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Executive Summary 

On 14 June 2009, the tug Ijsselstroom was girted, capsized and sank while taking part in 

a barge tow at Peterhead.  MAIB investigated the incident and requested some naval 
architectural support to assess hydrodynamic stability of the towing arrangement. 

The brief for this task was therefore to assess the tow stability of Ijsselstroom and give 

an informed, technical opinion on its suitability to act as a stern tug in this mode. 

This report describes the methods used to analyse the incident, gives results of the 

analysis, and provides a technical opinion based on this analysis.   

It is concluded that the tow was conducted at too high a speed in its latter stages.  This 

aggravated the inherent tow instability of the Ijsselstroom, a conventional tug, while 

towed astern. 
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1 Introduction 

1.1 The Task 

1.1.1 BMT Isis was commissioned to provide technical support to the Marine Accident 

Investigation Branch (MAIB) of the UK Department for Transport in response to 

an enquiry and outline scope of requirement received from the Branch.  

1.2 Background 

1.2.1 A cargo of 5000t of large rocks was required at Peterhead Harbour for a civil 

engineering project.  The rocks had been loaded onto a barge (Tak Boa 1) in 
Scandinavia and were being towed to Peterhead by the tug Lucas.  When the 

tow neared Peterhead, it was joined by the tug Ijsselstroom to act in assist 

mode at the stern of the barge to aid in manoeuvres on entering the harbour 

and in subsequent berthing.  Ijsselstroom, the smaller of the two tugs, was 

made fast on a single line aft and was towed astern for the much of the 

manoeuvre.  Her skipper was using a twin-screwing technique to maintain 

control, with occasional use of the twin rudders.   

1.2.2 The towline was attached to a winch situated slightly aft of the tug’s midships 

location (6.9 metres ahead of the stern) and, when assisting the tow, the 

skipper was aiming to maintain the line either dead astern or in a direction 

leading across the tug’s aft quarter. 

1.2.3 Initially her skipper claimed that Ijsselstroom was running dead astern of the 

Tak Boa 1, its tow line leading dead aft with no gob rope deployed.  Just prior 

to the incident, however, he temporarily lost control and the tug sheered to 

(her) starboard until she was off the port aft quarter of the barge with her 

towline leading over her port quarter. 

1.2.4 Her skipper lost control again and the tug sheered violently to (her) port until 

the tow rope was over her starboard side and she was girted, heeling to 90o or 

100o at a location just outside the harbour breakwaters.  Her tow wire then 

parted, and the tug partially recovered to a heel reported as being around 30o 
to starboard with her aft deck submerged and her crew escaping unhurt.  She 

then proceeded to settle by the stern and sink.   

1.2.5 A plot of the tracks of the two tugs was provided by MAIB.  It was derived from 

AIS results obtained from a third party ship and is shown in Figure 1.1.  In this 

plot, the red symbols refer to the Ijsselstroom and the blue to the Lucas. 
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Figure 1.1 - Track Plots of both Tugs provided by MAIB 

1.2.6 There is an unidentified error throughout the AIS positions given for 

Ijsselstroom which is discussed in more detail in Section 2.5 below. 

1.2.7 The MAIB postulated that the accident may have been caused by a 

combination of the following factors related to the Ijsselstroom: 

a. Ahead thrust from the propellers;  

b. Astern motion caused by the tow; 

c. The position where the tow was attached (6.9m ahead of the stern). 

1.2.8 It was contended by MAIB that these put Ijsselstroom in a dynamically 

unstable situation.  It was further contended that this could be controlled at 

low speeds, but as speed increased to approximately 4.5 knots, yaw became 

uncontrollable leading to the sheer first to port and then to starboard. 
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2 The Investigation 

2.1 Background 

2.1.1 A full analysis of tow stability for this incident is not possible due to the 

complexity of the problem and the large number of variables involved, many of 

which have unknown values.  However, there is enough information for a 

general analysis with respect to the dynamic stability of the tow and the 

manner in which it was carried out.  

2.1.2 This enabled an informed technical opinion as to the adequacy of the tow 

stability to be obtained and an assessment to be made of a safe operating tow 

speed range. 

2.2 Scope of the Study 

2.2.1 The scope of the study comprised: 

a. A review of technical information provided by MAIB relating to the 

incident.  This included a re-analysis of the AIS data for both the 

Ijsselstroom and the Lucas; 

b. A general assessment of directional and tow stability to allow the 

suitability of the tug and its actions to be determined.  This was limited 

to a descriptive approach; no dynamic model-building or time-domain 

simulation was carried out; 

c. Tug propulsion characteristics were estimated based on BMT data for 

ducted screws, combined with information on the tug stern arrangement 

provided by MAIB. This was used in the technical assessment of tow 

stability at astern speeds up to 5 knots through the water; 

d. Finally, the provision of a professional opinion on the suitability of the 

Ijsselstroom for the job was based on the information obtained from the 

analyses described above.  

2.3 Methodology 

2.3.1 After an overview of dynamic stability of tugs on a towline, a study was 

conducted of the AIS records for both tugs, followed by additional analysis to 

obtain a clear idea of the movements of both tugs and barge and their 

overground speeds.   

2.3.2 After this, the design of the Ijsselstroom was assessed from a hydrodynamic 

perspective after which in-house software was used to determine the effect on 

tow and steering forces of various speeds of the tug (both ahead and astern) 

while attached to a tow line.   
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2.3.3 The terminal sheer of the Ijsselstroom was then considered, including 

consideration of centripetal effects in relation to the girting. 

2.3.4 Finally, contrasts were made between the assist method adopted by the 

Ijsselstroom and the following alternatives: 

a. Use of a conventional tug at the stern, but moving ahead rather than 

astern and with its tow line made fast to a bow winch; 

b. Use of a gob rope; and, 

c. Use of a tractor or reverse tractor tug at the stern of the barge.   

2.4 Directional Stability of a Tug when Towing 

2.4.1 In this Section, the directional, dynamic, stability of a tug when in 

towing/assist mode is considered in general terms.  

2.4.2 However, before such considerations, it is necessary to provide some 

definitions.  These are as follows: 

a. Conventional Tug.  By this is meant a tug with fixed, or controllable, 

pitch propeller(s) aft with rudders astern of the propeller(s).  It may or 

may not be fitted with fixed propeller ducts; 

b. Tractor Tug. This is a tug with its propulsor(s) located under the 

forebody, these propulsors being capable of vectoring thrust in azimuth.  

A large keel or skeg is usually fitted aft for reasons of directional 

stability and hull support when docked (or aground); 

c. Reverse Tractor or Azimuthing Stern Drive (ASD) Tug.  This tug has its 

azimuthing propulsor(s) aft with a small keel or skeg.  It is usually 

provided with a towing winch forward and a hook or winch aft; 

d. Gob Rope/Guest Rope/Bridle. This is a short rope, or loop of rope, made 

fast to the towline, and then to the aft body, of a conventional tug.  It is 

situated well aft of the tow hook or winch, near to the tug’s stern; 

e. Dynamic Stability. This is used here to describe the stability of the 

tow/tug system when in the towing or assist mode.  It encompasses the 

inherent directional stability of the tug itself as well as additional 

dynamic effects arising from the location of the tow hook or winch and 

the lead of the towline; 

f. Girting.  Girting occurs when a tug is rolled over by its towline due to 

high athwartships towing forces when the towline lies abeam of the tug; 

g. Duct/Nozzle.  This is a circular hydrofoil surrounding, but not part of, the 

propeller of a tug.  This increases thrust at low speeds through the 

water and drag at higher speeds; 

h. Tug Force Vector Diagram.  This shows graphically the forces a tug is 

capable of providing and their direction.  A conventional tug is very 

restricted in the lateral forces its propulsor(s) and rudder(s) can provide, 

whereas this is not the case for tractor or ASD tugs.  Figure 2.1 (from 

Reference 1) shows examples. 
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Figure 2.1 - Tug force Vector Diagrams (A – conventional tug with 

screw propeller, B – conventional tug with ducted propeller, C – tractor 

tug)   

2.4.3 There are several hydrodynamic elements to be considered in the dynamic 

stability of a tug when towing.  These are: 

a. The hydrodynamic forces and moments acting on the hull of the tug.  

Those of concern to the present case are the surge and sway forces 

(fore-and-aft and lateral) and the yaw moment; 

b. Forces and moments arising from the propulsor(s); 

c. Forces and moments arising from the rudder(s); 

d. The location of the towing hook, winch or effective towing point; 

e. The length of the towline 

f. The direction of the tow line; 

g. The tension in the towline; 

h. The behaviour of the vessel under tow. 

2.4.4 These are now considered. 

2.4.5 The hydrodynamic forces and moments on the hull itself depend on the speed 

of the tug in surge and sway; they are analogous to the lift, drag and pitch 

moment acting on an aerofoil.  In straight motion (with no sway motion), 

either ahead or astern, it is well-known (and has been demonstrated by model 

experiments) that most hulls feel a destabilising hydrodynamic yaw moment.  

