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Abstract 
Research has been undertaken in matters related to 
performance-based operational guidance, aiming 
at the reduction of cargo loss and damage on 
container ships due to excessive motions in waves. 
Included are considerations regarding underlying 
physics, factors related to cargo loss and damage, 
discussion of the relevant criteria and standards, 
methodology of numerical simulations and 
suitable form of operational guidance, together 
with examples for several container ships. 
 
Introduction 
Modern container ships may be susceptible to exces-
sive motions and accelerations in waves, partly due to 
their hull form, and partly due to the lack of opera-
tional guidance assisting the master.  Developments in 
the ship designs, leading to changes in main dimen-
sions or their typical relations may also challenge the 
established design and operation practice and increase 
the risk of dynamic stability accidents in the future. 
This issue should be dealt with both in design and op-
eration.  IMO is currently developing the new genera-
tion intact stability criteria, also addressing require-
ments to ship-specific operational guidance.  GL is 
working on guidelines, aiming at the reduction of intact 
stability accidents for container ships, which will sup-
port both the ship designer, with design assessment 
procedures, and the ship operator, with ship-specific 
operational guidance.  Both developments build upon 
numerical simulations of ship motions in seaway and 
probabilistic measures of safety. 
This paper overviews relevant physics and outlines 
considerations regarding ship-specific onboard opera-
tional guidance, including identification of factors re-
lated to cargo loss and damage, discussion of the rele-
vant probabilistic criteria and standards, development 
of practical methodology of numerical simulations and 
ideas about a convenient form of operational guidance. 
Several container ships have been studied, ranging 
from a feeder ship to a 13000 TEU-container carrier, 
each for a broad range of loading conditions, in order 

to verify the conclusions.  This paper shows results for 
two container ships (referred to as ships B and C), with 
Lpp=319 and 317 m and Bwl=43.2 and 42.8 m, respec-
tively, for the range of GM from 0.88 to 7.5 m. 

Examples of Numerical Tools for Performance-
Based Operational Guidance 
Two nonlinear time-domain ship motion simulation 
methods were used: rolls and GL SIMBEL.  The 
method rolls (roll simulation) was initiated by Söding 
(1982) and further developed by Kröger (1987), for 
external loads and ship motions, and Petey (1986), for 
flow in tanks and damaged compartments.  The method 
was designed to simulate accurately the roll motion, 
whereas other motions are treated in order to account 
for their influence on roll.  The degrees of freedom are 
separated into two groups: those for which hydrody-
namic effects are usually relatively small, but forces 
and moments depend strongly nonlinearly on wave and 
motion amplitudes (roll and surge) and those for which 
nonlinearity is usually less important (heave, pitch, 
sway and yaw).  For these different groups of motions, 
different numerical methods are applied: heave, pitch, 
sway and yaw are computed in the frequency domain 
using a linear method; the motion history in an irregu-
lar seaway is found for them as a superposition of reac-
tions to harmonic waves.  For surge and roll, the rela-
tively small hydrodynamic effects are simplified, while 
the nonlinear hydrostatic and Froude-Krylov forces are 
treated accurately.  The advantage of this approach as 
compared to fully non-linear formulations is large 
computational speed (about 2×104 and 103 times 
quicker than real time for regular and irregular waves, 
respectively), still retaining coupling between the all 6 
d.o.f., which is important for large-amplitude roll mo-
tions.  Presently, a commercial version of the tool, GL 
rolls, is being developed. 
The method GL SIMBEL is based on the work of 
Söding (1982), Böttcher (1986) and Pereira (1988).  
All 6 degrees of rigid-body ship motions are simulated 
using nonlinear motion equations.  The Froude-Krylov 
forces and moments are found by integration of the 
pressure field over the instantaneous wetted ship sur-
face.  Radiation and diffraction forces are determined 



by a nonlinear strip method, vs. the relative motions 
between the sections and surrounding water, together 
with their time derivatives up to a sufficiently high or-
der to model the previous history (i.e. the frequency 
dependence of the added mass, damping and wave ex-
citation forces). 
In 2007, GL has carried out two series of model tests 
for ship B for validation of rolls and GL SIMBEL: 
�  tests at MARIN together with DSME, concerning 

parametric and synchronous roll in regular waves 
in a wide range of loading conditions, wave direc-
tions and periods, as well as model speeds 

�  tests at HSVA regarding the influence of the for-
ward speed on parametric roll in regular and ir-
regular head waves. 

A detailed description of these two series of tests and 
validation results will be published elsewhere; some 
results are published in SLF 51/INF.3. 

