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ABSTRACT 

 

The carriage of grain by sea is one of the most regulated operations in the maritime industry given the risks 
of sliding accidents, Biran (2017) cites Arndt (1968) referring to 31 incidents  involving sliding loads, 13 of 
them leading to sinking of vessels. The procedures and calculations for loading grain have been long 
established and are well known in the industry. Loading and carrying grain entails having as many cargo 
compartments loaded to their maximum capacity as possible to avoid the likelihood of shifting and the 
effect of heeling moments (IGC, 1991) . This is, in most occasions, not viable. Having several parcels with 
different grades to be segregated, loaded and discharged in different ports, results in going  to the sea with 
a number of slack compartments. 

There are various solutions to this dilemma, one of the most practical being the use of ballast to improve 
stability by increasing the displacement and reducing the vertical height of the center of gravity of the 
vessel. But even this solution has setbacks: the increase in draught or what is worse, the risk of exceeding 
the seasonal load line. To counteract for the former, the ballast is pumped out once the port limits are 
reached provided the ship's rolling is not near the angle of repose. This procedure has been widely 
performed without the benefit of experimental data on the dynamic angle of shifting of the grain (the only 
available data is the static angle of repose) and a reliable calculated safety margin. Moreover, no records 
were found of experimental physical measurements of the grain's angle of shifting in dynamic conditions 
on ships. 

This project undertakes the construction of a typical bulk carrier cargo hold, suspended in a rotating 
mechanism, partially filled with samples of grain loaded in terminals, to perform the experimental 
measuring of the angle of shifting in dynamic conditions, and to determine its equivalence with the static 
angle of repose. It also performs a probabilistic analysis of the safety margins between the angle of rolling 
at sea and the angle of shifting at sea (dynamic), all in order to provide a tool to ship operators and masters 
for safe deballasting operations at sea when loaded with grain. 
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1. INTRODUCTION 

 

Grain and oilseeds, as main components of the food industry, are one of the pillars of the world trade and 
transportation.  An estimated 371 million metric tons of grain (corn, wheat and rice) and 481 million metric 
tons oil seeds are exported worldwide every year for a total of 852 million metric tons, of which  80% is 
carried by sea, representing about 6% of the world seaborne trade, according to data from York Overseas 
Ltd . 

Accordingly, all aspects related to the safety of carriage of grain, are of paramount importance.  

The safety regulation of the grain transportation has, unequivocally, been crucial to the protection of 
seafarer’s life at sea, and to the safety of navigation, but it has also brought operational and commercial 
challenges to shipowners and traders. 

This project is a not only an empirical research on a parameter such as the angle at which the grain shifts 
in simulated rolling: the dynamic angle of shifting and how it is correlated to the angle of repose. By 
calculating safety margins between the angle of rolling and the dynamic angle of shifting it also constitutes 
a modest attempt to both easing such challenges and improving the safety of the grain carriage. 
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2. BACKGROUND AND LITERATURE REVIEW 

 

Ships carrying grain have to comply with regulations and criteria as set out in SOLAS (1974) chapter VI and 
the IGC (1991). These criteria refer to minimum standards of intact stability and the vessel’s response in 
the event of shifting of the grain. Sliding of grain is undesirable because of the heeling moment created 
which will cause the ship to experience large inclinations and loss of stability. Accordingly, any measure to 
prevent this would be aimed at preventing the shifting or minimizing the heeling moments. 

As the shifting of grain is a consequence of cargo holds not being loaded in full, the first approach would 
be to fill up all or as many holds as possible. In the author's working experience of over 10 years, this could 
be limited by operational constraints such as number of grades, discharge port rotations, possibility or not 
of commingling, etc. When holds cannot be filled, the only other manner of preventing shifting is by 
securing (strapping) the grain . This is highly expensive and only specialized ports have the operational 
capability and know-how to perform it.  

For reducing the heeling moments, either selecting the holds with taper end to be partially filled or 
trimming of the holds ends (for non-self-trimmers) is also considered, but the latter could be impractical 
due to availability restrictions or financial considerations and has limited effectiveness, also in the author's 
experience. If none of the above works, the only alternative is to increase the permissible heeling moments 
by augmenting the displacement or reducing the vessel's vertical center of gravity KG, or both. The 
reduction of free surface is a quick method of decreasing the KG but the most effective way of increasing 
the displacement and reducing the KG simultaneously thus improving the stability is by taking ballast in 
lower tanks. 

This practice on the other hand has the issue of increasing the ship's draft sometimes beyond the available 
depth at then loading or discharging port. It is common practice in such cases to dump the ballast before 
entering or to take it after exiting it, subject to the vessel technically being within port limits or under local 
jurisdiction (i.e. not on an international voyage), and the weather conditions not being conducive to rolling 
motion in the region of the angle of repose (Kamal, 2016). The above has been done without a numerical 
tool for estimating at what angle of roll the grain might start sliding in dynamic conditions, based on the 
known angle of repose, and probabilistic methods for calculating a safety margin between the angle of 
rolling during de-ballasting operations and post-de-ballasted.  

The literature and studies available related to grain stability are scarce, and most of them replicate the 
contents of the IGC (1991) or the booklet prepared by NCB (1994). Much of the above statements are based 
on the working experience of the author supervising the loading of grain. With respect to grain sliding, a 
wealth of articles and literature is available for measuring the angle of repose, or the study of the cohesive 
forces of granular material, but with respect to the sliding of grain in dynamic conditions, although 
experiments have been done to determine its angle of repose in systems like a rotating drum (Al-Hashemi 
and Al-Amoudi 2017), little could be found for a simulation of sliding in sea motion conditions, except for 
advanced studies done by Spandonidis and Spyrou (2015) about rolling on vessels carrying granular 
material where the granular behaviour under sea motion conditions was mathematically modeled and 
simulated. They recognized the lack of research on this subject. 
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2.1 - GRAIN DEFINITION AND PROPERTIES 

 

2.1.1- Definition of grain 

According to IGC (1991), the term grain applies to: wheat, maize or corn, oats, rye, barley, rice, pulses, 
seeds and processed forms thereof, whose behaviour is similar to that of grain in its natural state. The 
behaviour of interest is their property to shift once a specific angle of repose is reached and exceeded. Also, 
the following can be defined: 

Angle of repose AOR: Means the maximum slope angle of non-cohesive - i.e. free flowing - granular 
material. It is measured as the angle between a horizontal plane and the cone slope of such material (IMSBC 
2008). 

Angle of shifting AOS: Not defined in the literature. We will use this term to refer to the angle of heel of the 
ship at which a particular grain with a certain angle of repose will shift in dynamic conditions, as measured 
in experimental tests. It is therefore a property intrinsic to the material on a certain ship in certain dynamic 
condition. 

 

2.1.2- Other commodities be treated as grain 

The forewords of the code IMSBC (2008) reads: The international maritime community recognized the 
challenges of the carriage of bulk cargoes in the 1960 International Conference on Safety of Life at Sea. At 
the time it wasn’t possible to define requirements for the carriage of bulk cargoes, except for grain, 
however, it did recommend the preparation of an international code for safe practices on bulk cargoes. 
From that effort, the chapter VI of SOLAS and the Grain Code saw the light, and subsequently, the Bulk 
Cargoes BC code, which transformed into The International Maritime Solid Bulk Cargoes Code (IMSBC 
code). 