Therefore, if they develop a slight yaw angle, they will turn away from the 

direction of motion unless a suitable control force is applied, or yaw damping 

comes in to play should the vessel be entering a turn. 
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2.4.6 It is well-known (Reference 2 for example) that a conventional single-screw 

tug is in a potentially dynamically unstable situation when towing ahead 

because its thrust acts aft of the point of attachment of the towline.  Therefore, 

if the tug is perturbed from its straight course, a destabilising couple, resulting 

from propulsor forces and line tension, supplements the destabilising 

hydrodynamic yaw moment mentioned above.  If allowed to continue 

unchecked, this can result in the towline leading athwarships and girting the 

tug. 

2.4.7 If a conventional tug is towed astern while thrusting ahead, similar arguments 

apply, augmented by various hydrodynamic effects associated with propulsor 

performance.  When a propulsor thrusts ahead while the tug is moving astern, 

ahead thrust initially increases slightly, but then drops as astern speed 

increases when the propulsor blades begin to stall (see Section 2.7).  At the 

same time, the flow in and around the propulsor becomes very confused and 

erratic and very poor flow reaches any rudder aft of the propulsor; this loss of 

rudder effectiveness compromises control. If loss of control results in the 

vessel sheering to one side or the other on the towline the tug can “kite” to 

one side after having reached a stable angle.  In such a situation the towline is 

usually directed athwartships and can induce girting.  It may be noted in 

passing that this “kiting” behaviour was exploited by horse-drawn narrow boats 

on canals; the tow point was deliberately positioned aft of the bow so that the 

vessel would kite away from the bank of the canal to take up a course near the 

centre of the waterway.  

2.4.8 Figure 2.2, from experiments described in Reference 2, shows how the stable 

“kiting” angle varies with location of tow point for a naked, unpropelled, hull 

form. 

 

Figure 2.2 - Equilibrium “Kiting” Angle for Various Tow Point Locations 

2.4.9 By shifting the tow point aft, or using a gob rope, tow stability can be improved 

in conventional tugs.  This action reduces the distance between the point of 

application of the propulsive thrust and the tow point and thereby reduces the 

magnitude of any destabilising couple they produce.  Such a measure works for 

a tug in ahead and astern running with its propulsor working ahead.  Further 

improvements can be made by using twin screws instead of one, together with 
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twin rudders.  The off-centreline location of twin propulsors and rudders gives 

a slightly greater controlling yaw moment to counter incipient instability, but 

control when moving astern will still be compromised, as described above.  

2.4.10 A radical re-thinking of tug design addressed these questions of dynamic tow 

stability, and led to the “water tractor” concept.  In such vessels, the 

propulsor(s) is of the vectoring type and sited under either the fore or aft body, 

well separated from the location of the tow point.  This brings a natural self-

aligning tendency to the system and significantly reduces, or even eliminates, 

the risk of girting.  Coupled with this is the ability of the vectoring propulsors to 

produce significant side force and a much improved tug force vector diagram 

(and therefore better all-round control), enabling the tug skipper to avoid 

girting.  

2.5 The AIS Records 

2.5.1 AIS records were provided by MAIB for both Ijsselstroom and Lucas. From 

analysis of this data, it became clear that some positional anomalies existed.  

Firstly Ijsselstroom’s track appears to pass through the southern breakwater as 

she leaves harbour (Figure 1.1).  Secondly, during the time that Ijsselstroom 

was known to be made fast to Tak Boa 1, the distance between the two AIS 

positions of Lucas and Ijsselstroom was approximately double the actual 

distance between the two vessels as calculated by summing the lengths of the 

respective towlines and the length of the barge.  In contrast, Lucas’s AIS 

positional data appears to be consistent with her known movements. 

2.5.2 It was not possible to identify why Ijsselstroom’s AIS position data is 

inaccurate.  The obvious answers are that it was due to either an incorrect 

datum or an incorrect aerial offset; neither of these explanations can be proven 

satisfactorily.  However, the tug’s courses and speeds as recorded appear to be 

consistent with her known movements and, in the absence of better data, have 

been computed and used in what follows to provide information as to the tug’s 

movements in the period prior to capsize.  

2.5.3 Accordingly, the AIS records provided by MAIB were re-analysed to obtain: 

a. Ground Speeds; 

b. Rates of turn; 

c. Track synthesis, interpolated at constant time steps, for further analysis. 

2.5.4 The last of these, the track syntheses, were used to get some idea of the 

speed of Ijsselstroom’s final sheer, so that centripetal effects could be 

estimated.   

Ground Speeds 

2.5.5 The re-analysed ground speeds are shown in Figure 2.3 for both Ijsselstroom 
and Lucas over the time period (from about 03:00 on) for which both vessels 

were in proximity. 

2.5.6 The drop in speed of Ijsselstroom at around 03:05 suggests that the two 

vessels had rendezvoused and Ijsselstroom was waiting to adjust her speed to 
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that of Lucas and the barge.  The speeds of both tugs were around 4 knots for 

much of the transit after rendezvous, but an increase in the overground speed 

of Lucas to around 4.25 knots occurred about 03:30, followed by a reduction to 

2.6 knots at about 03:35. Between these times, Ijsselstroom was making fast 

to Tak Boa 1. 

Figure 2.3 - Overground Speeds Computed for both Tugs 

Rates of Turn 

2.5.7 Figure 2.4 shows the computed rates of turn for Ijsselstroom, obtained over 

the whole time period. 

 

Figure 2.4 - Computed Rates of Turn for Ijsselstroom.  

2.5.8 It is seen from this Figure that, after the rendezvous at around 03:00, when a 

high rate occurred as the smaller tug changed heading through about 180o, 

rates were close to zero as the tugs and barge headed steadily toward the 

Harbour entrance.   

2.5.9 For closer inspection of the rate of turn records in the last few minutes, Figure 

2.5 shows results from 03:30:00 to 03:39:30 in Ijsselstroom time.  The cut-off 

time of 03:39:30 was chosen as this was the time at which the last reliable 
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heading data was obtained.  After this time the heading on the AIS data 

showed zero for the rest of the file, a value which was assumed to be incorrect.   

2.5.10 It is seen that just after 03:30:00 a large negative rate (i.e. to port) occurred, 

probably due to Ijsselstroom manoeuvring towards the barge, followed by a 

relatively steady period until a maximum positive rate (i.e. to starboard) at 

about 03:37.  This reduces slightly and the record ends with the rate of turn 

still positive.   

Figure 2.5 - Computed Rates of Turn near end of Isjjestroom AIS 

Record 

2.5.11 Figure 2.6 is the Ijsselstroom track from the AIS data, plotted at the irregular 

timesteps of the original and showing some inconsistencies.  These can be seen 

as anomalous heading values in the original data, some of which (labelled B in 

the plot) are close to the final sequence of events.  Anomaly B occurs between 

03:35:37 and 03:36:36 where the measured heading drops to 000o, an 

unlikely event.  Accordingly, rates of turn in this time period in Figure 2.5 
should be ignored.   

2.5.12 A revised version of Figure 2.5, with the anomalous heading data removed, is 

shown in Figure 2.7.  It is clear from this that the final large rate of turn to 

starboard, prior to capsize, is unaffected, as is the earlier rate to port at 

around 03:31 (Ijsselstroom time) prior to the final sheer.  

Track Synthesis 

2.5.13 The AIS data for both Ijsselstroom and Lucas were provided at irregular 

timesteps and, in addition, it soon became clear that the sampling rate for one 

vessel was not the same as that for the other.  Accordingly it was decided to 

develop a simple interpolation program to provide information at the same, 

regular, timesteps for both vessels.  This helped interpreting events and 

allowed alternative plots of the tracks of the two vessels to be plotted with ship 

icons at regular intervals. 

2.5.14 This was done and the resulting information is used in Section 2.8 below. 
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Figure 2.6 - Ijsselstroom Track from AIS Data 
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Figure 2.7 - Rates of Turn with Anomalous Heading Data Removed. 

2.6 Hydrodynamic Design of the Ijsselstroom 

2.6.1 In this Section, various aspects of the design of the Ijsselstroom are discussed 

from a hydrodynamic perspective.  This is done to see what part, if any, certain 

features might have played in the events leading to the final capsize. 

2.6.2 The principal particulars of Ijsselstroom are given in Table 2.1.  The tug was of 

hard chine construction (Figure 2.8) with soft tunnels worked into the aft body 

above the propulsors.  These comprised fixed pitch ducted propellers with 

rudders astern of each propulsor.  Figure 2.9 shows a photograph of the stern 

arrangement, while Figure 11 gives a clearer view of the rudders. 

2.6.3 In Table 2.1, * indicates an estimated value, most of the relevant information 

having come from the MAIB inspection of the casualty after its retrieval. 

A - outbound  

B - inbound 
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2.6.4 The ** indication for draught shows that it is also an estimate, obtained from 

inspection of the Stability Book (Reference 3).  Some information as to the 

loading of the tug was obtained from MAIB and shows a part-loaded condition 

on the day.   

2.6.5 Inspection of the Stability Book shows that for various loading conditions, the 

mean draught of the tug hull itself varies from 2.15m in the 98% consumables 

loaded departure condition (or 2.17m with a deck load and water ballast) to 

about 1.91m in the 10% consumables arrival condition.  As the load estimate 

appeared to place the tug nearer the departure than the arrival condition, a 

hull draught of 2.1 metres was assumed.  This was used to estimate 

resistance. 