Fundamentals of Excessive Roll Motions 
For container ships, the following dynamic stability 
problems are most relevant: synchronous rolling, low-
cycle parametric resonance and fundamental paramet-
ric resonance. 
The combinations of wave frequency w and wave di-
rection m, leading to a given encounter frequency we, 
equal to the natural roll frequency wj  (for synchronous 
rolling and fundamental parametric resonance) or 2wj  
(for low-cycle parametric resonance), for ships in head 
waves or in following overtaking waves, are found as: 

( ) ( )2 4 cos 2 coseg g gv vw w m m= - - , (1) 

with the limit w® we for m®± p/2. 
For a ship overtaken by shorter following waves, the 
resonance frequencies are defined by 

( ) ( )2 4 cos 2 coseg g gv vw w m m= + - . (2) 

Note that for following waves in cases (1) and (2), the 
limitation applies we<g/(4vcosm), i.e. the wave encoun-
ter angle cos-1[g/(4vwe)]<m<p/2, for speeds larger than 
g/(4we). 
Finally, for a ship overtaking short following waves, 

( ) ( )2 4 cos 2 coseg g gv vw w m m= + + . (3) 

The lines for which these conditions are satisfied (reso-
nance lines) are shown in axes wave period T (radial 
coordinate) – wave direction m (circumferential) in 
Figure 1 for we=2wj  (top) and wj  (bottom), for ship B 
with GM=3.8 m, for seven uniformly distributed 
speeds from 0 to 23.3 knots.  Condition (3) leads for 
the relatively large and slow container ships to very 
short waves, which are not dangerous in a real seaway. 

 
 
 

 

 
Figure 1. Resonance conditions for low-cycle parametric 
rolling (top) and synchronous rolling and fundamental 
resonance (bottom): solid lines “1+2” correspond to con-
ditions (1) and (2), and dashed lines “3” to condition (3) 

 
Figure 2. Combined resonance (1)-(3) and wave length (4) 
conditions for ship B with GM=3.8 m 



For conditions (1) and (2), pure following waves can-
not lead to the encounter frequency we=2wj  for the 
speeds larger than g/(8wj ), therefore the suitable areas 
for resonance shift towards stern-quartering waves for 
larger speeds.  The larger the ship speed, the more the 
resonance line is shifted towards beam waves. 
Another condition for parametric resonance is related 
to the fact that maximum changes of righting levers 
happen if the mid-ship is located near a wave crest 
when the bow and stern are located in neighbour 
troughs and vice versa.  In longitudinally running 
waves, this means that the wave length should be close 
to the ship length.  Depending on the hull form and the 
strength of the coupling of roll with pitch and heave 
motions, a range of wave lengths is usually relevant, 
from about 0.5 to 2 ship lengths in longitudinally run-
ning waves. 
In oblique waves, bow and stern lay in the neighbour 
wave troughs (or stay on the neighbour wave crests) if 
the wave length is l w=Lppcosm; taking a range of wave 
lengths, the following condition emerges: 

pp w pp0.5 cos 2 cosL Lm l m< < . (4) 

This condition is satisfied in two domains on the polar 
plot, one corresponding to bow and the other to stern 
waves (boundaries (4) are shown with dashed lines in 
Figure 2).  Combining the two conditions of low-cycle 
resonance, the areas of possible low-cycle resonance 
can be identified as the parts of the resonance lines 
within the suitable wave length areas (thick red lines).  
For this load case, parametric rolling in stern waves 
appears possible only in stern-quartering directions. 
With decreasing GM, the natural roll period increases, 
and the resonance lines move away from the origin 
T=0 on polar plots.  For some region of low GMs, the 
danger of low-cycle resonance in head waves in-
creases, especially for low forward speeds.  Simultane-
ously, decreasing GM increases substantially the dan-
ger of parametric rolling in following (for low forward 
speeds) and stern-quartering (for larger speeds) waves, 
as the corresponding waves are longer and are more 
relevant in real seaways. 
With increasing GM, on the other hand, the natural roll 
period decreases and the resonance lines move towards 
the origin T=0.  Therefore, synchronous rolling be-
comes more likely while low-cycle parametric reso-
nance will correspond to increasingly shorter waves: 
above some GM, not dangerous in real seaways. 
The above simple considerations are illustrated by the 
results of numerical simulations with rolls, shown in 
Figure 3 for GM=1.26 m as polar colour maps of roll 
amplitude in axes wave period T – wave direction m, 
also showing the lines corresponding to resonance 
conditions Te=Tj /2 and Tj  with black and blue lines, 
respectively, as well as the upper and lower boundaries 
of the area of suitable wave lengths (4) (green and red 

lines, respectively).  The figure shows three polar plots, 
corresponding to the speeds of 1/3, 2/3 and full design 
speed (increasing from the left to the right; Froude 
numbers are indicated). 
 

 
Figure 3. Roll amplitude in regular waves for GM=1.26 m 
 

The maximum wave period-boundaries of the low-
cycle resonance areas follow the resonance line 
Te=Tj /2, because they correspond to the onset of para-
metric rolling with small amplitudes.  Roll amplitudes 
increase in shorter waves for this ship, because its natu-
ral roll frequency increases with roll amplitude. 
The condition of the suitable wave length (4) bounds 
the areas of parametric resonance rather well, although 
these areas may be broader or narrower than the 
boundaries (4), depending on wave height and forward 
speed (hence, roll damping). 
Fundamental parametric resonance was also identified, 
see e.g. Fr=0.216.  The corresponding critical area is 
small compared to the areas of low-cycle resonance 
and synchronous rolling; it is however important that 
the corresponding roll amplitudes are rather large de-
spite the high ship speed. 
In irregular waves, critical areas are located similarly 
to the results in regular waves, see for example the col-
our maps of 8 hour-maximum roll angle vs. wave di-
rection and mean wave period in Figure 4 for ship B 
with GM=1.95 m for several ship speeds (increasing 
from the left to the right), and Figure 5 (bottom). 
 