While it excluded the cargoes listed in the grain code, the IMSBC (2008) on the other hand defines Non-
cohesive materials as dry materials that readily shift due to sliding during transport. The Dry materials with 
non-cohesive properties, therefore exhibit an angle of repose. In section 5 – Trimming procedures, the 
code stipulates that non-cohesive cargoes with an angle of repose less than or equal to 30 degrees, which 
flow freely like grain, shall be carried according to the provisions applicable to the stowage of grain cargoes. 
Example of these commodities are many fertilizers such as Ammonium Nitrate. 

Although the above dry materials don’t have the use, biological and chemical properties of grains as defined 
in the Grain Code, for the purpose of transversal stability they share a common characteristic: they both 
are non-cohesive, both readily shift due to sliding during sea transport, both having an angle of repose. 
Accordingly, when it comes to compliance of intact stability, both grain cargoes and solid bulk cargoes 
which are non-cohesive and with AOR less or equal to 30 degrees, have to be treated same and the 
calculation for compliance of grain stability criteria performed. 
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2.1.3- Physics of grain cohesion 

Granular friction is the main property responsible for granular cohesion. It was first described by Coulomb 
in 1776 (Sharan and Lee, 1970) and can be expressed as: 
 

t = s tan f + C        (2.1) 
 
where  
t- Shear stress at failure 
s- Normal stress 
f - Angle of internal friction 
C - Cohesion coefficient 
 
For non-cohesive granular material such as wheat, C = 0. 
 
According to the studies on compaction dynamics by Lumay et al. (2017), the complex behaviour of an 
assembly of particles depends on interparticle forces. Those forces are conditioned amongst others by: 

- granular packing fraction:  Increases with vibrations, tendency to form a denser system.  
- shape, size, geometry, humidity: Polydispersity, cylindrical vs spherical, etc. 
- friction / roughness: Texture of grain shell. 
- cohesion: Van de Waal forces, changed if foreign particles are introduced. 

Opposing these forces is the weight. In the paper Measuring the flowing properties of powders and grain 
(Lumay et al.,2012), to explain cohesion the authors use a heap of sugar, one with granulometry of about 
0.5 mm, the other of 50 µm. While the former adopts the normal heap, the latter shows a cohesive heap 
as the cohesive forces related to the humidity, electric charges and Van der Waals forces are greater than 
the weight of the grain. SEE APPENDIX 12. 

Accordingly, reducing the size of the grain as we did with the vessel would have changed size, geometry 
shape but more importantly: weight of grain and friction (the exposed cut off side would have a smaller 
roughness and friction). 

 

2.2- COMPLIANCE WITH INTACT AND GRAIN STABILITY CRITERIA  

Ships engaged in international voyages have to meet stability requirements as per intact and damaged 
stability codes and class rules (SOLAS 1974), but also, as per the above, when carrying grain or non-cohesive 
bulk cargoes with AOR less than or equal to 30 degrees, ships have to meet the requirements for carriage 
of grain as set out in the SOLAS (1974) and IGC (1991), as mentioned in the ISC (2008). 

The stability criteria contained in the Intact Stability code ISC (2008) can be summarized as follows: 

Criteria regarding the righting lever (GZ) curve: 

1. A(j = 0 to 30°) ³ 0.055 meters-radians. 
2. A(j = 0 to 40° or j!, if less) ³ 0.09 meters-radians. 
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3. A(j = 30° to 40° or 30° and j!, if less) ³ 0.03 meters-radians 
4. At j ³ 30° GZ ³ 0.2 meters 
5. GZ$%& shall occur at j ³ 25° 
6. GM( ³ 0.15 m 

Severe wind and rolling criterion: Considering a steady wind perpendicular to the centerline results in 
wind heeling lever 𝑙*+ and new position of equilibrium j(. Wave actions cause the ship to roll windward 
from  j( to j+ and then a wind gust results in a gust wind heeling lever 𝑙*,: 

 

7. j(≤ 16° or 80% of j-./0	23$.45263	 (whichever is less) 
8. A8	³ A%  

 

where A8	 area between GZ and 𝑙*, up to j,, A%area between GZ and 𝑙*, up to j+ and j,= j!, 50° or j/ 
(second intercept of GZ and 𝑙*, curves). For better reference, see Figure 1: 

 

 

Figure 1: The weather criterion  

Special criteria: For cargo ships carrying grain in bulk, the intact stability shall comply with the 
requirements of IGC (1991) 

 

2.2.1 Grain stability criteria 

In addition to the above criteria, when carrying grain ships have to meet minimum criteria with regards to 
the intact stability as per originally in SOLAS (1974) and subsequently IGC (1991). In this regard a vessel 
complying with the intact stability might not meet the grain stability. The correlation between the two 
criteria will be discussed below in Chapter 6. 

The ISC Chapter 3 treats the grain stability as a special criteria for certain types of ships and in its chapter 
3.4 - Cargo ships carrying grain in bulk, it reads: The intact stability of ships engaged in the carriage of grain 
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shall comply with the requirements of the International Code for the Safe Carriage of Grain in Bulk adopted 
by resolution MSC 23(59) (ISC 1991). 

 

SOLAS 

The original text of SOLAS 1974, Chapter VI Carriage of Grain, consisted of the following: 

Part A: General Provisions, Regulations 1 to 13. 

Part B: Calculation of Assumed Heeling Moments, Sections I to V. 

Part C: Grain Fittings and Securing, Sections I and II. 

It was in Part A, Regulation 4 – Intact Stability Requirements, where these criteria are listed [5]: 

1- The angle of heel due to the shift of the grain not to exceed 12 degrees. 
2- In the Statically Stability Diagram, the net or residual area between the heeling arm curve and the 

righting arm curve up to the angle of heel of maximum difference between the ordinates of the two 
curves, or 40 degrees or the "angle of flooding", whichever is the least, shall in all conditions of 
loading be not less than 0.075 metre-radians. 

3- the initial metacentric height, after correction for the free surface effects of liquids in tanks, shall be 
not less than 0.30 metres.  

In the present text of SOLAS Convention (amended by 2002 Conference), chapter VI – Carriage of Cargoes, 
Part C – Carriage of Grain, Regulation 8 – Defines de Grain Code and the term Grain, Regulation 9 – 
Requirements for cargo ships carrying grain, the obligation to carry on board a document of authorization 
to carry grain. 

IGC 

The Grain Code consists of the following: 

Resolution MSC.23 (59) adopted in May 23rd 1991 and entered in forced January 1st 1994, with revised part 
C of chapter VI of SOLAS and adopting the new IGC. 

Annex Part A: Specific requirements, regulations 1 to 18. 

Annex Part B: Calculation of assumed heeling moments and general assumptions. 

Appendix: Incorporates the Part C of chapter VI of SOLAS. 

It is in Part A, Regulation 7 – Stability Requirements A 7.1, where these criteria are listed. They replicated 
the same criteria as in the previous Chapter VI of SOLAS except for an amendment to the criteria related 
to the angle of heel: 

1- The angle of heel due to the shift of the grain not to exceed 12 degrees or the angle at which the 
deck edge is immersed, whichever is lesser. 

2- In the Static Stability Diagram, the net or residual area between the heeling arm curve and the 
righting arm curve up to the angle of heel of maximum difference between the ordinates of the two 



Experimental investigation of the dynamic angle of grain sliding and its impact on ship's safety 
 
 

 
 

7 

curves, or 40 degrees or the "angle of flooding", whichever is the least, shall in all conditions of 
loading be not less than 0.075 metre-radians. 

3- the initial metacentric height, after correction for the free surface effects of liquids in tanks, shall be 
not less than 0.30 metres.  