 

Particular Value 

Length Overall (m) 19.50 

Length on Waterline (m)* 19.36 

Beam (m) 6.00 

Draught, design (m) 2.40 

Draught, incident (m)** 2.10 

Displacement (tonnes)* 138.3 

Block coefficient, CB 0.553 

Prismatic coefficient, CP 0.598 

Midship Section coefficient, CX* 0.925 

Rudder area total (m2)* 3.96 

Rudder area ratio 9.7% 

Propeller diameter (m) 1.52 

Pitch ratio* 0.85 

Blade area ratio* 0.63 

Installed power (kW) 2 x 330 (diesel) 

Design speed (knots) 11 

Bollard pull (tonnef) 15.24 

Table 2.1 – Ijsselstroom: Principal Particulars 

2.6.6 It is apparent from Figure 2.11 that the stern arrangement is quite complex 

with, hydrodynamically speaking, a number of high drag elements.  There are 

large A-brackets whose main purpose appears to be to provide support for the 

ducts and, possibly, allow the tug to take the ground.  There is also a small 

brace for the propeller shaft about half way up the brackets.  With such an 

arrangement, it is possible that the destabilising yaw moment when moving 

astern will be quite large, increasing with astern speed.  This will be due to the 

enhanced hydrodynamic forces and moments induced by separated flow from 
the various elements moving in a direction for which their design is not well-

suited. 

2.6.7 The soft tunnels at the stern can be seen in Figure 2.10, as can the sharp 

chines at their outer edges.  When the aft body moves laterally while moving 

astern, these could create separated, unsteady, flow from their edges which, if 

the astern speed is too high, could exacerbate any problems of control.   
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Figure 2.8 - Hard Chine Hull of Ijsselstroom 

 

 

Figure 2.9 - Ijsselstroom Stern Arrangement 
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Figure 2.10 - Ijsselstroom Rudders 

2.6.8 As the rudders have a length about the same as their height, they have a 

geometrical aspect ratio (which may be defined as the ratio of height to width) 

around unity.  This value, while not uncommon for tugs, suggests that their 

hydrodynamic efficiency will not be high or, in other words, they will produce 

less lift for a given drag than a rudder of comparable area but with a length in 

excess of its width.  Clearly some account has been taken of this in the design 

because end plates have been fitted to the flat-plate rudder blade, presumably 

to decrease induced drag and increase lift.  In addition, a fish-tail has been 

incorporated along the trailing edge of each rudder, similar to that seen on 

Schilling rudders (Reference 4), again to increase lift.  However, the faired 

hydrofoil chord cross-Section of the Schilling rudder is missing, so that the 

fish-tail is probably of limited use.  The rudder stock is positioned so that the 

blade will be more or less balanced when moving ahead, but unbalanced when 

moving astern.  Indeed the rudders will add to the destabilising yaw moment 

when moving astern, an effect which will increase with astern speed.  

2.7 Ijsselstroom’s Control Effectiveness while Towing 

2.7.1 In order to get some idea of the controllability of the Ijsselstroom when towing, 

ahead or astern, a simple model was developed.  This used proven elements 

from the BMT PCSS ship manoeuvring simulation model which has been used 

for a number of years in studies involving the manoeuvring and control of a 
wide range of vessels.  Hull, thruster and rudder hydrodynamic models from 

PCSS were used for linear motion only; rotary motion was ignored.  

2.7.2 The simplification of assuming only linear motion is justified in this case 

because, for much of the time, the tug, when towing, was moving in broadly 

linear motion.  This means, however, that the sheers taken by the tug are not 
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modelled, an investigation which would be difficult in any event as so much 

would depend on unknown human factors in relation to control. 

2.7.3 The simple model showed the effect of ahead/astern speed on, among other 

things, the yaw moment produced by the rudders, used as a simple measure of 

control effectiveness.  The computer model also allowed various combinations 

of shaft speeds to be studied and results included not only rudder forces and 

moments, but also the overall tow force exerted by the system and the 

possibility of propeller stall.  In all cases, the tug was assumed to be in towing 

mode with shaft speeds in excess of those needed for free-running at the 

chosen speed. 

2.7.4 In order to better understand the conditions in which the propellers and 

rudders have to work when the vessel is being towed astern while the 

propellers are turning ahead, Figure 2.11 is provided. 

 

 

Figure 2.11 - Ducted Propeller: Measured Open Water Characteristics 

2.7.5 This plot shows measured model test results for a propeller similar in form to 

that assumed for the Ijsselstroom.  The following definitions apply: 

2.7.6 J is the advance coefficient defined as v/nD where v is the speed of advance of 

the propeller through the flow, n the shaft revolutions and D the propeller 

diameter.  It combines linear speed through the water with propeller rotational 

speed. 

2.7.7 KT is the thrust coefficient which may be taken for this discussion to represent 

the variation of thrust 

2.7.8 KQ is the torque coefficient which will be ignored in this discussion. 

A B C D E 
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2.7.9 η is the propulsive efficiency in ahead motion with the propeller rotating ahead.  

2.7.10 The right hand side of the plot (v > 0, n > 0, J > 0) deals with the case when 
the vessel is moving ahead with the propeller rotating ahead; for a tug, the 

free-running case.  The left hand side of the plot deals with the case when the 

vessel is moving astern with the propeller rotating ahead (v < 0, n > 0, J < 0).  

The case when J = 0 applies to the vessel when stationary with the propeller 

rotating ahead: the so-called bollard pull condition.  For most practical cases, 

this is where the thrust is at its “maximum” value and forms the basis for the 

rated bollard pull of a tug as it begins to tow another, stationary, vessel. 

2.7.11 Experimental measurements are shown on for kT and it may be noted that for J 

> 0 (represented by point A), the points are well-behaved with little or no 

scatter, defining a thrust curve well.  The propeller in this case is running in its 

natural condition and driving the vessel ahead; the blades are not stalled and 

are consequently providing lift (~ “thrust”) and drag (~ “torque”). 

2.7.12 As the vessel moves astern with its propeller turning ahead (i.e. J becomes 

negative), the first effect is for the incidence angle of the flow on to the 

propeller blades to increase which causes the thrust to increase as well, as 

shown by point B in Figure 2.11.  As the astern speed increases, for a given 

shaft rotational speed (point C), it is seen that the measurement points 

become more scattered and the thrust begins to level off.  This is because the 

propeller blades are beginning to stall and the thrust becomes very unsteady, a 

phenomenon which is not complete until the astern speed increases and point 

D is reached at which point the propeller blades are completely stalled and the 

mean thrust reaches a minimum value.  Lift has all but disappeared, but blade 

drag is still present.   

2.7.13 If the astern speed increases yet more, the propeller simply produces more 

drag and the propeller becomes a “windmill”.  Its resultant force still acts 

toward the bow of the vessel, as had the original propeller thrust. 

2.7.14 It is seen from this that propeller stall begins to be felt for propulsors like those 

on the Ijsselstroom at a J value around – 0.25 or -0.30 with stall complete at a 

J value around -0.5.  These values relate to an incidence angle at 70% of the 

propeller radius (a reference point often used for the definition of propeller 

parameters such as pitch) of about 30o to 35o for complete stall (point D) and 

about 28o for stall onset (point C).    

2.7.15 For the computer model used in this study, typical ducted propeller 

characteristics, obtained from Reference 5, were used to find the correct pitch 

ratio for the Ijsselstroom propeller model by seeking the right thrust for free-

running at the design speed and the bollard pull at zero speed.  These 

characteristics were based on mean curves passed through the measurement 

points like those shown in Figure 2.11, as is common for all propeller data of 

this type.    

2.7.16 The onset of stall was sensed in the model by determining the J values and the 
estimated flow incidence angle at 70% radius; a limiting angle of 28o was used 

for this.  Once sensed, the rudder force was set to zero in the program which, 

although not representative of the actual force, gave an indication when the 

rudder would have begun to lose any benefit of the “kick” from the propeller 

slipstream.  An additional reason lay in the fact that this simple model was not 

able to predict the actual rudder force after the onset of stall.     
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2.7.17 Resistance was estimated using the methods of Reference 6. 

2.7.18 Results for both propellers operating at 300 and 400 rpm (covering the 
operation range) are shown in Figure 2.12.  They are for a range of speeds 

through the water ranging from 5 knots astern (-5 knots) to 6 knots ahead (6 

knots) and both plots have the same vertical scale for ease of comparison. 

2.7.19 These show that the rudder effectiveness at a given rudder angle is seriously 

compromised through the onset of propeller stall at 4 and 5 knot astern speeds 

with the propellers running ahead at 300 rpm; at 400 rpm, no such effect is 

predicted.  The J values at 4 and 5 knots astern are -0.27 and -0.34 

respectively at 300 rpm.  Assuming that the data of Figure 2.11 is 

representative of that for the Ijsselstroom’s propellers, this suggests that they 

would be in the onset-of-stall region to the left of point C; at 400 rpm and the 

same astern speeds, the J values are -0.20 and -0.25, clear of the stall zone. 

2.7.20 It is also seen that the model predicts very little effect of speed on rudder 

effectiveness.  This is because the flow speed over the rudder, taken as the 

sum of augmenting effect of the propeller slipstream and the external flow, is 

almost constant and related to the constant pitch of the propeller and the shaft 

speed. 