 
Figure 4. Critical areas in irregular waves for GM=1.95 m 
 



Note that in bow and, to a larger degree, in following 
and stern-quartering waves, the area of large roll re-
sponses is stretched in radial direction compared to the 
responses in regular waves due to the finite breadth of 
spectrum in irregular waves: the high-frequency tail of 
the spectrum has sufficient energy to excite parametric 
or synchronous rolling even if the peak period is large. 
Another factor in irregular waves is the dependency of 
the encounter wave spectrum on the ship speed and 
wave direction because of the Doppler effect: in a fol-
lowing seaway, the encounter spectrum is narrower 
than the wave spectrum, which can result in a concen-
tration of wave energy within a narrow range of en-
counter frequencies, and thus to stronger excitation. 
As a simple criterion for this energy concentration, 
consider the derivative dwe/dw, calculated at the peak 
frequency of the spectrum (this derivative is equal zero 
along the lines marked ‘c’ in Figure 4): when this de-
rivative is small, a larger part of seaway spectrum en-
ergy contributes to the excitation around the corre-
sponding encounter frequency.  Amplification of roll 
motion can be seen in Figure 4, especially where this 
line intersects the resonance line Te=Tj .  For lower 
forward speeds, the waves corresponding to the spec-
trum concentration condition are (for this ship) too 
short to be relevant. 
The intensity of parametric roll in bow waves is well 
known to decrease with increasing forward speed (see 
e.g. France et al., 2003)  One of the reasons is increas-
ing roll damping, but it cannot explain the fact that this 
increase is much stronger in irregular waves than in 
regular.  This is illustrated in Figure 5, showing roll 
amplitude (in regular waves) or 8 hour-maximum roll 
amplitude (in irregular waves) vs. wave direction and 
(mean) wave period (circumferential and radial coordi-
nates, respectively).  The two top plots show results for 
Fr=0.036 and 0.108 in regular waves, the two bottom 
ones the corresponding results in irregular waves.  In 
regular waves, increasing Froude number shifts the 
critical areas due to Doppler Effect, with an insignifi-
cant decrease of roll amplitudes due to the increased 
roll damping.  In irregular waves, this shift happens 
together with a large reduction of roll response in bow 
waves.  As roll damping is the same, the reason for this 
difference should be the widening of encounter spec-
trum with increasing forward speed in irregular waves. 
In practice, this effect is amplified due to the increase 
of the added resistance with growing roll amplitudes 
(France et al., 2003): voluntary speed reduction in a 
heavy seaway, or a speed drop due to encountering 
with a high wave, sudden roll etc., leads the ship into a 
zone of larger roll motions, which in turn reduce the 
speed even more. 
The effect of forward speed in irregular waves shows 
that the estimation of the maximum speed in waves is 
important for the assessment of dynamic stability.  Be-
sides, the difference of the forward speed effect be-
tween regular and irregular waves means that simula-

tions and tests in regular waves may be irrelevant for 
parametric rolling in natural seaways. 

Calculation Example 
The average (i.e. ‘long-term’) exceedance rate of 
maximum lateral acceleration 0.5g was calculated for 
ship C for several load cases and constant forward 
speeds v as 

( )  

1
1, d d d

s
sT h

r LC v r f h T
m

m= ×� � � , (5) 

where r(m,T1,hs;LC,v) is the short-term exceedance 
rate, depending on the relative wave direction m, mean 
seaway period T1, significant wave height hs, load case 
LC and forward speed v, and f(m,T1,hs) is the probabil-
ity density function of seaways for North Atlantic, cal-
culated using the long-term statistics from Söding 
(2001).  r was found from numerical simulations in 
irregular waves according to the methodology pre-
sented below.  Probability density function of wave 
encounter directions was assumed uniform. 
A summary of results for three load cases and five for-
ward speeds is shown in Table 1, including separate 
contributions to r  from different phenomena: low-

 

 
Figure 5. Dependence of roll amplitude in regular waves 
and maximum roll angle in irregular long-crested waves on 
(mean) wave period and (mean) wave direction for ship B, 
GM=1.26 m 



cycle resonance (separately for bow waves B, oblique-
stern waves OS and following waves F), fundamental 
resonance in stern waves and synchronous rolling, and 
conditional average exceedance rate r  per year for a 
given load case and ship speed. 
 