 

 

2.2.2- Calculation of the grain stability criteria 

1- The angle of heel after the shifting of the grain: 

 

Tan θ⁰ = 
	9:$	6!	;4%35<.45%=	>..=23?	$6$.3;5

D	@	AB
 X 57.3    (2.2) 

 

2- The residual area between heeling arm and righting arm curves, from the angle of heel to the max 
ordinate or 40 degrees: 

For the ordinates of the heeling arm curve. 

 

λ₀ = 
<6=:$.;42/	>..=23?	$6$.3;5

D	@	9C
      (2.3) 

λE(⁰ = 0.8 X λ₀     (2.4) 

For the ordinates of the righting arm curve either use GZ curves or KN curves. 

Where: GZ = KN – (KG sin θ⁰)      

And θ⁰ is given values from 5⁰ to 45⁰ 

Then the ordinates measured from the heeling arm to the righting arm curves are taken or calculated 
as: Y = GZ - λ2 

With the values of λ2 the area is resolved as a Simpson product:  

A = 
23;.4<%=	@	(HIJEHKJ,HLJ⋯JEHNJ	HNOI

P
    (2.5) 

 

3- The initial metacentric height corrected for free surface (fluid): 

GM。 = KM – (KG + FS/644)    (2.6) 

See in the Appendix 2 an example of the calculation sheet using the form from Transport Canada. 

Also, in Part A, regulations 6.3.1 and 6.3.2 stipulate the ship shall have available information regarding 
assumed volumetric heeling moments of cargo compartments, filled or partly filled, as well as tables or 
curves of maximum permissible heeling moments for varying displacements and varying values of KG, 



Experimental investigation of the dynamic angle of grain sliding and its impact on ship's safety 
 
 

 
 

8 

allowing the Master to demonstrate compliance with the requirements of A 7.1 (only for ships built after 
the entry into force of the code). This is better explained in the National Cargo Bureau booklet General 
Information for Grain Loading NCB(1994): 

“In lieu of calculating the actual GM, angle of heel, and residual area which will obtain for a given 
displacement, KGv and total grain heeling moment and then testing these values against the requirements 
of the Code, the naval architect pre-calculates the maximum heeling moment which will meet all three of 
these conditions for every combination of displacement and KGv within the range of the ship’s operating 
conditions and lists them in curves or a table which is part of the data in the ship’s approved Gain Loading 
Information”.  

As per the above paragraph, the criteria for grain stability compliance are reduced to calculate and compare 
the transversal heeling moments to the maximum permissible or allowable heeling moment (NCB 1994). 
The calculation of transversal heeling moment consists of taking the values of volumetric heeling moments 
from curves or tables and applying the SF and corrections, the total transversal heeling moment is 
calculated. The value of the maximum permissible or allowable heeling moment can be obtained from 
tables, with the vessels Displacement and KG as argument. Therefore, the Displacement and KG have to be 
calculated by listing the weights, the coordinates of their vertical center of gravity, and summing weights 
and vertical moments, as it is done for any cargo ship (NCB,1994). The below Figure 2 summarises the grain 
criteria: 

 

Figure 2: Stability curve and grain stability criteria 

 

For further guidance on how the grain calculation is done and an actual example, SEE APPENDIX 1,2. 

In this chapter we refer to the intact stability and the grain stability. There is a correlation between both as 
they both assess the vessel's response to inclinations: The intact stability examines the values of GZ and 
areas of the curve at different inclinations. It also considers a dynamic situation where the ship experiences 
a heel under the effect of a sustained wind and wind gust, from the rolled position on the opposite side, 
comparing the areas of residual stability under the curve of GZ for the effect of the wave pressure and to 
the area of residual stability under the curve of GZ for the effect of the wind pressure. It also considers the 
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minimum GM and angle of heel from the sustained wind for a maximum value or percentage of the angle 
of deck immersion, whichever is less.  

The grain stability on the other hand, evaluates the area of residual stability under the curve of GZ for the 
effect of shifting of the grain, and the resulting angle of heel. This heel is permanent regardless of the 
weather condition, heading, etc. The conditions for grain stability are more stringent. While the intact 
stability requires the angle of heel resulting from the sustained wind not to exceed 16° (or 80% of the angle 
of deck immersion),and the GM not to be less than 0.15 meters, the grain stability requires the angle of 
heel resulting from the shifting of the grain not to exceed 12° (or the angle of deck immersion) and the GM 
not to be less than 0.30 meters. It could be inferred, that a vessel complying the intact stability criteria  not 
necessarily complies with the grain criteria, as this is the case for three out of six conditions in this work, 
but a ship complying with the grain stability criteria should meet the intact stability criteria (See Table 4 
which compares the grain and intact stability parameters for all six conditions). While the intact stability 
criteria depend exclusively on the ship's design and loading condition, the grain stability also depends on 
the potential of shifting. Therefore, a ship may have a large initial GM and large values of GZ at different 
angles with all holds partially filled with grain and meet the intact stability criteria, but in the event of 
shifting, she would experience such heeling moment that she could list heavily or even capsize and hence 
fail the grain stability criteria. 

 

2.3- FAILURE TO COMPLY WITH THE GRAIN STABILITY CRITERIA 

 

2.3.1- Grain stability criteria not met 

When the above criteria are not met, it is obvious that there are two ways of improving the stability 
condition: by reducing the Total Heeling Moments or by increasing the Allowable Heeling Moment (NCB, 
1994). 

- Reducing the Total Heeling Moment:  
1- By planning a better distribution of the cargo: reducing the amount of slack holds and / or 

selecting for slack hold a smaller compartment or a compartment with taper end. These 
compartments have smaller heeling moments on account of reduced volume and width 
(volumetric moments are proportional to volume and transversal distance of the new position 
of the center of gravity to the centerline). 

2- In slack holds to avoid the grain surface to be at the greatest breadth level (normally at 50% 
for typical single skin bulk carrier with hopper and topside slopes), giving preference to slack 
holds almost empty or almost full. 

3- By reducing the void spaces of holds filled (trimming the ends). 
4- By securing the grain (strapping). 

 
- Increasing the Allowable Heeling Moment: 

1- By increasing the Displacement (replenishing bunkers, loading more cargo if it is an option, 
taking ballast). 
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2- By reducing the vessels KG (avoiding tween-decks on MPPs, avoiding liquids on high tanks, 
reduction of free surface, taking ballast in double bottom tanks). 

The above steps although not explicitly listed in the referred NCB booklet, can be inferred from the notes 
contained therein. 

 

2.3.2- Preferred procedure to meet the grain stability criteria and setbacks. 

The most common effective approach to deal with non-compliance of grain stability is the use of ballast in 
double bottom, after the amount of slack holds has been minimized, for the reasons explained above. 
However, the problem arises when there is a draft limitation at the loading or discharge port. Most 
commonly at the discharge port. The increase of displacement from the ballast taken causes the vessel’s 
sinking sometimes beyond the maximum permissible draft. This will result in either a change in the 
discharge port rotation, when possible, or a cancellation of the contract with the economic consequences. 

A typical case of draft limitation at loading would be the American and Canadian grain ports along the Great 
Lakes and seaway system. For such cases where the weather conditions – especially from spring to fall 
when the seaway is opened for navigation – are fairly better than what can be expected in oceanic 
navigation, an alternative calculation has been implemented for the so called “sheltered waters”, but when 
this occurs at discharge ports, the sheltered water condition doesn't apply either because the ports are 
opened to the sea (West Africa) or because it hasn’t been instituted.  

2.3.3 - Available solution when failing to comply with the grain stability criteria. Pros, cons and risks. 

