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Abstract: With the aim of better understanding the phenomena of surf-riding and broaching for small service ships, a 6DOF 
numerical-experimental hybrid model based on semi-captive model tests in following waves has been created. Since a system based 
model is used, experiments are required in order to bring the hydrodynamic interactions between hull and water. In this paper, several 
semi-captive model tests in calm water and in following waves using a 1/10 scaled model of a trawler’s hull will be presented. When 
navigating in astern seas, three modes of motion can be observed: the ship is overtaken by a wave, the ship is surfing a wave and the 
ship overtakes a wave. 
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1. Introduction 

 
Recent works concerning the Second Generation 

IMO Intact Stability Criteria showed that almost all of 
the world’s fleet (fishing vessel, military ship, Ropax 
vessel...)  is  vulnerable  to  surf-riding  and  broaching 
(C. Wandji, P. Corrignan, 2012, [1]). Previous study 
brought out the instability boundary for an ONR 
tumblehome. It appears that surf-riding and broaching 
can be experienced by this military vessel for a 
wavelength to ship length ratio λ/Lwl=1.25 and a wave 
height to wavelength ratio H/λ=0.05 (S. Hosseini et 
al.,  2010,  [2]).  With  the  aim  of  better  quantifying 
these phenomena for small ships, semi-captive model 
tests in calm water and in following waves were 
conducted   at   the   LHEEA   towing   tank,   Nantes, 
France.  

 
2. State of the Art 

 
In 1999, N. Umeda et al. [3] confirmed with 

experiments  that  even  a  ship  complying  with  the 
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current IMO IS code can capsize as a result of 
broaching. It appears that surf-riding is regarded as a 
prerequisite of broaching. 

In 2003, N. Umeda, H. Hashimoto and A. Matsuka 
[4]  carried  out  captive  model  experiments  on  a 
1/17.25  scaled model of  a 135-gross-tonnage  purse 
seiner in order to measure the restoring moment acting 
on the hull. The model was free in heave and pitch 
and was towed with a heel angle of 10° in following 
and quartering waves. 

In 2004, H. Hashimoto et al. [5] proposed a new 
procedure for captive model experiments to obtain 
hydrodynamic  forces.  All  experiments  were 
conducted in calm water at various heel angles and 
Froude numbers corresponding to the case of an 
encounter frequency of 0. Some cases were chosen 
because they corresponded to the condition of a ship 
capsizing due to broaching in the ITTC benchmark 
test. For captive model tests, the 1/25 scaled model 
was equipped with a rudder but not a propeller, and 
was completely fixed in all directions. 

In 2005, in order to validate their numerical code, 
Z. Ayaz, D. Vassalos and K.J. Spyrou [6] used results 
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From model experiments on a 712 ton Japanese fishing 
vessel  in  extreme  random seas.  The  captive  model 
tests were conducted with different speeds, heading 
angle, sinkage, trim and in some cases with different 
wave steepness. They observed that the extremity of 
the  conditions  of  captive  model  runs  was  defined 
within limits and strength of model that was used. 

In 2008, R. Skejic and Odd M. Faltinsen [7] 
highlighted that no well-documented appropriate 
experimental results for manoeuvring of a ship in 
waves are available. 

Still  in  2008,  since  applicability  of  simulation 
models depends on the prediction accuracy of 
hydrodynamic forces, N. Umeda, A. Matsuda and H. 
Hashimoto [8] conducted captive model test 
experiments on a 1/48.94 scaled model of the ONR 
tumblehome vessel. The model was free in heave and 
pitch, and was attached with the towing carriage via a 
4 component dynamometer. Heave and pitch were 
measured by a potentiometer and a gyroscope 
respectively. Experiments were then performed in 
waves  at  low  encounter  frequency.  In  these 
conditions, the model was towed with heel angles of 
0, 10 and 20 degrees. 

In 2009, S. Hosseini [9] carried out experiments on 
an ONR tumblehome in the INSEAN Basin and in the 
Osaka  University  towing  tank.  Resistance  tests  in 
calm water, static heel in calm water, static drift in 
calm water and static heel in following waves were 
performed to collect seakeeping and manoeuvring 
parameters for the Non-linear Dynamic Analysis 
(NDA) model of broaching. 

In 2010, H. Hashimoto et al. [10] again performed 
captive model tests on the ONR tumblehome. They 
conducted resistance tests and propeller open water 
tests to estimate the resistance and the thrust of the 
subject ship. Circular motion tests (CMT) were also 
conducted at the seakeeping and manoeuvring basin of 
the NRIFE for combinations of drift angles and yaw 
rate. These CMTs were done without the propellers 

and the rudders. Linear and non-linear manoeuvring 
coefficients were obtained from the measured data by 
the  least  squared  method.  They  pointed  out  that 
heel-induced hydrodynamic forces are important for 
broaching prediction so they measure the heel-induced 
hydrodynamic forces in calm water with forward 
velocity and several heel angles up to 70 degrees. To 
examine the roll restoring variation, they also 
conducted towing tank tests in following waves with 
different heel angles up to 70 degrees. In the 
experiment, the model was free in heave and pitch. 

Inspired by the above state of the art experiments, 
we decided to design a purpose-built apparatus to 
perform semi-captive model experiments in waves. 
Resistance tests, static heel, static drift, pure sway and 
pure yaw both in calm water and in following waves 
were carried out. 
 