Table 1. Calculated average exceedance rate 
contributions to r  in % 

low-cycle res. 
GM, 
m 

Fr 

B OS F 
fund., 
stern 

sync. 
av. exc. 
rate per 
year 

0.00 52.7 20.0 28.3 0.0 0.0 2.2�104 
0.06 21.7 30.0 48.4 0.0 0.0 1.3�104 
0.11 18.3 42.3 39.4 0.0 0.0 2.0�103 
0.17 3.9 25.0 0.0 71.1 0.0 57.0 

0.97 

0.23 0.1 1.5 0.0 98.4 0.0 1.9�102 
0.00 43.6 28.5 0.7 3.6 23.6 1.2�102 
0.06 91.5 1.0 0.0 0.6 6.9 1.1�102 
0.11 1.3 0.1 0.0 98.6 0.0 2.9 
0.17 0.3 0.0 0.0 99.8 0.0 0.11 

2.28 

0.23 0.1 0.0 0.0 99.9 0.0 1.9�10-3 
0.00 0.0 0.0 0.0 0.0 100 5.2�102 
0.06 0.0 0.0 0.0 0.0 100 1.2�102 
0.11 0.0 0.0 0.0 0.0 100 37.9 
0.17 0.1 0.0 0.0 0.0 99.9 3.0 

4.66 

0.23 0.0 0.0 0.0 0.0 100 5.5�10-2 

 
The relative importance of different dynamic stability 
problems agrees with the positions of critical areas on 
polar plots for different GMs and forward speeds: 
�  For low GM and low speed, low-cycle resonance 

is important both in bow and stern waves.  With 
increasing speed, the contribution of bow direc-
tions decreases, while for stern directions, low-
cycle resonance moves from following to stern-
quartering waves.  Further increase of speed in-
creases the contribution from fundamental reso-
nance in stern waves. 

�  For mean GM, low-cycle resonance in following 
waves is not relevant, while it can occur in 
oblique-stern waves at small speeds.  Important is 
low-cycle resonance in bow waves (for lower 
speeds) and fundamental resonance in stern waves 
for larger speeds. 

�  For the largest GM, synchronous rolling is almost 
alone relevant for all speeds. 

Fehler! Verweisquelle konnte nicht gefunden wer-
den. shows the conditional average annual exceedance 
rate r  vs. Froude number for the three load cases.  The 
exceedance rate is high at smaller speeds and decreases 
with increasing forward speed; an exception is the in-
crease between Froude numbers 0.17 and 0.23 for 
GM=0.97 m because of fundamental resonance in stern 
waves: at smaller forward speeds, the waves required 
for fundamental resonance are too long. 
Another series of simulations was carried out in order 
to calculate the average exceedance rate of roll angle 
40º, which means larger damages and can be used as a 
criterion for severe accidents.  The resulting condi-

tional average exceedance rate per year is shown in 
Figure 6 vs. Froude number for each load case. 
 

 
Figure 6. Average exceedance rate per year of roll angle 40º 
vs. Froude number for three load cases 

The results for the exceedance rate of 40º roll angle 
were compared with the results of route simulations of 
van Daalen et al. (2006), concerning a smaller, 364 
TEU container ship.  For this purpose, the calculated 
average exceedance rates for ship C for different load 
cases and forward speeds were weighted and summed 
according to the loading and speed profile similar to 
those used in van Daalen et al. (2006). 
The resulting average exceedance rate for ship C is 
calculated to be 5.6 per year, or 6.4·10-4 per hour, cor-
responding to the average hourly exceedance probabil-
ity of 0.064%.  This means that ship C is significantly 
safer than the ship in van Daalen et al. (2006), for 
which the average half-hourly capsize probability is 
1.4%, which corresponds to the average capsize rate 
0.028 per hour or 245.3 per year.  This is probably due 
to the difference in ship sizes. 
Note that the calculated exceedance rates do not take 
into account the actions of the ship master.  The ob-
tained figures clearly demonstrate the importance of 
the adequate actions of the ship master, and thus, of a 
ship-specific operational guidance, assisting the ship 
master in making informed decisions. 

Factors Relevant to Cargo Loss and Damage 
The above results indicate that ship designers can 
choose several ways for reducing the danger of para-
metric rolling, for example: 
�  select main dimensions and most usual GMs in a 

way avoiding critical responses in frequent sea-
ways, 

�  design hull form in a way reducing righting arm 
variations due to waves and vertical motions, 

�  increase roll damping, e.g. using anti-rolling de-
vices, 

�  or design ship that can maintain high speed in 
heavy seas, e.g. reducing its susceptibility to 
slamming and large vertical accelerations. 