Organizations without personnel (ashore or at sea) with experience in the grain trade will take the shortest 
and more costly approach: refuse the contract or reduce the amount of cargo to fit in full holds with 
minimum slack holds. Both approaches have a substantial economic consequence: under present market 
conditions the loss of a contract means back to a pool of shipowners and operators looking for employment. 
A reduced freight or hire means a meagre revenue.  

On the other hand, organizations with greater grain experience will ask the Master to take the full cargo 
and ballast to improve the grain stability condition, discharging the ballast once reaching port limits and 
before entering subject to safe weather conditions (usually rolling not exceeding the AOR). This is done on 
the premise that during roll, the mass of granular material stays in place until the angle of heel exceeds the 
angle of repose (Biran, 2003). 

The Pros of this solution: 

1- This procedure is not in contradiction with any regulation:  SEE APPENDIX 3  
 

2- The procedure is safe, as long as it is done while the rolling does not reach the angle of shifting of 
the cargo: 
 
One of the requirements for loading grain or non-cohesive cargoes in bulk with an AOR of less than 
30 degrees, is to level the surface horizontally. This has three goals:  
- To reduce the heeling moment to a minimum according to the height of the grain (the 

tables of heeling moments are calculated for leveled grain on the basis of the void volume 
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available for shifting, not considering any residual heeling moment due to a wedge on the 
surface of the not leveled grain) 

- To attain the max AOR (for a grain with AOR 25 degrees, if the surface is inclined 2 degrees 
it will shift at 23 degrees of inclination of the vessel)  

- To avoid a permanent list and with it a reduced intact stability of the vessel. 
 
For a grain with a leveled surface, the ship’s roll would have an effect equivalent to that of the 
slope of the tilting table (Ileleji and Zhou, 2007): the grain slides at the point when the inclination 
equals the AOR . Considering this in a static environment (no wind, heave, slamming shocks, 
accelerations, etc.) it is safe to say that as long as the rolling does not reach the declared AOR of 
the cargo, the grain will not shift, and the conditions calculated in the grain stability form, such as 
angle of heel after the shift, or area of residual stability will not be met. 

 

The Cons of this solution and risks: 

1- It lacks the support of a study on the dynamic behaviour of the grain and the effects of the ship’s 
motion on the AOR. The open sea conditions met in some port limits (port access open to the 
ocean) are far from static, hence, a safety margin has to be considered. This has been done 
empirically without a consistent study or data available. In order to keep this procedure safe in 
view of the uncertainties on the ratio of AOR to angle of shifting resulting from the dynamic 
motions and forces, large margins are taken. There is no methodology on what those margins are 
or should be. Considering the responsibility for human life and property that the safety of the ship 
implies, every operator will seek to reduce risks that haven’t been calculated. In my own 
experience, such margins are set as maximum 5- 10 degrees of rolling for wheat with AOR 25 
degrees. The substantial safety margin covers uncertainties not only related to the dynamic angle 
of shifting of the grain, but also the angle of roll. Although the angle of roll is a piece of information 
available to the ship's staff (simply by reading the on-board inclination instrument) the input will 
be limited to a number of random readings which might miss larger values.   
 

2- The economic cost: When weather conditions do not warrant a safe discharge of the ballast, the 
vessel has to keep it on board preventing her from entering the port. This could take hours or days 
until the weather improves (normally de-ballasting all double bottom tanks can take up to 10 hours 
or even more). As explained above in the absence of a complete study on this subject, the safety 
margins proposed are large and to be extra cautious the master might cancel the discharge of the 
ballast even with rolling of less than 10 degrees. This means that even in conditions that could be 
feasible for operating the vessel, the crew and operators will refuse to do so. The delay in entering 
the port will result in expenses equivalent to the time cost of the vessel or off hire.  
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3. OBJECTIVES 

These experiments are based on the hypothesis that grains under dynamic conditions will exhibit a different 
cohesive behaviour and therefore the shifting will occur at angles smaller than the AOR, as suggested by 
Biran (2003): The accelerations induced by the ship motions can cause load shifting at angles that are 
smaller than the angle of repose. It is a premise of this work that the flaw in the procedure discussed in 
2.3.3 is the lack of information available to ship masters and operators about the dynamic behavior of the 
grain in sea motion, and the influence of such motion in the actual angle of inclination when the sliding of 
the grain occurs (angle of shifting). The overall aim of this work is the research into this dynamic behaviour 
and how it correlates with the static behaviour of the grain, to use the values obtained experimentally for 
determining safety margins between the angle of rolling and the angle of shifting derived from the angle 
of repose, and using probabilistic methods, to calculate the probability of failure and reliability of the 
system.  

The specific objectives of the project are: 

1. To determine through experimental tests the angle of shifting of the grain under simulated dynamic 
conditions of sea rolling, and to compare them with the measured static angle of repose. 

2. To collect readings from ocean going vessels of the angle of roll, in order to assess the dispersion 
of the data measured and to determine the standard deviations of those measurements. 

3. To determine safety factors for calculating the maximum angle of roll for safe deballasting from 
the known angle of repose of the grain and to evaluate the reliability of the results. With these 
values to research on a possible methodology, as an example for a safe procedure of deballasting 
before entering ports (or ballasting after leaving) when the grain stability criteria and the draft 
cannot be simultaneously met. 
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4. METHODOLOGY 

 

The methodology selected involves measuring the roll when the grain starts sliding or the angle of shifting, 
under dynamic conditions. It is to be simulated with the use of a scaled model of a bulk carrier's cargo hold 
suspended on a frame, therefore it also entails the design and construction of the model. These results will 
allow us to compare the measured angle of shifting with the previously measured static angle of repose of 
the grain, to establish a correlation between the two, to obtain the mean ratio and to propose a constant 
for conversion 

 

4.1 - THE MATHEMATICAL MODEL 

 

4.1.1. - Reference vessel. 

The model is based on an actual bulk carrier vessel.  The model vessel chosen is a handysize Laker with 
combined single hull transversally framed holds 2,3 and 5 with top side tanks and double bottom tanks with 
hopper slopes, and holds 1,4,6 with double skin side panels and smaller top side tanks. The transversal 
bulkheads are corrugated type. 

The model vessel's particulars: 

 

Vessel Description Units 
Name Nonesuch N/A 
L.O.A. 185.000 meters 
L.B.P. 178.000 meters 
Breadth (Extreme) 23.700 meters 
Depth (Extreme) 14.644 meters 
Draft (Summer) 10.416 meters 
Displacement (Summer) 39,440.000 metric tons 
Lightship 8,541.000 metric tons 
Gross Tonnage 19,612.000 tons  
Net Tonnage 10,162.000 tons  

Table 1: The model vessel's particulars. 
 

For General Arrangement Plan of the reference vessel, SEE APPENDIX 4. 

 

4.1.2 - Loading condition and stability variables. 

In order to make experimental measurements of the angle of heel at which the grain will shift, some 
variables are to be determined: vertical center of rotation (draft at LCF), GM, rolling period, etc. To establish 
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these variables, a number of loading conditions were calculated for a cargo distribution and variations of 
consumables, on a model vessel in order to select the one with poorer stability results and more sensitive 
to inclinations for the experiment: ARRIVAL WITHOUT BALLAST. 

 

4.1.2.1 - Cargo distribution. 

The cargo condition chosen is a full load of grain wheat, grade 2 CWRS (Canadian Wheat Red Spring) with 
stowage factor SF 43.5 cf/mt. The following hypothetical constraints apply: 

1. There are two grades to be separated by holds (grade A 5,200 MT + grade B 21,000 MT). 
2. There is a draft limitation at the discharge (arrival) port of 9.40 (density 1.025). 