2.7.21 If the both shaft speeds were reduced to 200 rpm, propeller stall is also 

predicted for astern speeds of 4 and 5 knots, but, with J values of -0.41 and -

0.51 at these speeds, Figure 2.11 suggests that the propeller would be more or 

less completely stalled with very little rudder effectiveness.  At 3 knots astern 
at 200 rpm, the J value is -0.31 (roughly at point C in Figure 2.11) and the 

onset of stall is predicted       

2.7.22 It is thus clear that between 3 and 4 knots astern speed, if the shaft 

revolutions dropped to 300 rpm or less, the propellers would have been either 

close to stall or actually stalled.  This would result in poor rudder effectiveness 

and very uneven, unpredictable, thrust from the propellers. 
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Tug Ijsselstroom: Rudder Effectiveness. N = 300 

rpm
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Tug Ijsselstroom: Rudder Effectiveness. N = 400 

rpm
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Figure 2.12 - Estimated Rudder Yaw Moments at Various Speeds 

through the water 

2.7.23 To investigate the effect of astern speed on the use of the thrusters alone, 

further model runs were undertaken.  Figure 2.13 shows the effect on tow 

force of speed through the water with the rudders amidships.  It is seen that, 

when being towed astern, the total tow force is predicted to change by only 

small amounts with speed.    
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Tow Force with Rudder Amidships
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Figure 2.13 - Effect of Speed through the Water on Total Tow Force 

(Both thrusters on same revs) 

2.7.24 This is due to the fact that the J values for such conditions lie between 0.0 and 

-0.25 or -0.34, (depending on shaft speed), the region between points B and C 

in Figure 2.11, close to stall and with kT showing only a small variation with J.   

2.7.25 To determine the effect on mean yaw moment induced by differential shaft 

revolutions, the model was run with the port shaft on 400 rpm and the 

starboard shaft on 300 rpm.  The results are shown in Figure 2.14. 

 

Total Thrust and Yaw Moment: Np=400 rpm, 

Ns=300 rpm 
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Figure 2.14 - Effect of Speed through the Water on Thrust and “Twin-

screw” Yaw Moment.  (Port revs = 400, stbd revs = 300)  

2.7.26 It is seen that the mean yaw moment was changed little when the tug was 

moving astern.  This is due to the thrust coefficient changing slowly for low 

negative values of the advance coefficient, the lowest value being -0.34, clear 
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of complete stall.  However, it should be emphasised that propellers running at 

J values near -0.3 can produce very unsteady thrust forces; mean values only 

are shown on the plot.   

2.7.27 Finally, if the port shaft is running ahead at 400 rpm and the other astern at 

300 rpm, results in Figure 2.15 are obtained. 

 

Total Thrust and Yaw Moment: Np=400 rpm, 

Ns=300 rpm astern 
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Figure 2.15 - Effect of Speed through the Water on Thrust and “Twin-

screw” Yaw Moment.  (Port revs = 400, stbd revs = 300 rpm astern)     

2.7.28 In this case the tow force at zero speed is reduced to 42% of the value with 

both thrusters running ahead, whereas the induced yaw moment is increased 

threefold.  As the astern speed increases, the mean yaw moment reduces 

slightly. 

2.7.29 This shows the very large change in yaw moment obtained by reversing one of 

the thrusters while twin-screwing.  Such an event would obviously have severe 

repercussions on control.    

2.8 The Final Sheer by Ijsselstroom 

2.8.1 With the information to hand, the final sheer taken by Ijsselstroom is now 

considered in a little more detail. 

2.8.2 First, the evidence from the AIS data is used.  Figure 2.16 shows the track 

deduced from the AIS data and interpolated to equal 10-second time steps 

from 03:37:10 to 03:39:30 Ijsselstroom time.  This uses the last uncorrupted 

heading data on the tug’s AIS file. 

2.8.3 The changes of direction in these last 2 minutes and 20 seconds are clear as 

the tug was towed astern from a location on the port quarter of the barge to a 

position off its starboard quarter.  Although there was a brief period when the 

tug was roughly aligned with the track of the barge, this was only transitory 
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and, as Figure 2.7 shows, the heading change of the tug was more or less 

continuous during its movement from one quarter to the other.  This suggests 

that there was little control of the situation in the chosen time period. 

 

 

Figure 2.16 - Track of Ijsselstroom Interpolated at 10 second intervals.   

2.8.4 This is perhaps not surprising when the rates of heading change (Figure 2.7) 

are considered and the means of control used.  As shown above, control of yaw 

in a fast-changing situation by twin-screwing techniques while a tug is towed 

astern may well involve unsteady thrust, thereby making control of the sheer 

more difficult.  If one shaft is allowed to rotate astern while the other rotates 

ahead, control would be compromised even more due to the rapid increase in 

yaw moment. 

2.8.5 As the tug was sheering astern of the barge from one side to the other on the 

end of its towline, it will have generated a centripetal acceleration, leading to 

an increased line tension.  In order to estimate this acceleration, an estimate of 

the tangential speed, VT, was made from the data.  This was then used in the 

expression for centripetal acceleration: 

 

VT
2/R 

2.8.6 In this expression, R was taken to be the length of the Ijsselstroom towline, 

assumed to be 30 metres (Reference 7).  In the absence of track data for 

Lucas and the barge for reasons given above, the barge track was assumed to 

run along a line defined roughly by the centre stern locations of the 

Ijsselstroom in Figure 2.16.  

2.8.7 The mean centripetal acceleration of Ijsselstroom, estimated during the final 

sheer, was combined with its mass (and an assumed added mass of 10%) to 

give a rough estimate of only 0.3 kN for the centripetal force acting on the tug.  

This is probably too small to have had any real effect on the capsize. 

03:37:10 

03:39:30 
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2.8.8 The onset of capsize is now considered.  The roll moment initially acting on the 

tug is assumed to have arisen from the couple formed from the towline tension 

acting above the water and the balancing hydrodynamic force resisting this due 

to the tug moved laterally through the water.  From the data plotted in Figure 

2.16 the tug appears, at capsize, to have been moving with an overground 

speed of about 3.8 knots.  If it is assumed that there was a NNE-going current 

of about 1.5 knots, the tug could have had a through-water speed vector of 

about 3.3 knots at an angle to the tug’s head of 110o. 

2.8.9 The resultant lateral hydrodynamic force initially acting on the hull is estimated 

to have had a maximum value around 53.5 kN, using an assumed value of 1.0 

for the lateral force coefficient based on the product of length and draught.  In 

addition to this, if the propellers were rotating at 400 rpm at this point, their 

momentum drag (a force directed across the face of a thruster which has a 

component of lateral movement, arising from the momentum loss as flow is 

turned to pass through the duct) could have amounted to a further 43 kN.  

Using the GZ curve from Reference 3 for the “Departure 98% consumables 

including deckload” case on page 3.14, whose displacement is similar to that 

assumed for Ijsselstroom, a heel of about 13o is obtained. 

2.8.10 Such a heel would begin to flood the freeing ports on the main deck which 

would increase the heel.  The lateral hydrodynamic force would increase 

significantly as more of the deck was submerged and this would have increased 

heel.  The increase in hydrodynamic force as the deck entered the water is 
analogous to the way in which a vessel will “dig in” if it puts its foredeck under 

green water or its bow is inundated by a large wave; the “bow diving” of 

catamarans is a case in point.    

2.8.11 This sequence of events would have snowballed with heel, hydrodynamic force 

and line tension all increasing.  Once down-flooding heel angles were reached, 

capsize would be imminent and, if line tension had increased past its breaking 

load, the line would have parted.  In the event, both capsize and line failure 

occurred. 

2.9 Alternative Towing Arrangements 

2.9.1 Some alternative towing arrangements are here compared with that which was 

used on the day. 

Reduced speed of tow. 

2.9.2 Reference 7 points out that a previous tow on 24 May passed off without 

incident using the Tak Boa 1 with Ijsselstroom as the assist tug at the stern.  It 

is understood that the tow speeds over the ground were of the order of three 

knots, rather than four, and it has been shown in Section 2.7, Figure 2.12, that 

moving astern at speeds in excess of 3 knots is likely to have caused the onset 

of propeller stall if shaft revolutions were around 300 rpm or less.  This would 

have reduced rudder effectiveness and the propellers would begin to produce 

unsteady thrust, as indicated in Figure 2.11 between points C and D.  This 

would not have helped in matters of control.  It is understood that, on 14 June, 

the skipper of the Ijsselstroom asked the pilot to slow the tow after he had 
made fast because he was having trouble “holding on”, suggesting that a 

reduced tow speed would have been beneficial.  Not only would this have 

reduced the magnitude of the destabilising hydrodynamic yaw moment acting 
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on the hull as it was towed astern, but it would also have allowed the skipper 

more time to make correcting control actions.  These actions would also have 

had more time to take effect. 

Use of a gob rope. 