If the danger of excessive roll motions still exists, op-
erational guidance should assist the ship master, indi-
cating which combinations of ship speed and course 
are unacceptable for the given ship and load case under 
specific seaway conditions, as they can lead to cargo 
loss or damage. 
Cargo loss and damage can occur due to several fac-
tors, including large accelerations, green water events 
and wave impacts, deformed and pre-damaged con-
tainers, locks and lashing, improper vertical mass dis-
tribution in a container stack etc.  Only some of these 
problems can be dealt with in operational guidance, 
namely those which can be related to ship motions and 
accelerations.  The remaining factors should be cov-
ered by other regulations; all such regulations should 
be harmonised in order to ensure a consistent approach. 
Large lateral accelerations occur mostly due to exces-
sive roll and to some extent also due to yaw and sway 
motions.  For container ships, excessive roll motions 
can happen due to low-cycle and fundamental paramet-
ric resonance, synchronous rolling, pure loss of stabil-
ity on wave crest and successive oblique wave impacts.  
Lateral accelerations due to excessive roll consist of a 
gravity component, maximum of which grows as sine 
of roll amplitude, and inertial contribution, growing as 
roll amplitude times squared roll frequency.  The first 
term is usually dominating; however, the second can 
also be significant for load cases with larger GM and 
high container stacks.  Large lateral accelerations are 
also possible due to slamming impacts and whipping. 
Large normal accelerations are caused most frequently 
by heave and pitch motions.  These motions can usu-
ally be assumed linear with sufficient accuracy, and 
therefore, Gaußian-distributed in natural seaways.  
Thus statistical measures of vertical accelerations can 
be derived from linear hydrodynamic calculations in 
the frequency domain in combination with e.g. Rice 
formula for the exceedance rate of the limiting levels 
of normal accelerations. 
There is, however, another important cause of large 
vertical accelerations, namely the whipping response of 
a ship to slamming impacts.  This cause becomes in-
creasingly important with container ships growing in 
size and becoming relatively less stiff.  Here, both hy-
drodynamics and statistics are highly nonlinear and can 
only be dealt with by special tools. 
Green water events and wave impacts are also respon-
sible for a large share of cargo loss and damage on 
container ships.  They are more relevant for smaller 
ships with lower freeboards, although larger ships can 
also experience them.  For example, the investigation 
by France et al. (2003) of the well-known accident 
with the C11 container ship in 1998, most of losses in 
which are attributed to parametric rolling, also men-
tioned that wave impact damage occurred to forward 
container stacks from bow seas and along the entire 
starboard side from boarding seas. 

General Approach to Operational Guidance 
Operational guidance should differentiate, which com-
binations of operational parameters are acceptable and 
which not, for any given loading and seaway condi-
tions.  In order to do this, operational guidance needs 
some short-term measures of safety, i.e. measures re-
lated to the particular loading, seaway and operational 
conditions (short-term criteria), as well as the boundary 
between acceptable and unacceptable values of the 
short-term criteria (short-term standards). 
One possible approach to setting a short-term standard 
is to require that this standard should insure, on the 
average, the necessary level of safety expected by the 
society from the operation of cargo ships.  Therefore, 
this approach requires also long-term (i.e. average over 
large number of ships, loading conditions, routes, sea-
ways and operational parameters) measures of safety – 
long-term criteria – and the corresponding long-term 
standards (the boundary between the acceptable and 
unacceptable levels of long-term criteria).  This ap-
proach is discussed below. 
Another way to define the short-term standards is pos-
sible, based on cost-benefit considerations: the selected 
value of the short-term standard should maximise the 
difference between the additional benefits per time and 
additional costs per time, incurred due to the use of 
operational guidance.  For example, a stricter short-
term standard is likely to increase costs due to the in-
crease of the unacceptable conditions and thus time on 
route with the same load, while benefits will also in-
crease because of reduced rate of cargo loss and dam-
age.  Such an approach is however requires specific 
simulation tools, which are able to predict the increase 
of the time on route due to operational decisions, and 
the corresponding additional costs.  Besides, the results 
will be sensitive to input variables which are difficult 
to estimate, e.g. the average cost of a lost container, 
costs due to schedule changes and delays etc. 

Long-Term Criteria and Standards 
The consequences of cargo loss and damage are mostly 
economical; therefore long-term criteria should make 
economical sense.  It is convenient to express the long-
term criteria and standards in terms of the average rate 
of losses, i.e. the expected number of losses per time.  
As a starting point, TEU lost and damaged per TEU 
transported for the considered fleet (e.g. particular ship 
series or type) appears appropriate.  A similar, but eas-
ier to use measure is TEU lost and damaged per ship 
per time.  The drawback of such criteria is that they are 
difficult to calculate with the usual seakeeping tools, 
because they require an estimation of the number of 
lost and damaged containers in each event. 
Therefore, less relevant but easier to compute long-
term criteria are often used, e.g. the number of cargo 
loss and damage events per ship per time. 
Both types of criteria can be easily related to historical 
accident data; the second type can be easier related to 



the results of the usual seakeeping simulations.  Its 
drawback is that the consequences of cargo loss events 
are not taken into account, therefore criteria of this type 
may require different standards for different ship sizes, 
container allocation etc. 
In order to ensure the appropriate level of safety, long-
term standards can be derived from historical data 
about cargo losses.  For example, data from insurance 
companies can be used.  Another possibility is har-
monisation with other rules, regulations and expecta-
tions, related to the risk of losses and damages: for ex-
ample, comparison with cargo risks in other transport 
modes, acceptable insurance risks etc.  Yet another 
simple way is to estimate the average rate of cargo 
losses from numerical simulations for several ships 
with a good cargo safety record, and set it as the long-
term standard. 