The above constraints have the following consequences: 

1. The separation results in slack holds, at least one per grade, unless the quantity to load has a 
tolerance and it fits the exact volume of the holds.  

2. The draft limitation calls for two slack holds in order to adjust the trim for an even keel arrival. 
3. The combination of 1 and 2 results in three slack holds. 

The above is the most common scenario for shipments of grain. 

In the loading condition chosen one grade is loaded in holds 1 and 4 and the other in holds 2,3,5,6. 

The cargo plan: 

Compartment Cargo Weight Volume % 
Hold No 1 Wheat CWRS Grade A 2400.00 62 
Hold No 2 Wheat CWRS Grade B 6377.50 100 
Hold No 3 Wheat CWRS Grade B 6149.00 100 
Hold No 4 Wheat CWRS Grade A 2800.00 54 
Hold No 5 Wheat CWRS Grade B 6146.50 100 
Hold No 6 Wheat CWRS Grade B 2327.00 53 
Total  26200.00  

Table 2- The cargo plan. 
 

 

For the above cargo loading condition, a number of variants were checked: 

- Departure condition, full bunkers, without ballast. 
- Departure condition, full bunkers, ballasted. 
- Intermediate condition, half bunkers, ballasted. 
- Arrival condition, minimum bunkers, ballasted. 
- Arrival condition, minimum bunkers, while de-ballasting. 
- Arrival condition, minimum bunkers, without ballast. 

 

4.1.2.2 - Bunkers, ballast and fresh water distribution and sequences: 
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The below table shows the maximum and minimum quantities of fuel and ballast for the selected 
conditions.  The intermediate condition of fuel is the mean between the departure and arrival. 

Compartment BUNKERS BALLAST 
DEPARTURE  ARRIVAL BALLASTED DE-BALLASTED 

No 1 HFO 40.00   20 40.00 20                           
No 2 HFO P 150.00 42 10.00 3 
No 2 HFO S 150.00 42 10.00 3 
No 3 HFO P 10.00 6 10.00 6 
No 3 HFO S 40.00 23 40.00 23 
No 4 HFO P LS 95.00 95 5.00 5 
No 4 HFO S LS 95.00 95 5.00 5 
No 2 HFO Sett 15.00 47 15.00 47 
No 2 HFO Serv. 15.00 50 15.00 50 
No 1 HFO Serv. 7.00 26 7.00 26 
No 1 HFO Sett. 7.00 22 7.00 22 
No 1 HFO Overflow 2.00 17 2.00 17 
Subtotal 626.00  167.20  
MDO Storage P 55.00 78 55.00 78 
MDO Storage S 55.00 78 55.00 78 
MDO Serv. 11.00 55 11.00 55 
MDO Sett. P 9.00 22 9.00 22 
Subtotal 130.00  130.00  
Fore Peak  2.00 0 2.00 0 
No 1 WBT P 4.00 0 4.00 0 
No 1 WBT S 4.00 0 4.00 0 
No 2 DBWT P 3.00 1 3.00 1 
No 2 DBWT S 3.00 1 3.00 1 
No 2 TBWT P 1.00 1 1.00 1 
No 2 TBWT S 1.00 1 1.00 1 
No 3 DBWT P  552.20 100 5.00 1 
No 3 DBWT S 552.20 100 5.00 1 
No 3 TBWT P 1.00 1 1.00 1 
No 3 TBWT S 1.00 1 1.00 1 
No 4 WBT P 634.90 100 5.00 1 
No 4 WBT S 634.90 100 5.00 1 
No 5 DBWT P 4.00 2 4.00 2 
No 5 DBWT S 4.00 2 4.00 2 
No 5 TBWT P 1.00 1 1.00 1 
No 5 TBWT S 1.00 1 1.00 1 
No 6 BWT P 685.70 100 4.00 1 
No 6 BWT S 685.70 100 4.00 1 
No 7 DBWT P 3.00 1 3.00 1 
No 7 DBWT S 3.00 1 3.00 1 
After Peak 1.00 0 1.00 0 
No 4 hold WB 0.00 0 0.00 0 
Subtotal 3,782.60  65.00  
 FRESH WATER  

DEPARTURE ARRIVAL 
FWT P 45.00 59 45.00 59 
FWT S 100.00 68 100.00 68 
Distill WTK 5.00 11 5.00 11 
Cooling 20.00 75 20.00 75 

Table 3- Bunkers, ballast and fresh water distribution and sequences. 
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The reason for the different options with same cargo condition, is that the variation in the amount of liquids 
on board and the free surface moments when not full or empty, influence the values of KG, GM and GZ, as 
well as allowable heeling moments. 

Below is a summary of the results of stability variables for the various loading conditions: 

  
PARAMETERS DEPARTURE 

WITHOUT 
BALLAST 

D = 35,731.71 

DEPARTURE 
WITH 

BALLAST 
D = 39,449.31 

INTERME- 
DIATE WITH 

BALLAST 
D = 39,219.31 

ARRIVAL 
WITH 

BALLAST 
D = 38,989.31 

ARRIVAL 
WHILE DE-

BALLASTING 
D = 37,039.71 

ARRIVAL 
WITHOUT 
BALLAST 

D = 35,271.71 
 
DRAFT 

FWD 9.44 9.89 9.87 9.84 9.62 9.40 
AFT 9.58 10.89 10.81 10.72 10.06 9.40 
MID 9.51 10.39 10.34 10.28 9.84 9.40 
LCF 9.51 10.40 10.35 10.30 9.84 9.40 

KG SOLID 8.12 7.84 7.89 7.93 7.93 8.22 
KMT 9.95 10.01 10.01 10.00 9.96 9.44 
GM SOLID 1.82 2.17 2.12 2.07 2.03 1.72 
FS CORRECTION 0.31 0.17 0.17 0.17 0.34 0.31 
KG FLUID 8.43 8.02 8.06 8.10 8.27 8.53 
GM FLUID 1.51 2.00 1.95 1.90 1.69 1.41 
GM$23 CURVES 0.86 0.86 0.86 0.86 0.86 0.86 

INTACT STABILITY CRITERIA 
A(j 0 -30°) ³ 0.055 0.247 0.295 0.290 0.284 0.265 0.234 

A(j 0-40° ) ³ 0.09 0.458 0.519 0.511 0.502 0.480 0.439 

A(j 30-40° ) ³ 0.03 0.211 0.223 0.221 0.218 0.216 0.204 

GZ j 30°³  0.2 m 1.034 1.115 1.101 1.085 1.063 1.000 

GZ$%& j ³ 25° 49° 49° 49° 49° 49° 49° 

GM(³ 0.15 m YES YES YES YES YES YES 

A8	³ A% 0.607 > 0.112 0.554 > 0.151 0.545 > 0.148 0.535 > 0.145 0.585 > 0.134 0.581 > 0.096 
j(≤ 16° 1.187° 0.761° 0.786° 0.814° 0.978° 1.299° 
COMPLY YES YES YES YES YES YES 

GRAIN STABILITY CRITERIA 
HM ALW > HM ACT 12,913 < 16,889 18,412 > 16,889 17,897 > 16,889 17,344 > 16,889 14,825 < 16,889 11,938 < 16,889 

GRAIN q ≤ 12° 14.8° 11.2° 11.4° 11.7° 13.3° 15.7° 
COMPLY NO YES YES YES NO NO 

LONGITUDINAL STRENGTH CRITERIA 
BM MAX < 100 (%) 72 78 75 72 63 58 
SF MAX < 100 (%) 59 83 82 82 76 71 
COMPLY YES YES YES YES YES YES 

Table 4- Summary of the results of stability variables for the various loading conditions. 