2.9.3 The beneficial aspects of gob rope use have been mentioned in Section 2.4 

above.  The view of the Ijsselstroom skipper was that use of a such a device 

would have restricted his ability to handle the tug, so he preferred not to use 

it.  Presumably he was referring to its restricting the ability of the tug to yaw 

about the tow point and therefore counter sheers, but the very purpose of the 

gob rope is in fact to improve tow stability and reduce the chance of a sheer, 

the danger of which was amply demonstrated by the fate of the Ijsselstroom.  

In spite of the skipper’s reservations, it is felt use of a gob rope would have 

been appropriate. Photos of the salvaged tug show that two tow pins could be 

located in the stern cut-out and one on each quarter.  The problem with these 

is that the towline can jump out and a gob rope, had it been fitted, would have 

been preferable.   

Use of a tug with a bow winch 

2.9.4 From Reference 7 it is known that the successful arrival of Tak Boa 1 on 12 

May was achieved with different tugs.  The stern assist tug (Ugie Runner) had 

the ability to tow over her bow (and this was done) and was fitted not only 

with twin ducted thrusters but also a bow thruster.  The advantage of towing in 

this way is that, when the stern tug runs with ahead revolutions on her 

thrusters she has the full use of her rudders and, above all, the tow is stable 

and self-aligning. 

Use of a tractor or ASD tug. 

2.9.5 Tractor and ASD tugs are virtually impossible to girt.  They can be used in such 

a way that their tow is self-aligning and, as Figure 2.1 shows, they can vector 

significant thrust through 360o giving them more flexibility of control.  They are 

therefore able to produce a powerful thrust vector when running ahead, astern 

or, for some models, sideways.  It is therefore possible to avoid potential 

girting situations, mainly because the tug skipper can operate at all times in 

such a way that the tug and tow are self-aligning.   

2.10 Opinion 

2.10.1 It has been mentioned that most vessels experience an inherent destabilising 

hydrodynamic yaw moment; in the case of the Ijsselstroom it is suggested that 

this will be enhanced when towed astern due to the stern arrangement of the 

tug.   

2.10.2 It has also been shown that towing from a point near midships with a 

conventional tug, such as Ijsselstroom, is an inherently unstable situation.  

Indeed, to eliminate this problem (and the possibility of girting), tugs designs 

in which the towline and tug are self-aligning are now common. 

2.10.3 As far as control of the Ijsselstroom is concerned, it has been shown that when 

being towed astern with the thrusters acting ahead, rudder effectiveness is 

very much reduced, leading to reduced control.  In the event the skipper 
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recognised this and opted to control the tug mainly by “twin-screwing” 

methods.  This meant that in all probability he had very little help from the 

rudders when things began to go wrong. 

2.10.4 It has also been shown that, when towed astern with the thrusters moving 

ahead, the thrust is likely to be very unsteady once the thruster blades begin 

to stall.  If the tow speed astern is too high, this gives the skipper little time to 

recover from a sheer and may in fact assist in causing the sheer in the first 

place.  Furthermore, if the skipper had used astern revolutions on one shaft 

and ahead on the other, control astern could have been compromised further. 

2.10.5 The dynamic instability of the tug and tow caused by these effects will be 

aggravated if the tow speed is too high which in turn will limit the time 

available to control them.  A previous successful entry to the Harbour had been 

accomplished at a tow speed around 3 knots overground; the unsuccessful tow 

under consideration was carried out in its final stages at speeds at or near 4 

knots. 

2.10.6 It is therefore our opinion that the tow speed was too high and the tow might 

have been achieved safely at a speed nearer to 3 knots than 4.   

2.10.7 It would also have been preferable to have used a gob rope could it have been 

fitted; a better option would have been to use a conventional tug with a bow 

winch, a tractor/ASD tug or a specialist tug such as the Ugie Runner, provided 

it had adequate tow force capacity. 

2.10.8 Finally it is suggested that the hydrodynamic effects leading to capsize 

included: 

a. The destabilising yaw moment acting on the hull, increased by the stern 

arrangement design and the chines at the edges of the soft tunnels; 

b. The resultant (capsizing) hydrodynamic force acting on the hull below 

the waterline combined with towline tension above the waterline 

together with momentum drag from the thrusters; 

c. Initial heel, sufficient to flood the aft deck, creating an increased 

hydrodynamic force on the hull.  This would increase the heel until 

down-flooding points were immersed and the situation would snowball 

to capsize.   

2.10.9 It is estimated that centripetal effects played little or no role in the capsize.   
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Static stability analysis of the capsize and sinking 
 of the tug Ijsselstroom on 14 June 2009 

 

Section 1 INTRODUCTION 

1.1 BACKGROUND 
In the early hours of 14 June 2009, the 19.5m tug Ijsselstroom capsized and sank whilst 
acting as stern tug to assist with the arrival of the 73m barge Takboa 1 at Peterhead 
Harbour.  A cargo of 5000t large rocks was embarked on Takboa 1, which had been towed 
from Sweden by the 32.9m tug Lucas, and which remained attached to the barge’s bow. 

Ijsselstroom was attached to Takboa 1 by its main towing wire, leading aft from the main 
winch over the tug’s stern.  The barge was being towed forward at speeds up to 4.5kts, 
resulting in Ijsselstroom being effectively towed astern, despite thrusting ahead.  
Directional control of Ijsselstroom was twice momentarily lost, resulting in a sheer to port 
then a further violent sheer to starboard, leading to Ijsselstroom being girted and capsizing 
to starboard to 90° to 100°.  The 28mm steel wire rope towing wire parted a few seconds 
later, and Ijsselstroom partially recovered to a reported 30° starboard list, with the aft 
working deck submerged.  The crew escaped, uninjured, as the tug settled by the stern, 
and then continued to flood, eventually sinking by the stern. 

1.2 AIM 
In support of the MAIB investigation into the capsize and foundering of Ijsselstroom, an in-
house static stability analysis has been conducted to further examine the circumstances of 
the capsize and subsequent flooding and sinking to establish the most likely loss 
mechanism for the vessel.  The results of this analysis are detailed within this Annex. 

1.3 METHODOLOGY 
The MAST software package has been used to investigate the stability of Ijsselstroom, 
prior to and during the accident.  The analysis has been supplemented by spreadsheet 
and first principles calculations to estimate down-flooding flow rates and heeling levers. 

 
Section 2 HULL AND COMPARTMENT DEFINITION & VALIDATION 

2.1 MODEL DEFINITION 

2.1.1 Hull 
Although a Lines Plan drawing was not available for the vessel, the original stability book 
(Reference 1) contained a set of hull ordinates, which were manually input into the 
MAST stability software package to define the geometry of the vessel’s hard-chined hull 
(Figure C.1) and deckhouse, as depicted in brown on the General Arrangement 
drawing (Reference 2) at Figure C.2.  Structural drawings (References 3 to 5) and the 
General Arrangement drawing were used to cross-check the ordinates, and the hull form 
was refined in a number of areas, in particular to provide more accurate definitions of the 
transom curvature and deckhouse structure. 
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Figure C.1  Ijsselstroom being lifted out of water showing hard-chined hull 
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Figure C.2  General Arrangement drawing annotated to show WT integrity (brown), 
modelled appendages (red) and wheelhouse (green) 

It was noted that the hull definition used to prepare the original stability book did not 
appear to include appendages.  It is however evident from photographs of Ijsselstroom’s 
(Figure C.3) stern area that the propulsion and steering arrangement, with twin screw 
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propellers in fixed nozzles, each with a rudder on the aft face, could make a significant 
contribution to the vessel’s underwater volume, and were therefore included in the 
MAST definition, along with the forward “pushing post” on the stem, as depicted in red at 
Figure C.2. 

 

Figure C.3  Stern arrangement of Ijsselstroom showing starboard rudder and nozzle 

2.1.2 Compartments 
In order to recreate the loading condition at the time of the accident, the vessel’s major 
tanks were defined in the MAST model to allow their contents and free surfaces to be 
accounted for in the analysis. 

The vessel’s internal watertight subdivision was also modelled in MAST to allow a 
flooding analysis to be conducted (as shown at Figure C.2 above).  The wheelhouse 
was also modelled (depicted in green at Figure C.2).  Navigation spaces are typically 
not included in the watertight envelope for stability purposes, as their watertight integrity 
can not generally be guaranteed whilst their angle of immersion is usually higher than 
the heel range used for stability criteria (the wheelhouse was indeed not included in the 
original stability book).  However, if such a compartment is in fact watertight, it will 
contribute to the vessel’s buoyancy and the ability to right itself at large angles of heel. 

2.1.3 Watertight Integrity 
MAIB Inspectors conducted a detailed inspection of the vessel immediately following the 
post-accident salvage of Ijsselstroom in Peterhead, and were able to ascertain the 
watertight integrity and possible down-flooding points at the time of the accident. 