Short-Term Criteria and Standards 
The ‘long-term’ criteria are as such the average safety 
measures over all conditions (load cases, seaways, op-
erational conditions etc.) encountered by the fleet un-
der consideration.  Although they are necessary as a 
starting point, support of decision-making onboard re-
quires criteria and standards expressed in terms of the 
actual seaway parameters and operational conditions 
(i.e. ‘short-term’ criteria and standards). 
There is certain freedom in the selection of the short-
term criteria and standards, as long as they ensure the 
acceptable long-term level of safety.  It appears con-
venient to use probabilistic measures as short-term cri-
teria, because they can be easier related to the long-
term criteria.  Several authors (see e.g. McTaggart and 
DeKat, 2000, and McTaggart et al., 2002) successfully 
used hourly or half-hourly exceedance probability of 
certain (large) roll angle as a short-term criterion for 
the likelihood of capsize. 
Exceedance rate appears a more convenient basis for 
short-term criteria than the exceedance probability, 
because it does not depend on the (arbitrarily) chosen 
time intervals.  Besides, exceedance probability de-
pends exponentially on the exceedance rate, which 
makes criteria based on rate more sensitive. 
An even more convenient short-term criterion appears 
to be the product r f=r�f of the short-term exceedance 
rate r with the probability density function f of the cor-
responding seaway.  Using such a criterion automati-
cally allows higher short-term risks in severe (and very 
rare) seaways while increases safety margin in more 
frequent seaways. 
An example of colour polar plots of r f, based on the 
exceedance rate of the maximum lateral acceleration 
0.5g is shown in Figure 7 in the axes mean wave direc-
tion m – mean seaway period T1 (circumferential and 
radial coordinates, respectively) for several ship speeds 
v for three load cases. 

Irrespectively of the particular short-term criterion used 
in the operational guidance, their polar plots cannot be 

used directly to support decision-making onboard: the 
ship master cannot decide what risk levels are accept-
able and what are not, especially because the relation 
between the short-term standards and long-term safety 
level is not straightforward.  Therefore, the operational 
guidance should unambiguously differentiate between 
acceptable and unacceptable conditions, using pre-
defined short-term standards.  Here, the following rule 
was used: to avoid conditions, for which 
Rf>R2, (6) 

where R2 is the short-term standard. 
The following approach to the definition of a ship-
specific short-term standard R2 was tested: the long-
term exceedance rate was found as a function of the 
short-term standard R2 by averaging over load cases, 
seaway conditions and operational parameters.  The 
value of R2 leading to the appropriate long-term safety 
level can then be used as the ship-specific short-term 
standard in the ship-specific operational guidance.  In 
order to find the relation between the long-term ex-
ceedance rate and the short-term standard R2, the aver-
age (long-term) exceedance rate was calculated as 

( )     

1

2

2 1

( )

      min , d d d d
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LCLC

f v sT h v
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r R f v h T
m

m

= ×�
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, (7) 

where s is the fraction of time at sea (50% used here as 
an example), r(m,T1,hs,v,LC) in r f=r×f is the short-term 

 

 

 
Figure 7. ln(rf) vs. mean wave direction and mean wave 
period for different ship speeds (increasing from left to 
right); GM=0.97 (top), 2.28 (middle) and 4.66 (bottom) m 



exceedance rate of the maximum lateral acceleration 
0.5g, found from numerical simulations, and f(m,T1,hs) 
is the p.d.f. of the encountered seaway conditions.  The 
seaways were modelled using JONSWAP spectrum 
with g=3.3 and cos2-spreading of wave directions.  The 
long-term probability density function of wave heights 
and periods was calculated from the long-term scatter 
table for the North Atlantic from Söding (2001), while 
wave directions were assumed uniformly distributed. 

iLCp  in (7) is the probability of the loading condition 

LCi.  Here, for the loading conditions with GM=0.97, 
2.28 and 4.66 m, the probabilities were taken equal to 
0.25, 0.5 and 0.25, respectively.  Finally, fv(m,T1,hs,v) is 
the probability density function of the forward speed.  
Establishing the speed profile is an important step in 
the preparation of ship-specific operational guidance, 
because the likelihood of extreme roll motions is very 
sensitive to the forward speed. 
One factor to consider is the involuntary speed loss due 
to the added resistance and reduced propulsion effi-
ciency in waves; another part, voluntary speed reduc-
tion, occurs due to the attempts of the ship master to 
reduce the risk of vertical accelerations, slamming, 
green water events etc.  These factors need a special 
treatment in the integration (7): if the operational guid-
ance addresses all or some of these phenomena when it 
provides advice to the ship master, the reduced likeli-
hood of these phenomena is already accounted for in 
the short-term criterion, therefore their consideration 
also in the speed profile would lead to double-
counting.  Therefore, the following way seems suitable 
when establishing the short-term ship-specific standard 
R2 using integration (7): the forward speed profile 
should reflect the total involuntary speed loss, as well 
as the voluntary speed reduction due to the phenomena 
not addressed directly by the operational guidance (and 
thus, not accounted for in the short-term criteria). 
The resulting dependence of the average (i.e. long-
term) exceedance rate r  on the short-term standard R2 
is plotted in in Fehler! Verweisquelle konnte nicht 
gefunden werden., showing that for this ship, R2»10- 10 
leads to 0.02r »  per year (i.e. the maximum lateral 
acceleration exceeds 0.5g-level on the average once 
within 50 years of ship’s life). 

Form of Operational Guidance 
With a defined short-term standard, the operational 
guidance should show in an unambiguous way the un-
acceptable combinations of seaway and operational 
parameters; this means here those for which r f>R2. 