 

For each condition, (SEE APPENDIX 5-10):  

- General information of stability (weight distribution, vertical and longitudinal moments, drafts and 
trim, GM corrected, longitudinal stresses, etc). 
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- Grain stability calculations using the form approved by the Canadian administration, seagoing 
and/or sheltered waters. 

- GZ Curves. 

 

4.1.3 - Period of roll. 

The rolling for each vessel is a function of its beam and metacentric height in broad terms. The time 
required to complete a cycle of oscillations is termed the natural period of roll (To). In real dynamic 
conditions the dynamic response is also a function of the wave spectra and the response amplitude 
operator RAO, both depending on significant wave height, wave frequency and the latter on the ship's main 
and bilge keel dimensions (Frederic Deybach1997). However, as the prediction of sea conditions in certain 
areas, as well as certain ship responses are out of the scope of this work, it will not be calculated here.  

During the experimental tests, it is important to simulate the accelerations that the cargo would be 
subjected to by trying to equate the frequency of the model's rolling to the frequency of oscillation for the 
To. As the experiment is conceived to determine the angle at which the grain slides, regardless of sea 
condition or vessel's type or response, only the natural period of roll was accounted for. 

A substantial number of studies are dedicated for calculating the natural To.  

- According to Rawson and Tupper (1968): 

Tf 	= 	2	p	 V

(?	ABW)
I
K
     (4.1) 

where GM FLUID = 1.41 for the chosen condition at T = 9.4 

And 

YV
Z
[
,
= 	F \CZC^ 	+ 	1.10C^ 	Y

c
d
	− 	2.20[ 	+	c

K

ZK
f   (4.2) 

therefore 

K = B	x	j	F \CZC^ 	+ 	1.10C^ 	Y
c
d
	− 	2.20[ 	+	c

K

ZK
f   (4.3) 

Where 

F = constant, 0.125.  

T = Moulded draft = draft for condition - keel thickness. 

A = Lateral area of deck and projections =   AklmV + Alnlmdopq9 + ACnllZprnk 

AklmV = L x W x cos Q , (L = Length of deck,  W = Camber = 0.5) 

Alnlmdopq9 = L x W x cos Q , L =  Length of superstructure, W = Height of superstructure) 

ACnllZprnk = Ltt * (D - T) - this data is inaccurate, as the ships side is not a rectangle 
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From the computer calculations, the windage area A was taken and the calculation done with this area also, 
with this data considered more reliable than that of the projected lateral area calculated.  

H = Effective depth = D + A / Ltt  

C^ = Upper deck area coefficient =  
+
uZ

  

And K = radius of gyration. 

- According to Biran (2003), the above formula can be reduced to: 

Tf 	= 	
/Z
√AB

      (4.4) 

C = 2Im/B  with values of im proposed B/3 (Costaguta 1981) or 0.35B (shipyards). 

where Im = radius of gyration. 

- According to ISC (2008)  and Wawrzyński and Krata (2016)  the coefficient C which relates the radius of 
gyration K or 𝑖x to the breadth, can be calculated as: 

Tf 	= 	
,Z
√AB

    where c = 0.373 + 0.023B/T - 0.043L/100   (4.5) 

 

Method GM = 2.00 
 departure with ballast 

GM = 1.41 
arrival without ballast 

Rawson and Tupper 12.0532 14.9560 
Biran (mean) 11.4516 13.6387 
ISC / Wawrzyński and Krata 11.8232 14.0813 

Table 5: Summary of calculations of Period of Roll. 

 
 

The two values of Biran and ISC / W&K are similar, and their mean value is around 12 - 14 seconds for the 
departure ballasted - arrival after deballasting condition. The value selected as reference is that for ISC. The 
Tf was also calculated with scaled dimensions using the above formulas resulting in 2.2737 - 2.7079 
seconds  for same conditions as a reference. 

However, the right scaling of the model, simulating the accelerations taking place during the experiment 
vs sea rolling, are considered as per  Bertram (2011). There are forces and accelerations involved in the 
period of roll, some related to velocities of fluids which are not applicable, hence we will concentrate on 
the forces only. Geometrical and kinematical similarity between the ship and the model results in the 
following scale factors for accelerations: 

a5 	= 	
l
tK
	x	a$      (4.6) 

Ñ5 	= lP	x	Ñ$      (4.7) 



Experimental investigation of the dynamic angle of grain sliding and its impact on ship's safety 
 
 

 
 

19 

The dynamical similarity means that the ratio of all forces acting on the full-scale ship to the corresponding 
forces acting on the model is constant: 

F5 	= 	k	x	F$      (4.8) 

Those forces can be inertial (F = m x a) and gravity (m = r x Ñ) . Accordingly, the scale factor: 

k	 = 	 C{
C|
	= 	 r{

r|
	x	 Ñ{

Ñ|	
	x	 %{

%|
     (4.9) 

This equation (4.9) is the Newton's law of similarity. 

If we substitute the equation 4.6 and 4.7 in 4.9 we obtain: 

k = 	 r{
r|
	x	 l

L	&Ñ|
	Ñ|	

	x	 l	&	%|
tK	&	%|

	= 	 r{	l
}

r|t
K	     (4.10) 

 

As for gravitational forces, the scale factor can be also applied as follows: 

k? 	= 	
A{
A|
	= 	 r{

r|
	x	 Ñ{

Ñ|	
	= 	 r{

r|
	x	lP    (4.11) 

 

If dynamical similarity means that all scale factors are the same, then k =  k?, \equating 4.10 and 4.11: 

r{	l
}

r|t
K 	= 	

r{
r|
	x	lP	\	t, 	= l	\t		 = 	√l    (4.12) 

 

Applying the equation in 4.12 to our calculated period of roll of the vessel for the arrival (worst) condition 
for the scale selected factor 40: 

 - ISC / Wawrzyński and Krata, t~ = 14.0813, √l = 6.3245, tx = 2.2264 sec. 

During the experiment the model was rolled at about 14, 10, 8 and 2 seconds, with the two first yielding 
similar results and the second different results. The final results were taken from the experiments with 
rolling at 8 seconds, for further results and explanation see Chapters 5 and 6. 

For details of the calculations, SEE APPENDIX 11. 

 

4.2 - THE PHYSICAL MODEL 

 

4.2.1 - Scale applied to the original plans (from midship section and GA).  

The cargo holds model and the supporting mechanisms were designed and assembled by the author. The 
scale was chosen based on the breadth of the ship for a feasible model's size: 1:40.  No formulas were 
applied to the original vessel for scaling down. In studying model scaling it was noted the formulas with 
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Reynolds, Froude, Weber and Euler numbers are applied to models when tested in fluids at certain speed, 
according to Voraa and Bauge (2016). The cargo hold chosen was No 3 (center hold, typical self-trimming 
hold of a bulk carrier). The dimensions from Midship Section plan and General Arrangement plan are 
adjusted according to the scale selected as follows: 

 

- Transversal plane: From the midship section plan, as per Figure 3 below. 

 

 

 

Figure 3: Transversal plane from midship section with dimensions. 
 