A number of vents were identified as being open at the time Ijsselstroom capsized, and 
MAST has been used to determine the angles of immersion, at which point, down-
flooding could be expected to occur.  These include the engine room exhaust vents (aft 
face of each funnel) and engine room inlets (inboard face of each funnel), an 
accommodation vent to the port side of the wheelhouse door, and a pair of mushroom 
vents on the wheelhouse top and deckhouse forward.  Figure C.4 indicates the location 
of these openings and their status at the time of the capsize, as well as the wheelhouse 
door, aft on the centreline, which was the single point of access to the wheelhouse and 
which was closed at the time of the capsize.  All other openings were considered to be 
substantially weathertight at the time of capsize, including all of the wheelhouse 
windows, which were found to be closed.  One of the port wheelhouse windows was 
opened by the skipper for escape purposes, but would have not contributed to the initial 
down-flooding, as the vessel capsized to starboard. 
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Figure C.4  Photos of Ijsselstroom’s downflooding points 

2.2 MODEL VALIDATION 
The MAST model, as depicted at Figure C.5, was validated both visually against 
photographs of the hull form and also against the hydrostatic and KN data and ten 
loading conditions in the original stability book.  Good correlation was found with the 
majority of the stability book data, with some minor differences attributed to the inclusion 
of appendages and re-defined transom curvature in the MAST model, and also some 
very minor variations in several of the tank volumes and free surfaces.  

However, for the purposes of the current analysis, the MAST model was considered to 
be an accurate representation of the vessel’s hull form, appendages and compartments. 

 

  

Figure C.5  
Ijsselstroom 
MAST computer 
model, including 
appendages, 
but not showing 
the modelled 
wheelhouse 
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Section 3 ANALYSIS 
3.1 INTACT LOSS CONDITION 

3.1.1 Derivation of Intact Loss Condition 
The vessel’s loading condition was derived from a combination of stability book data and 
information provided by the operators.  It was confirmed that there had been no 
significant alterations to the vessel since build, other than the installation of a deck 
crane, aft of the winch (Figure C.6).  The original stability book lightship (Reference 2) 
was therefore considered accurate enough to not require a further inclining experiment. 

 

Figure C.6  Aft working deck of Ijsselstroom showing deck crane aft of the winch 

Weight and centroid information was obtained for the deck crane from its manufacturers, 
whilst an estimated weight for the crane foundation was calculated.  Details of the most 
likely disposition of fluids were obtained from the crew, as it was not possible to 
determine tank levels after the salvage.  The two aft water ballast tanks were pressed, 
whilst the onboard fuel was assumed equally divided between the three tanks at Frames 
20-23, as there is a common connection between these tanks.  In the absence of any 
detailed information, the stability book levels for stores and provisions were assumed. 

3.1.2 Analysis of Intact Loss Condition 
Based on the assumptions outlined above, the vessel’s estimated loading condition and 
associated GZ curve are detailed at Figures C.7 & C.8. 

The calculated condition has a mean draft of 2.075m and stern trim of 0.271m, based on 
drafts at the AP and FP; Ijsselstroom 's crew however reported a 2.4m draft prior to the 
capsize.  Although it was not possible to validate the vessel’s draft marks following the 
accident, positions were estimated from photographs and drawings, with corresponding 
drafts calculated as 2.177m at the aft marks and 1.963m forward.  It was evident from 
photographs (Figures C.9, C.10a & C.10b) that the aft draft mark datum differed from 
that of the forward marks, and it appears most likely that the aft datum was relative to 
the lowest point of the skeg in way of the nozzles, i.e. to provide a “deepest” navigational 
draft.  The docking plan (Reference 7) shows the skeg as 0.214m below the baseline at 
this point, which would give an effective aft draft mark reading of 2.391m, and which 
correlates well with the reported draft of 2.4m.  The calculated mean draft is less than 
the vessel’s Load Line and maximum moulded draft of 2.171m listed in the stability 
book, which contains no reference to the draft mark positions or datums.  Figure C.7 
also confirms that the loading condition at the time of the accident fully complied with the 
Netherlands Shipping Inspectorate (NSI) intact stability criteria. 
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Vessel : Ijsselstroom Longitudinal dimensions about AP (-ve aft, +ve forward)
Condition : Loss Condition Vertical dimensions about Baseline (+ve above, -ve below)
State : Hull & Major Appendages Transverse dimensions about centreline (+ve Port, -ve Stbd)
Water SG : 1.025

Deadweight Item Weight LCG Long. TCG Trans. VCG Vert. Free 
moment moment moment Surface

moment
(tonnes) (metres)  (te-m) (metres)  (te-m) (metres)  (te-m)  (te-m)

Stores 2.000 12.000 24.000 0.000 0.000 2.800 5.600 -
Provisions 1.000 10.000 10.000 0.000 0.000 2.000 2.000 -
3 Crew 0.225 12.500 2.813 0.000 0.000 5.700 1.282 -
Deck Crane 1.550 9.082 14.077 0.000 0.000 5.592 8.668 -
Deck Crane base 0.150 7.350 1.103 0.000 0.000 3.790 0.569 -
F.O. Fr.20-23 Centre 4.675 10.749 50.252 0.000 0.000 1.092 5.105 0.620
F.O. Fr.20-23 Stbd 4.675 10.745 50.233 -1.827 -8.541 1.242 5.806 0.826
F.O. Fr.20-23 Port 4.675 10.745 50.233 1.827 8.541 1.242 5.806 0.826
W.B. Fr.3-9 Stbd 7.798 3.107 24.228 -1.886 -14.707 1.906 14.863 0.000
W.B. Fr.3-9 Port 7.798 3.107 24.228 1.886 14.707 1.906 14.863 0.000
Dirty Oil Fr.16-19 0.170 8.825 1.500 0.000 0.000 0.091 0.015 0.608
Hydraulic Tk Stbd * 0.176 9.250 1.628 2.439 0.429 0.830 0.146 0.020
F.W. Fr.27-33 2.114 14.661 30.993 0.000 0.000 0.448 0.947 1.258
Dirty Water Fr.23-26 1.000 12.241 12.241 0.000 0.000 0.259 0.259 0.729

* Tank mirrored to Port in MAST as MAST heels to Port

DEADWEIGHT TOTAL 38.006 7.828 297.529 0.011 0.429 1.735 65.93 4.887
LIGHTSHIP 101.100 9.272 937.399 0.000 0.000 2.358 238.394 -
DISPLACEMENT 139.106 8.878 1234.928 0.003 0.429 2.188 304.324 4.887

Free Surface Corrn. (Total Free Surface Moment/Displt) 0.035

Fwd Draft (about Baseline at FP): 1.940 VCG fluid (m): 2.223
Draft midships (about Baseline): 2.075 GM solid (m): 0.805
Aft draft (about Baseline at AP): 2.211 GM fluid (m): 0.770
Trim (about Baseline): 0.271 by stern

Draft Conversions

Draft Location Frame Draft Navigational X-value
No. (Baseline) Draft **

(metres)
AP 0 2.211 0.0
Aft Draft Marks 4.5 2.177 2.391 2.25
Midships 18 2.076 9.00
Fwd Draft Marks 33 1.963 16.5
FP 36 1.940 18.0

** Aft Draft Mark datum assumed to be -0.214m from Baseline to account for skeg iwo nozzles

Angle of Angle of
Downflooding points immersion Deck Edge Immersion points immersion

(degrees) (degrees)
ER Exhausts (Aft fnnl) 46.40 Aft Deck Edge (Fr.0) 15.44
ER Inlets (Inbd funnl) 64.87 Aft Deck Edge (Fr.0.5) 9.27
Deck Store Door (Inbd) > 90.00 Aft Deck Edge (Fr.1) 8.75
Deck Store Door (Outb) > 90.00 Aft Deck Edge (Fr.3) 8.23
Accom Vent (Whse aft) > 90.00 Aft Deck Edge (Fr.7) 7.61
Accom Vent (Whse aft) > 90.00 Aft Deck Edge (Fr.12) 7.63
Whouse Top Mushrm Vent 73.21 Aft Deck Edge (Fr.17) 8.79
Dkhse Top Mushrm Vents 75.72

Stability Criteria 1
Required

Value
Calculated

Value
GZ at 30 degrees (m) 0.200 0.223

Angle of Maximum GZ (degrees) 15.000 26.636
Area under GZ curve from 30° to 40° (mrad) 0.030 0.036      All criteria are
Minimum GM fluid (m) 0.150 0.770      complied with

Area under GZ curve up to maximum GZ > 0.055 + 0.001*(30-PHImax) (mrad) 2 0.058 0.069
Maximum angle in Weather Criterion NSI BADS 210/1987 (degrees) 3 46.4 (max) 32.1

Stability Criteria Notes
1.  The vessel was required to comply with the Offshore Supply Vessel Criteria for intact stability, as stipulated in the
     Netherlands Shipping Inspectorate (NSI) regulation BADS 280/1992.
2.  PHImax is the angle of maximum GZ.
3.  This criterion is stipulated in the NSI regulations BADS 210/1987 and BADS 279/1992, and is based on the IMO Weather 
     Criterion defined in IMO Resolutions A.562(14) and A.749(18).  This criterion applies a steady wind heeling lever with 
     the vessel assumed to roll to windward due to wave action from the resultant angle of equilibrium.  A further gust 
     wind heeling lever is then applied, from which the area "b", should be equal to or greater than area "a", where: 
         Area "b" is the area between the GZ curve and gust wind heeling lever curve to the right of the intercept of these curves, 
         up to either the angle of downflooding, or 50°, whichever is less;
         Area "a" is the area between the GZ curve and gust wind heeling lever curve to the left of the intercept, up to the angle of
         roll to windward due to wave action.
    Therefore, to evaluate this criterion, the angle at which area "b" = area "a" has been calculated, which at 32.1°, is less than 
    the angle of downflooding (46.4°) and 50°.   