3. Experimental Technique 
 
3.1 Facilities 
 

All the experiments were conducted in the towing 
tank of the LHEEA laboratory. The basin is 148 meters 
long, 5 meters wide and 3 meters deep. From low to 
medium speed, several model attitudes can be tested in 
one run, thereby improving the efficiency of the 
experimental campaign. The tank breadth makes it 
possible to perform pure sway tests with an amplitude 
of up to 0.6 meters. The carriage can reach a maximum 
speed of 8m/s. 
 
3.2 Model 
 

Fishing vessels are well known to suffer damage 
caused by the appearance of the broaching-to 
phenomenon.  Marine  investigation  reports  illustrate 
the extreme sea states and weather conditions of such 
a catastrophic event (Transportation Safety Board of 
Canada, 2009, [11]). It reveals that while a ship was 
navigating in astern seas, she lost her intact stability 
and  capsized  very  quickly  without  the  helmsman 
being able to influence the ship’s heading.   But these
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Reports only  provide  qualitative  aspects  about  the 
occurrence of this phenomenon. 
The model is a 1/10 scaled model of a fishing vessel 

built  as  part  of  a  project  called  OPTIPERF.  This 
project was a collaborative project with HydrOcean 
and co-funded by the European Fisheries Fund (EFF). 
As shown in figure 1, this is an optimized-shape 
trawler, designed with a bifid bow to reduce drag due 
to wave field and hard chines to increase stability. 

point   was   chosen   instead   of   the   model   
scale self-propulsion point to avoid the 
overestimation of the viscosity effect on the 
rudder. 

An   important   part   of   trying   to   understand 
dynamical phenomena and their simulation is to 
accurately  adjust  the  moments  of  inertia  values. 
Indeed,  when  performing  tests  in  waves  the  model 
was free in heave, pitch and roll, thus the recorded 
forces, moments and attitude are highly influenced by 
the roll moment of inertia, the pitch moment of inertia 
and loading conditions in calm water GM. 

The moments  of  inertia  were  adjusted in  the air 
using the compound pendulum theory. Then, by 
measuring the period TM of the model oscillations, the 
following formulation gives the value of the pitch 
moment  of  inertia  IGy   expressed  at  the  centre  of 
gravity:

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
When using this kind of adjustment, the higher the 
moment of inertia, the lower the uncertainty is. 
 
3.3 Instrumentation 

Because  the  broaching-to  phenomenon  is  well 
known to be an abrupt change of the kinematic in the 
horizontal plane (K.J. Spyrou, 2000, [12]), we decided 
to design a measurement system inspired by a planar 
motion mechanism (PMM), making it possible to 
measure forces and moments acting on the ship while 
she was towed in following waves

The model was equipped with propeller and rudder 
in order to measure the influence of appendages on 
resultant forces acting on the hull. 

When performing tests, the propeller revolution rate 
was set to a constant value. 

Since the friction forces at full scale are smaller 
than  at  model  scale,  the  full  scale  self-propulsion 

 
 
 
 
 
a)                                     b) 
 
Fig. 2 - Articulation in upright position a), articulation in a 
randomly adjusted position b)
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As shown above in figure 2, new articulations have 
been designed in order to adjust the roll and pitch 
angles. According to the kind of test to be performed, 
roll, pitch and heave can be independently adjusted. 
Then, several combinations can be tested for roll (free 
or  fixed),  pitch  (free  or  fixed)  and  heave  (free  or 
fixed). 

 
 
 
 
 
 
 
 
 
 
 
 
 

a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) 
 

Fig. 3 - a) Inertial setting and the mounting of the model on 
the dynamometer; b) Configuration with the 6DOF hexapod

As shown in figure 3, the model was connected to a 

6-component dynamometer by two vertical columns 
making possible the heave motion. The whole 
apparatus was mounted on a 6 degrees of freedom 
hexapod. 

The main advantage of such a system is to make 
possible resistance tests, drift tests and harmonic tests 
(pure sway and pure yaw) both in calm water and in 
waves. 

With the aim of studying their influence on forces 
and moments, following attitude parameters were 
measured: roll angle, pitch angle, heave motion. In 
parallel, surge force, sway force, heave force (if no 
heave motion), roll moment, pitch moment, yaw 
moment, thrust and torque on the propeller, lift and 
drag on the rudder were measured. Other parameters 
such as carriage velocity, motor angular rate and wave 
elevation were also measured at the ship’s bow. 

In our mathematical model, the rudder forces are 
modelled as external forces and there are no 
hydrodynamic derivatives relative to the rudder that 
will be defined (B. Horel et al., 2013, [13]). Thus we 
decided to create a 3D-printed rudder using a 
NACA0015 profile whose lift and drag coefficients are 
knowledgeable in the literature. 
 

4. Mathematical Model 
 

The objective of the experiments is to express 
hydrodynamic derivative values of a manoeuvring 
model   by   post-processing   the   recorded   signals. 
Inspired by the manoeuvring model of D. Obreja et al. 
[14],  the  mathematical  model  that  has  been 
established to model the broaching phenomenon is a 
6DOF model. However, towing tank tests were only 
used to create a 4 DOF force model whose surge X0, 
sway Y0,  roll  K0   and  yaw  N0   components  in  calm 
water are defined using Taylor’s series as follow:
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