 

 

AT Width of Hatch opening 8,700 x 2 = 17,400 435.00 mm 
BT Width of cargo hold 11,850 x 2 = 23,700 592.50 mm 
CT Width of tank top 10,000 x 2 = 20,000 500.00 mm 
DT Width of hopper base 11,850 - 10,000 = 1,850 46.25 mm 
ET Width of Top side 11,850 - 8,700 = 3,150 78.75 mm 
FV Height BL to hatch cover 16,300 407.5 mm 
GV Height BL to main deck 12,470 + 2,284 = 14,754 368.85 mm 
HV Height BL to tank top 1,800 45.00 mm 
IV Height BL to top of hopper slope 3,650 91.25 mm 
JV Height from hopper slope to top side 10,651 - 3,650 = 7,001 175.02 mm 
KV Height of top side on side 12,470 + 2,284 = 14,754 - 10,651 = 4,103 102.58 mm 
LV Height of top side on hatch coaming 2,284 57.1 mm 
MV Height of hatch coaming 16,300 -12,470 + 2,284 = 1,546 38.65 mm 

Table 6: Summary of symbols and dimensions from Figure 1. 
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- Longitudinal plane: From the General Arrangement plan, as per Figure 4 below. 

 

 

Figure 4: Longitudinal plane from midship section, with dimensions. 
 

AL Length of hatch opening 19,200 480.00 mm 
BL Length of cargo hold 19,200 + 3,550 + 2750 = 25,500 637.50 mm 
CL Length of tank top Fr 125 - Fr 152 = 27 x 0.8 = 21.6 m = 21,600 540.00 mm 
DL Length of forward crossdeck 2,750 68.75 mm 
EL Length of aft crossdeck 3,550 88.75 mm 
FL Length of forward upper stool 2,750 - 450 = 2,300 57.50 mm 
GL Length of aft upper stool 3,350 - 450 = 2,900 72.50 mm 
HL Length of forward lower stool Fr 152 - Fr 154 = 2 x 0.8 = 1.6 m = 1,600 40.00 mm 
IL Length of aft lower stool Fr 123 - Fr 125 = 2 x 0.8 = 1.6 m = 1,600 40.00 mm 
NV Height of the forward upper stool 14,350 - 12,470 = 1,880 47.00 mm 
OV Height of the aft upper stool 14,350 - 12,470 = 1,880 47.00 mm 

Table 7: Summary of symbols and dimensions from Figure 2. 
 

 

4.2.2 - Sketch with scaled dimensions. 

The dimensions above calculated are applied to the 3D sketch which serves as reference for preparing the 
cad drawings that feed the CNC machine.  The sketch as shown in Figure 5. 

AL 

BL 

CL 

DL EL 

FL GL 

HL IL 

N
V 

O
V 



Experimental investigation of the dynamic angle of grain sliding and its impact on ship's safety 
 
 

 
 

22 

 

Figure 5: Sketch of physical model with scaled dimensions. 
 

4.2.3 - CAD model based on exact dimensions scaled 1:40, as per Figure 6 below: 

 

 

Figure 6: Rendering of the CAD model. 
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For the construction of the model the computerized machining method was selected considering the 
weight of grain to be placed inside (about 50 lbs). A local company USIMM in Pointe aux Trembles, Montreal 
(http://www.usimm.ca ) with CNC Machines undertook the project, cutting out Russian plywood 18 mm 
for the frame and 2.5 mm acrylic inserts for the end panels, which allows the grain inside of the hold to be 
seen. The tolerances of the machined pieces were 0.005 inches or 0.13 mm. 

 

4.2.4 - Final four sheets of drawings of the project by USIMM drawing desk as per Figure 7: 
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Figure 7: Sheets (4) of the design drawing and specs prepared by USIMM. 
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4.2.5 - Physical model assembled. 

The parts cut by USIMM, including the acrylic panels, were assembled using carpenters glue and screws of 
the size recommended by them. The roller bearing was inserted in the slot corresponding to the scaled 
height of the LCF in the mathematical model. The result in Figure 8: 

 

 

Figure 8: Photograph of the model, assembled 

 

 

4.2.6 - Support and assembly. 

The support was made of 2 mm thick aluminium angle bars of with transversal frames for supporting the 
weight of the model with cargo, all resting on an extended base for preventing longitudinal and lateral 
shifting (Figure 7). A vertical longitudinal reinforcement was used in way of the pivoting point where the 
load of the model and cargo is applied, thus, providing two supporting points for the pivoting axis at both 
sides. Subsequent to the experiments with the above set up, the fixed axis mechanism was replaced by 
springs in order to replicate the sea motion with all six degrees of freedom (see 4.3.7). The support was 
designed and assembled with materials acquired in hardware stores. The result in Figures 9-11: 
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Figure 9: Photograph of the support. 

 

Figure 10: Photograph of the model and support assembly with fixed axis. 
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Figure 11: Photograph of the model and support assembly with springs. 

 

4.2.7 - Mechanism for limiting the angle of roll and for damped oscillations. 

To roll the model at pre-arranged angles, a set of longitudinal bars, which limit the angle of inclination was 
placed on top, with a scale indicating the position of the bars for each degree of inclination between 10 
and 25 degrees. Also, a device consisting of a spring connected to a turnbuckle and with a cable to the 
bottom of the model through a sheave was arranged, in order to dampen the oscillations. This said 
mechanism caused the spring to elongate when the model was at the end of the roll, both sides. The 
mechanisms are shown in Figures 12-14. 

 

 

Figure 12: Scale for the angle limiting mechanism. 
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Figure 13: Photograph of the angle limiting mechanism with longitudinal sliding bars and scale. 

 

 

Figure 14: The spring and cable assembly for damped oscillations. 
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4.3 - EXPERIMENT 
 

4.3.1 - Hypothesis 

These experiments are based on the hypothesis that grains under dynamic conditions will exhibit a different 
cohesive behaviour and therefore the shifting will occur at angles smaller than the AOR, as suggested by 
Biran (2003): The accelerations induced by the ship motions can cause load shifting at angles that are 
smaller than the angle of repose. 

 
4.3.2 - Assumptions: 

- That the rotating motion of the model is equivalent to the ship's rolling at sea, damped , with one 
out of six degrees of freedom: rotation over one axis, out of rotation and translation over three 
axes. This excludes longitudinal and vertical accelerations that take place during the complex 
motion at sea and assumes that it is the lateral accelerations that has a greater impact on sliding 
of granular material. The subsequent test of the model suspended on springs simulates the motion 
at sea with six degrees of freedom but undamped. 

 
- That the  effect of scale in measuring the AOR is the same as in measuring the angle of shifting, and 

by extension, that if a small pile has the same or similar AOR as a larger pile, the behaviour of the 
grain inside the model is the same as in the cargo hold, despite the difference in size. To account 
for that, multiple measurements of AOR were performed to small and larger piles for the same bag. 
 

 
4.3.3 - Tolerances 

The tolerances considered apply to the following: 

- Scale: The model has a scale of 1:40 and the tolerances given by the manufacturer of the parts is 
0.13 mm which is equivalent to 5.2 mm on the actual ship scaled. The ship has a beam of 23700 
mm therefore the equivalent tolerance is of 0.000219 of its beam which is negligible.  

 

- Rotational speed: The rotational speed was matched with the period of roll for the mathematical 
model with and without scaling down. In the case of rotating the model without scaling down the 
period of roll, it does it as a small section of the hold around the center of flotation would do. 

 

- Rotational angle: The rotational angle was measured for every degree of inclination (1°). Objects 
scaled down of every axis keep angles unchanged therefore at real scale the tolerance continues 
to be 1°. To measure the angles a protractor scaled for every degree was used. For the purpose of 
this work, the relevance of the angles is connected to the ability to read angles of inclination on 
board ships which is in the range of 0.1-0.3° therefore the tolerance can be considered 1/10 or 0.1. 