Figure C.7  
Ijsselstroom
estimated 
loss conditio
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Figure C.8  Ijsselstroom assumed loss condition – GZ Curve 

 

Figure C.9  Ijsselstroom being lifted out of the water, post-accident 

 

Figures C.10a & C.10b  Ijsselstroom aft draft marks and forward draft marks 

Comparing the above photos with further photos of Ijsselstroom operating at Peterhead 
prior to the accident (Figure C.11) it is evident that the vessel appeared to be operating 
with minimal aft freeboard, corresponding to an aft (navigational) draft of about 2.4m.  A 
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number of deck edge points were included as warning points in the analysis, and Figure 
C.7 indicates that the vessel’s aft deck would have become immersed at only 7.6°. 

 

Figure C.11  Ijsselstroom operating at Peterhead prior to the accident 

The various downflooding points described at section 2.1.3 above were also included in 
the analysis, with Figure C.7 confirming that the starboard engine room exhaust, on the 
aft face of the funnel would have become immersed at 46.4°, followed by the engine 
room inlet on the inboard face of the starboard funnel at 64.9°. The mushroom vents on 
the wheelhouse top and deckhouse top would have likewise become immersed at heel 
angles of 73.2° and 75.7° respectively. 

Perhaps most significantly, the GZ curve for the vessel’s estimated loss condition at 
Figure C.8 indicates a positive range of stability to 68°.  This of course equates to the 
angle of vanishing stability, at which point the vessel would capsize and not be able to 
right herself.  However, the survivors’ accounts suggested that Ijsselstroom heeled 
initially to around 90° during the girting sequence, before recovering to an angle of list, 
reported as 30°; photographic evidence (Figure C.12) confirms that the vessel was able 
to recover and list prior to her eventual sinking by the stern. 

 

Figure C.12  Ijsselstroom listing heavily, post capsize 
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The ability of the vessel to right itself from such a large angle of heel suggests an 
additional volume of intact buoyancy that remained effective at the reported 90° of heel. 
As the vessel’s wheelhouse was confirmed as intact during the initial girting, the loading 
condition was re-analysed in MAST with this compartment included.  The revised GZ 
curve is superimposed on the original curve at Figure C.13 below.  This confirms that 
the range of positive stability extends beyond 90° due to the contribution of the 
wheelhouse (the range in fact extends to nearly 160°).  If the vessel had heeled over 
to 90° in this condition, it would therefore have theoretically been able to return to 
upright, once the heeling moment had been removed. 
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Figure C.13  Ijsselstroom assumed loss condition – GZ Curve (with & w/o Wheelhouse) 

3.2 GIRTING SCENARIO 

3.2.1 Overview of Girting Scenario 
When conventional tugs, such as Ijsselstroom, with rudders located aft of stern 
propellers, become beam onto the tow rope, the resultant load can heel the vessel over 
to large angles, potentially dragging the vessel sideways through the water.  Commonly 
referred to as “girting” or “girding”, this will often lead to capsize if the tug is unable to 
recover from the extreme angle of heel. 

Girting appears to have occurred during the loss of Ijsselstroom, with the vessel 
sheering first to port then more violently to starboard, at which point the tow rope passed 
over the tug’s quarter and onto her beam, followed by a heel to starboard of 90° to 100°. 

3.2.2 Derivation of Heeling Moment 
Although it is easy to comprehend that a vessel will heel over if a lateral load is applied, 
the representation of the resultant coupling moment formed by the tow load and the 
various hydrodynamic forces acting on the hull is more complex, and requires advanced 
computer simulation modelling or physical model testing, beyond the scope of this study. 

The traditional approach to simplifying this scenario is to represent the heeling moment 
acting on the vessel at each angle as a curve, superimposed onto the GZ curve of 
righting levers, acting to bring the vessel upright.  The point where the heeling moment 
curve first intercepts the righting curve therefore equates to the angle of static heel or 
equilibrium.  In a static sense, capsize will occur when the heeling moment curve is 
greater than the GZ curve; dynamically, capsize would however occur with a lesser 
heeling moment curve (and therefore lesser tow load), when the vessel’s reserve of 
stability (area below the GZ curve, but above the heeling moment curve) is less than the 
initial area between the heeling and GZ curves up to the point where they first intercept. 



Annex C – Static stability analysis of the capsize and sinking of the tug Ijsselstroom on 14 June 2009 

MAIB 01/07/091 Page C.10 of C.14 

Various formulae are available to represent curves for the moment couple developed by 
a tow rope acting on the beam of a tug and the hydrodynamic forces acting on the hull to 
oppose sideways motion.  All incorporate various different assumptions, but typically are 
derivatives of the general form adopted by the International Association of Classification 
Societies (IACS) at Reference 7: 


cos..Th  

where h is the vertical distance between the towing point and propeller centre, T is the 
tow load, θ is the angle of heel, and Δ is the loaded displacement. 

At Reference 8, the couple is assumed to act between the tow wire tension and the 
inertia force acting at the vessel’s VCG, whilst Ref. 9 adopts a cos2θ component for the 
above formulae. Reference 10 assumes that the lever varies with the vertical separation, 
h, between the tow wire tension point and the centre of hull resistance, which increases 
slightly with heel angle. cosΦ and sinΦ components are also incorporated, where Φ is 
the tow lead angle to the vertical, and which is relatively unaffected by the angle of heel: 




sin.

cos..

T

Th


 

3.2.3 Analysis of Heeling Moment and Girting Scenario 
Figures C.14 and C.15 below depict the assumed loading condition for Ijsselstroom, 
with superimposed heeling moment curves based on cosθ and cosΦ components 
respectively (References 7 and 10).  The heeling effect of wind has been ignored, as the 
wind speed was negligible on the day of the accident.  Figure C.14 indicates that a 10te 
load acting beam onto the vessel would induce a 10° heel, while assuming the more 
pessimistic static capsize scenario, a 19te load would be sufficient to eradicate all of the 
positive GZ righting levers and therefore result in capsize.  Based on an estimated tow 
lead angle of 4.7° (i.e. the lead of the tow wire is elevated at 4.7° from Ijsselstroom to 
the barge), Figure C.15 calculates that capsize would occur with only a 15te tension 
acting in the tow rope at 90° to the centreline. 

Although the actual breaking strain of the tow rope in use at the time of the accident was 
not tested following the accident, its nominal certificated breaking strain was recorded as 
55.7te.  Although it is likely that this figure would have been degraded to some extent 
with usage, the calculated girting loads of 15te and 19te are considerably lower than the 
original maximum strain, at only 27% and 34% respectively of this figure. 
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Figure C.14  Ijsselstroom assumed loss condition – GZ Curve with cosθ Heeling Moment curve 
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Figure C.15  Ijsselstroom assumed loss condition – GZ Curve with cosΦ Heeling Moment curve 

In reality it is likely that girting may have started to occur at a point during the sheer, 
prior to the tow rope adopting a beam on attitude to the vessel.  The heeling moment will 
of course increase with the angle of the tow rope to the vessel’s centreline (angle of 
attack, Ψ), and will in fact vary with sinΨ, i.e. when the load is acting astern, Ψ = 0° and 
sinΨ = 0, but when Ψ = 90° (beam on), sinΨ = 1.  Assuming for example, an effective 
rope strength of 60% of the maximum breaking strain, equivalent to 33.4te, Figure C.16 
confirms that a tow rope attack angle of only 35° (to the centreline), would result in the 
cosθ heeling moment curve exceeding the vessel’s GZ curve, making capsize likely. 
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Figure C.16  Ijsselstroom assumed loss condition – GZ Curve with cosθ Heeling Moment curve 
& Various Attack Angles, based on assumed 60% Maximum Breaking Strain 

3.3 FLOODING SCENARIO 

3.3.1 Downflooding analysis 
It was previously observed that the vessel should have been able to return to upright 
once the initial heeling moment had been removed; however a residual list of around 30° 
was reported, suggesting a change to the vessel’s equilibrium condition. 

Although it is possible that trapped water on the aft deck may have contributed to this 
list, a stern cut out and four unblocked freeing ports were incorporated into the vessel’s 
bulwarks, which should have allowed the water to free itself fairly readily. 
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It is also known that the vessel progressively flooded and sank having adopted this 
residual list, indicating that at least one of the down-flooding points must have remained 
submerged at this list.  Figure C.13 confirmed that the starboard engine room exhaust, 
on the aft face of the funnel, would have become immersed at around 46°; this therefore 
suggests a residual list in excess of this angle, rather than the reported 30°. 

It is evident from Figure C.13 that down-flooding would have also occurred during the 
initial large heel to 90° to 100°.  In order to estimate the potential effects of this down-
flooding, Bernoulli’s Theorem was used to estimate flow rates through the starboard 
engine room exhaust and inlet on the funnel, along with the wheelhouse and deckhouse 
mushroom vents.  In order to simplify the analysis, flow rates were calculated for a 90° 
heel (rather than for various intermediate heel angles), with appropriate pressure heads 
and discharge coefficients adopted for each opening. 