An important question is whether such polar plots can 
be pre-calculated with standard seaway spectra and 
stored (for example, in a booklet or in an electronic 
database), or they should rely on onboard simulations 
for the actual wave spectra. 
The advantage of the pre-calculated databases is that 
they can rely on more accurate (and therefore, more 

time-extensive) simulations, carried out by experts and, 
if necessary, verified by comparison with the results of 
other numerical tools and model experiments.  On the 
other hand, such simulations can only be done for sim-
plified standard seaway spectra.  For example, the con-
sideration of cross-seas appears difficult with this ap-
proach, because of the large number of variables nec-
essary to describe cross-seas. 
Onboard simulations, on the other hand, can be carried 
out for the actual seaway, taking account of many addi-
tional factors, including cross-seas.  The drawback of 
this approach is the need to quickly carry out large 
number of simulations (the number of possible courses 
times the number of possible speeds), in order to assist 
the ship master in the selection of the acceptable oper-
ating parameters.  Besides, such onboard simulations 
have to be fully automatic, i.e. not requiring tuning by 
the user, which imposes serious requirements on the 
robustness of the numerical simulation tool. 
As an illustration, Figure 8 shows the largest allowed 
significant wave height vs. ship speed (increasing from 
the left to the right), mean wave direction (circumfer-
ential coordinate) and mean seaway period (radial co-
ordinate) for GM=0.97 (top), 2.28 (middle) and 4.66 
(bottom) m, defined from the condition r f=10- 10; r f is 
based on the exceedance rate of the maximum lateral 
acceleration 0.5g. 

 
Figure 8. Maximum acceptable significant wave height vs. 
seaway period and wave direction for different speeds and 
load cases 



Methodology of Numerical Simulations 
If the exceedance rate is estimated the results of from 
numerical simulations, the necessary simulations may 
be rather time-consuming as the relevant exceedance 
rates, separating acceptable and unacceptable condi-
tions, are low.  Several ways have been proposed so far 
for the acceleration of such simulations. 
In the present study, the extrapolation of the ex-
ceedance rate over significant wave height proposed by 
Tongu�  and Söding (1986) was used.  The method is 
based based on the assumption that rare exceedance 
events happen because of few large waves, which sat-
isfy Rayleigh distribution.  Assuming that rare ex-
ceedance events occur with a certain, although un-
known, probability, if a certain (unknown) number of 
successive wave amplitudes exceed a certain (also un-
known) limit value, leads to a linear dependency of the 
logarithm of exceedance rate per roll period r j =rTj  (Tj  
is the roll period) on the reciprocal of the squared sig-
nificant wave height: 

( ) 2ln srT A B hj- = + . (8) 

This method works for any dynamic stability problem, 
although the number of successive large waves re-
quired to excite large roll angles may be different for 
different problems (i.e. the parameters A and B in (8) 
vary with wave direction and period, as well as ship 
speed).  Examples of the dependencies of ln(rTj ) on 

21 sh  are shown in Figure 9 for two load cases for dif-
ferent seaway conditions and operational parameters, 
including cases of resonance rolling. 

A similar dependency of the exceedance rate on the 
significant wave height was observed recently in the 
application of the FORM method to parametric roll by 

Jensen (2007).  In this method, wave trains are 
searched which lead to the exceedance of a prescribed 
roll angle at the given time instant.  The limit state sur-
face wrapping such wave trains is described in the 
space of the amplitudes of wave components modelling 
the given seaway spectrum.  The point on the limit 
state surface with the shortest distance to the origin 
(design point) corresponds to the wave train with the 
highest probability of occurrence (critical wave sce-
nario).  The distance b of the design point to the origin 
is called the reliability index. 
If, for given m, T1 and wave spectrum shape, the failure 
mode does not change with hs (which is usually true for 
low exceedance rates), the shape of the critical wave 
episode becomes independent of hs, which means that 
the design point coordinates simply scale with the reli-
ability index; besides, the reliability index becomes 
inversely proportional to the significant wave height.  
This leads to the following dependency of the ex-
ceedance rate: 

( )2
sexpzrT C h-� ,  

Where Tz is the zero-upcrossing period of the seaway.  
A parametric study of the influence of hs, Tz and v on b 
by Jensen (2007) confirmed this dependency. 

In Figure 9, the dependencies of - ln r j  on 21 sh  become 
linear when r j  is so small that - ln r j >4.  This means 
that the calculated rate can be used for extrapolation, if 
the average exceedance period in the simulation is not 
less than about 50 roll periods. 
In order to model random events that occur independ-
ently of each other, a model of the Poisson counting 
process was used.  Note however, that the condition of 
independence of upcrossings needs a special treatment 
for roll motions, because upcrossings of certain large 
roll angle tend to appear in groups.  In order to cancel 
the influence of the strong auto-correlation of roll mo-
tion, one possibility to cancel out the influence of 
strong auto-correlation of roll motion is to count ex-
ceedance events for the envelope of roll motion instead 
of the time history of the roll motion itself; Belenky 
and Breuer (2007) successfully applied this approach 
to parametric roll.  However, the required number of 
upcrossings before achieving sufficient accuracy is 
large; therefore the required run lengths may be very 
long when using this method, which can lead to self-
repetition of seaway in numerical simulations.  There-
fore, average estimations from multiple realisations of 
the same seaway may be more efficient.  Following 
Söding (1987), the following method was used here: 
each simulation was continued only until the first ex-
ceedance event; then the ship was returned to the up-
right position and the simulation was repeated with the 
new set of random phases, frequencies and directions 
of seaway components (modelling the same seaway 
spectrum) until the next exceedance event.  The esti-
mation of the expected exceedance period is then found 
as the average of the exceedance periods obtained in all 

