guidance systems that are used to warn for critical roll responses 
today. More accurate input means more relevant guidance which will help in 
avoiding unnecessary critical situations. Furthermore, as officers that feel 
confident in their guidance will be able to operate without too conservative 
margins there are gains to be made for the transport efficiency as well.  

The thesis also contributes with a new application for rudder roll control to be 
used for mitigation of parametric roll (Paper B). The application show 
promising potential as simulations of real incidents demonstrate that the 
development of large roll motions due to parametric excitation can be 
completely eliminated with rudder control properly activated. In addition to the 
obvious safety aspects there will be gains for the transport efficiency also here. 
Less course deviations to avoid critical sea conditions would be required which 
means more efficient routing. As no modifications to the vessel other than 
adjustments to the autopilot would be required the approach should also be 
cost efficient.  

Structural responses are normally not considered in the daily operation. 
However, the new approach for monitoring of roll induced racking stresses 
based on measured motions and scaling of pre-calculated structural responses 
(Paper C) could provide an additional feature in decision support systems for 
PCTC’s. Evaluated and predicted responses could ideally be used in short term 
route planning, when deciding which route a particular vessel should operate in 
or serve as the basis for inspection.  
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7 Future work 

In future work measures to reduce the vulnerability for, and to improve the 
control of parametric roll, will be further developed and evaluated. In this work 
the effects of different design approaches to reduce the vulnerability will be 
evaluated and compared. Measures to reduce the vulnerability can for instance 
be to reduce the stability variations by re-designing the hull lines or by 
increasing the damping through larger bilge keels. Both measures will come to a 
penalty as to fuel oil consumption per transported cargo unit if looking isolated 
on a hypothetical calm water condition (as usually is the case in the shipping 
industry). However, for a fair benchmark the full picture with regard to the real 
transport efficiency and qualitative safety level over realistic service profiles 
must be addressed. Some Wallenius vessels have recently been retro-fitted with 
larger bilge keels which provide a unique possibility to quantify the effects of 
larger bilge keels in full scale. This work will also provide input for further 
assessing conventional methods of estimating the roll damping and for studying 
uncertainties related to for instance scale effects. 

In future work a control and activation algorithm for the parametric roll 
mitigation rudder control system shall also be developed. For the practical 
application the rudder control could for instance be activated by a parametric 
excitation detection system based on either identification of critical 
combination of wave and ship conditions or on real time detection systems by 
direct comparison of the pitch and roll motions. Regardless of approach, a 
robust control and activation system must be developed and evaluated before 
proceeding to on-board test installations.  
 
The primary target for the here presented and future work is to ensure a high 
safety level for PCTC’s in service as well as for future designs. Furthermore, 
officers that feel confident in how their vessels behave in different conditions 
will be able to operate them without too conservative margins which certainly 
will make the vessels more efficient cargo carriers in the real operation. 
 