It was estimated that at 90° of heel, a combined total of over 1.3te of sea water would 
have flowed into the engine room per second via the exhaust and inlet on the starboard 
funnel, while about 0.8te per second of water could have entered both the wheelhouse 
and accommodation via each of the starboard mushroom vents. 

3.3.2 Derivation of Residual List 
Although it is was not possible to determine the duration of the girting sequence, for the 
purposes of estimating the possible effects of down-flooding, the vessel has been 
assumed to be heeled over to 90° for an arbitrary 10 seconds.  This duration was 
considered a not unreasonable duration for this extreme heel, with any over allowance in 
this figure being negated by the downflooding that would have been occurring via the 
engine room vents as the vessel heeled from around 46°of heel through to 90°. 

Assuming the above calculated flow rates, over 13te of flood water would have entered 
the engine room, and around 0.8te into both the wheelhouse and accommodation 
spaces in this 10 second period.  Adding these masses of floodwater to the intact loss 
condition would have resulted in the revised GZ curve depicted below at Figure C.17. 
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Figure C.17  Loss condition, including assumed downflooded water during initial heel to 90° 

Comparison with Figure C.13 confirms a drastically reduced stability condition, 
characterised by an initial positive range from around 4° to 35°, with the curve then 
becoming negative, before re-emerging at around 45°.  As the vessel therefore 
attempted to right itself from the 90° heel, it would have effectively tracked back along 
the GZ curve and reached a new equilibrium angle of 45°, consistent with the residual 
list known to have occurred following the girting. 
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3.3.3 Analysis of Sinking 
Once the vessel was listing over to this 45° of heel, the engine room exhaust would 
have been continually immersed and the condition would have continued to deteriorate, 
as the draft, list and rate of downflooding all increased. 

A flooding analysis was conducted in MAST by progressively flooding the engine room, 
then the accommodation and engine room store (immediately aft of the engine room), 
both of which would have been assumed to also have started to flood progressively from 
the engine room via bulkhead penetrations. 

It was not possible in MAST to sink Ijsselstroom by the stern, as actually occurred; as 
the engine room, then accommodation and engine store were increasingly flooded, the 
stern trims became so extreme that the calculation tolerances were exceeded. 

Figure C.18 below however depicts the vessel’s GZ curve with an assumed flooding 
level of 44.3te in the engine room (equivalent to 72% of the floodable volume), 13.2te in 
the accommodation (24%) and just over 1te in the engine room store (25%).  This 
confirms that the initial positive hump evident at Figure C.17 has been removed, and the 
vessel would have been listing at this stage to around 52°.  More significantly, the aft 
draft of 4.158m and midships draft of 2.884m would result in the length of the aft working 
deck being fully immersed, a condition which would effectively mean the vessel was lost. 
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Figure C.18  Loss condition, with 44te & 13te of floodwater in the engine room & accom. 

 

Section 4 CONCLUSIONS 
4.1 LOSS SCENARIO 

An in-house MAIB static stability analysis has been conducted to further examine the 
capsize and subsequent foundering of the conventional tug Ijsselstroom. 

Adopting a static heeling moment approach to this analysis indicates that the tug could 
have been girted and heeled to the reported 90° well within (as low as 27% of) the tow 
rope’s nominal breaking strain.  Assuming an effective breaking strain of 60% of the 
maximum, girting could have occurred at an attack angle to the centreline as low as 35°. 

Ijsselstroom complied with the required intact stability criteria and was operating with a 
good positive range of stability (68°), which would have extended to nearly 160°, with 
the wheelhouse included in the intact volume.  The vessel should therefore have been 
able to right herself when the tow rope parted and the heeling moment was removed. 
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Flooding analysis has however confirmed that around 10 seconds of down-flooding via 
engine room exhausts and vents, and mushroom vents leading into the superstructure 
while the vessel was heeled over to 90°, could have allowed sufficient water to enter the 
vessel to prevent it from righting itself any further than 45°.  At this residual list angle, 
progressive down-flooding would have continued into the engine room via the exhaust 
on the aft face of the funnel, and the vessel would have ultimately sunk by the stern. 

4.2 GENERAL CONCLUSIONS 
The position of the engine room exhausts and vents would have resulted in static angles 
of immersion greater than 40° for the loss condition, and which would ensure 
compliance with stability criteria.  However it is apparent that in a more extreme 
situation, these contributed to the vessel’s loss, both by allowing initial down-flooding 
during the extreme heel, and then progressive flooding post-heel. 

The engine room exhausts on the aft face of the funnels are the critical openings to this 
scenario, and are pictured (Figures C.4 & C.6) with closing devices.  The regime for the 
closing of these vents is unknown, but it is likely that if they had been closed at the time 
of girting, down-flooding would have been sufficiently restricted to prevent the loss. 

On the general arrangement drawing (Reference 2) these exhausts are also shown at a 
higher location on the funnels than as fitted; it is also not known why these vents were 
subsequently lowered in the final design.  Although these lower positions would have 
made little difference to the initial down-flooding rate, the original higher vent positions 
would have prevented the subsequent continual down-flooding at the residual angle of 
list, and the vessel could have theoretically been stabilised at this angle. 

It is evident that Ijsselstroom was operating with very low aft freeboard, which although 
compliant with the vessel’s stability book and Load Line, meant that the aft working deck 
would have become immersed at only 7.6°.  Not only would this not comply with UK 
legislation (Reference 11), which requires this angle to be no less than 10°, but practical 
seamanship suggests that such a low angle of deck immersion exposes a vessel to the 
risks of aft deck flooding and progressive down-flooding. 
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Peterhead Port Authority's generic towage risk assessment



PETERHEAD PORT AUTHORITY 

RISK ASSESSMENT 

Location: Peterhead Harbour and approaches. 

Activity/Subject of Assessment: Use of Tugs / towing operations. 

Hazards Identified: 

1) Vessel grounding/in collision due to Tug losing engine power or parting tow-wires or 
being unable to control the berthing vessel's movements due to insufficient engine 
power. 

2) Vessel sustaining hull damage due to poor ship handling by the Tug Master. 
3) Risk of Tug capsizing when towing due to " Girting". 

Name of Assessor:  

Revised: , August 2007. Unless there are operational changes, next 
review date August 2009. 

EVALUATION OF RISK 

F: Probable Frequency of Hazard 

1 - Improbable Occurrence 
2 - Possible Occurrence 
3 - Occasional Occurrence 
4 - Frequent Occurrence 
5 - Regular Occurrence 
6 - Common Occurrence 

S: Severity 

1 - Trivial Injuries. 
2 - Minor Injuries. 
3 - Major Injuries to one person 
4 - Major Injuries to several people 
5 - Death of one person 
6 - Multiple Deaths 

RISK RATINGS 

1-6 Low Risk Rating 
13-18 Medium Risk Rating 
25-30 High Risk Rating 

HAZARD RISK RATINGS: 

8-12 Low to Medium Risk Rating 
19-24 Medium to High Risk Rating 
31-36 Very High Risk Rating 

Hazard No1: F (2) x S (6) = (12) Low to Medium Risk rating. 

Hazard No2: F (2) x S (2) = (4) Low Risk Rating. 

Hazard No3: F (2) x S (2) = (4) Low Risk Rating. 



SAFETY MEASURES. 

PREVENTATIVE: 

(1) All Tugs sourced for berthing work must be in Class and proven to have the 
capabilities and engine power required for berthing assistance. 

(2) All Tug Masters and crew must have the proper certification and e~erietl~e r 

necessary to carry out the required tasks for the safe berthing of the vessel. ___ --
(3) All the wires and ropes used by the Tug for berthing assistance must be load tested 

and certificated and be capable of safely handling the weights and strains involved in 
the operation. 

(4) There must be proper communication between the Tug Master, VTS, Pilot and the 
ships master and ships crew throughout the operation. The Pilot will establish VHF 
radio working channels between and the Towing Vessels, Port Control, Pilot Cutter 
and any other party involved. 

(5) The Pilot will advise the time and position for the tugs to attend the vessel. 
(6) Prior to the towing operation the Pilot and each Tug-Master will discuss the 

impending operation and will agree the towing position of each towing vessel in 
relation to the vessel to be towed. They will also agree the required length of towlines 
and discuss the occasions when this may, foreseeably, be required to be adjusted. 

(7) The Pilot will discuss the towing operation with the Master of the vessel to be towed 
and will agree the position of each towing vessel. 

(8) The Pilot will assume control of the towing operation and will ensure that tugs are 
safely made fast before directing tugs to put weight on the towline. 

(9) Risk Assessments must be in place for berthing operations aboard the Tugs, with the 
pilot and also onboard the ~essel to be berthed. 

PROTECTIVE: 

(1) All crew involved in berthing operations must be equipped with proper Personal 
Protective Gear. Each individual must wear a lifejacket, hardhat, fluorescent jacket, overalls, 
gloves and proper safety footwear. 

LEGISLATION / PUBLICATIONS TO BE CONSULTED 

The Management of Health and Safety at Work Regulations 1999. 
The Health and Safety Act 1974. 
The Docks Regulations 1988. 
Manual Handling Regulations 1992. 
Code of Safe Working Practice for Merchant Seamen. 
Port Marine Safety Code 
THIS LIST IS NOT DEFINITIVE 