 
Figure 9. Exceedance rate vs. significant wave height; the 
numbers above horizontal axes indicate GM, Froude num-
ber and wave direction 



simulations.  The advantage of this method is that sta-
tistical properties of the upcrossings are obtained from 
multiple stochastic realisations of the same process, 
which insures sufficient confidence of the estimates in 
a statistical sense.  Besides, the run length of each re-
alisation is still sufficiently short to avoid self-
repetition of the seaway realisations. 
The c.d.f. and p.d.f. of non-dimensional (with respect 
to the average exceedance period) exceedance periods 
from individual runs are plotted in Figure 10, showing 
- ln(1-c.d.f.) and ln(p.d.f.) vs. non-dimensional time 
between upcrossings.  All simulations were carried out 
for 2000 upcrossings for different mean wave direc-
tions and periods and different forward speeds.  The 
obtained distributions are sufficiently close to exponen-
tial (solid lines); some deviations for small exceedance 
periods are because of using the same initial conditions 
(upright ship) in each run.  Exponential distribution of 
the time interval until the first upcrossing means, that 
the model of Poisson counting process is suitable, if the 
proposed simulation methodology is used.  However, 
using the same initial conditions in each run can influ-
ence the estimates of upcrossing periods when they are 
short, because the influence of the initial conditions 
may be too large. 
 

 

 
Figure 10. - ln(1-c.d.f.) (top) and ln(p.d.f.) (bottom) of non-
dimensional exceedance periods obtained from numerical 
simulations 
 

Therefore, here the following simple approach was 
used: to neglect in the averaging procedure all ex-
ceedance periods that are smaller than nj Tj , where nj  
is a given threshold and Tj  is the average roll period in 
the simulation. 
Note however, that simply neglecting the too small 
exceedance periods in the averaging increases the es-
timate of the upcrossing period compared to its ex-
pected value by nj Tj , thus this time interval should be 
subtracted from the obtained estimation.  Numerical 
tests show that nj ~5 is sufficient when average ex-
ceedance period is of interest. 
Another question is the required duration of simula-
tions.  An appropriate way of carrying out simulations 
appears to perform them not for a prescribed simula-
tion time (in this case, accuracy would be too high for 
cases with high exceedance rates and too low for the 
ones with low exceedance rates), but for a prescribed 
number of the encountered exceedance events.  Ac-

cording to numerical tests, the required number of ex-
ceedance events varies from about 50 to 150, depend-
ing on the conditions, before sufficient accuracy is 
achieved.  Whether and how this number can be re-
duced (e.g. for experiments or onboard simulations), 
requires additional studies. 
If the time period between two successive exceedance 
events is large, care is required in seaway modelling, in 
order to avoid self-repetition of the generated waves.  
In rolls, the 2-dimensional energy spectra are first sub-
divided into a sufficient number of wave components 
(typically 50 to 100 frequencies per direction times 7 to 
15 directions), constituting a non-uniform grid in the 
wave frequency – wave direction space.  In each cell of 
this grid, a certain combination of frequency and direc-
tion is selected independent from the other cells by a 
random procedure with a constant probability density, 
every time the simulation is started.  The amplitudes of 
the wave components are calculated as the square root 
of the integral of the seaway spectrum over the cell.  
The integrals are calculated to a prescribed high accu-
racy using adaptive refinement.  Usually, the energy 
spectrum is discretised into components of equal en-
ergy.  The simulation is repeated for randomly varying 
phases, frequencies and directions of the components.  
In all these realisations, different wave sequences re-
sult, thus sufficient confidence can be expected with 
regard to average estimates, e.g. the average ex-
ceedance rate, if the number of realisations is suffi-
ciently large. 

Outlook 
The paper has outlined some considerations related to 
ship-specific operational guidance, assisting the ship 
master to avoid cargo loss and damage in heavy 
weather.  Some of the identified issues require further 
attention: first, definition of factors related to cargo 
loss and damage and their limiting values, taking ac-
count of actual lashing systems, mass distribution in a 
container stack etc.  Secondly, setting of the boundaries 
(standards) for probabilistic safety criteria is required 
on the basis of the required safety level and cost-
benefit considerations.  Finally, practical tools and 
methodologies are required, aiming at the reduction of 
the computing time and increase of robustness, espe-
cially for onboard application. 
The obtained results also show that several issues are 
important for the assessment of the roll motions of a 
ship, which have not been sufficiently addressed so far.  
Because of the strong dependency of roll motion on the 
forward speed, accurate prediction of speed profile in 
waves becomes an important problem for stability, 
which should take into account involuntary speed loss 
due to the increased resistance in waves, as well as 
voluntary speed reduction, and should result in prob-
ability density function of forward speed vs. wave 
height, direction and period.  The same relates to the 
prediction of viscous roll damping, which should take 



into account the influence of forward speed and roll 
damping devices. 
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