 

- Size of grain: While the model was scaled down the grain was not. This is because reducing the size 
of the grain would change its physical properties.  This requires a separate analysis (see 2.1.3) and 
it is the customary procedure in tests done to soil and granular material in centrifuge for 
geotechnical purposes (Iglesia et al., 2011).  
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4.3.4 - Grain samples. 

Supplied by York Overseas Ltd,  obtained from grain terminals in Quebec while loaded on vessels and 
consisting of 14 bags of wheat CWAD & CWRS as follows. For original tags see APPENDIX 13.  

 

BAG TYPE WEIGHT SEAL No. TERMINAL VESSEL 
1 1 CWAD 4.0 KG 00004728 G3 CANADA LTD VEGA ROSE 
2 2 CWRS 5.0 KG 00006804 CARGILL LTD TAI HEALTH 
3 2 CWRS 2.5 KG 00008010 LES SILOS PORTCARTIER DESERT MOON 
4 2 CWRS 5.0 KG 00008415 CARGILL LTD TN DAWN 
5 2 CWAD 2.5 KG 00008764 CARGILL LTD DESERT OSPREY (H1) 
6 2 CWRS 2,5 KG 00008763 CARGILL LTD DESERT OSPREY (H 2,3,4,5) 
7 2 CWRS 2.0 KG 00008661 CARGILL LTD VEGA ROSE 
8 2 CWRS 5.0 KG 00008666 CARGILL LTD VEGA ROSE 
9 3 CWAD 2.0 KG 00006914 LES SILOS PORT CARTIER EQUINOX VOYAGER 
10 1 CWRS 2.5 KG 00006934 LES SILOS PORT CARTIER EQUINOX VOAYGER 
11 1 CWAD 4.0 KG 00008775 CARGILL LTD VEGA ROSE 
12 1 CWRS 5.0 KG 00021021 RICHARDSON INT. LTD JASMINE 
13 2 CWRS 3.0 KG NONE NONE NONE 
14 2 CWRS 5.0 KG NONE NONE NONE 

Table 8: Summary of grain samples information. 
 

 

4.3.5 - Measurements of the AOR of grain. 

In the absence of lab resources for measuring the dimensions (height and radius) of the pile after spilling 
the grain from a funneling device, the tests were done spilling the contents of the bags at around 20 
centimeters over the flat counter, allowing the free piling and sliding of the grain (cone lifting method, 
Rouse, P. 2014). A Kraft paper was used to line the flat granite counter in order to reduce sliding from the 
highly polished surface The measurements were done manually with a lever indicator or protractor (Figures 
15-18), for which the estimated error in the measurement would be of about 1°. Further details of the 
proposed methods for measuring the AOR are discussed in this thesis. The mean values obtained are in the 
range of 25° ± 1°. The results were processed for small and large piles of individual bags and grades, and 
mean values calculated for each category.  
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Figure 15: Sample preparation: breaking seal and 
opening the bag. 

Figure 16: Preparing the experiment, pouring the 
sample grain on the table. 

  
Figure 17: Performing the measurements of AOR 

with level indicator. 
Figure 18: Detail of measurement of AOR taken 

with the level indicator. 
 

 

4.3.6 - Measurements of the AOS with fixed axis. 

The measurements were taken for all the sample bags, plus the bags of same or similar grade combined. 
The reason for testing the bags of the same or similar grade combined was to test the AOS with a larger 
pile as each sample would barely take the volume of the bottom of the hold. The downside to this was that 
the same combinations of bags were not tested for AOR, but a mean value of their respective AOR 
calculated. 

Tf: 2 sec 

The rolling is started at 10 degrees of inclination but after several try outs it was seen that the grain only 
starts shifting at angles of 17 degrees or higher. The push (heeling force) was done from the port side, 
allowing the model to oscillate freely to starboard side. While the limiting angle was increased, as the model 
started to accumulate a permanent list resulting from the shifting of the grain, the oscillation to the 
opposite side was kept the same. Although the target Tf was 2 seconds, when the rolling was timed with a  
chronometer, it was noted to be about 1.40 seconds. The motion of the model was stable and natural. At 
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this Tf, there was no visible sliding of the grain, probably because of the high frequency of the rolling. 
Snapshots of different moments of the measurements with fixed axis can be seen below in Figures 17-20. 

Tf: 8 sec 

Before managing to adjust the rolling to this frequency, several practice runs were done and timed with a 
chronometer. The motion was stable because the rotation axis is fixed, and there was an effort to maintain 
a synchronic motion during the rolling,  with the deceleration that occurs at the end of the rolling, achieved 
through the damping mechanism of the small spring connected to the model with a cable. These were 
deemed the best tests because of the motion of the model. Initially tried at 14 and 10 seconds, the motion 
was deemed too biased, and at 2 sec too fast, without results. The grain was noted to slide at angles 
between 17 and 19°, in the region of the expected results. The first angle of shifting was computed, 
together with the permanent list accumulated for progressive increase of the rolling. Snapshots of different 
moments of the measurements with fixed axis can be seen below in Figures 19-22. 

 

  

Figure 19: The set up for the tests, with fixed axis. Figure 20: Rolling the model and measuring the 
AOS, with fixed axis. 

  
Figure 21: Rolling the model and measuring the 

AOS, closer view, with fixed axis. 
Figure 22: Detail of protractor with reading of the 

permanent angle of list after the shifting. 
 

4.3.7 - Measurements of the AOS with model suspended on springs. 
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One of the assumptions (5.2.2) is that the rolling motion of the model is equivalent to that at sea but having 
only one out of six degrees of freedom. While the sea motion cannot be replicated with the model 
assembly, an approach to it was sought by suspending the model on springs, based on the below postulate 
from Rawson and Tupper (1968): 

"...It is to be expected that the equation governing the motion of a ship in still water, which is subject to a 
disturbance in the roll, pitch and heave modes, will be similar to that governing the motion of a mass on a 
spring.." 

The measurements were taken with the combined grains of same or similar grade. Values in excess of 18 
degrees of inclination could not be taken, as the model hanging on springs sat lower over the counter. 

 

Tf.: 2 sec 

The model was rolled to one side and left to return to the opposite side. Although there was minimal 
intervention of the operator, just to give a push to one side to cause the inclination, the model was 
unstable, the push was noted to cause lateral displacement (in this case a surge fore-aft) and vertical 
displacement (in the form of heave), deemed excessive for the scale. Because of this, only the angle when 
the grain first slid was taken. That angle was noted to be similar to the ones measured for the fixed axis 
setup at 8 seconds, but no conclusive correlation between the two was sought as they were two different 
setups at different Tf. The damping mechanism was noted to be disabled for angles of inclination above 
19 or 20° as the bilge strake of the model started hitting the counter. Snapshots of different moments of 
the measurements with springs can be seen below in Figures 21-24. 

Tf.: 8 sec 

The model was rolled in the same fashion as done with the fixed axis: the frequency was timed, and the 
motion controlled by hand. This time the disruption of the natural rolling of the vessel, and the bias of the 
operator was noted to be significative, as well as the side (sway), lateral (surge) and vertical (heave) 
displacement, with the damping mechanism not being very effective the motion was even more 
asynchronous. The grain started to slide at about 12° of inclination, which was deemed excessively low 
when contrasted with real life voyages, where such rolling has been reported but not shifting of cargoes. 
The reason for the sliding at smaller angles could be related to the disruptive effect of manually handling 
the model.. Snapshots of different moments of the measurements with springs can be seen below in 
Figures 23-26. 
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Figure 23: The set up for the tests, with springs. 

 
Figure 24: Rolling the model and measuring the 

AOS, with springs. 

  
Figure 25: Rolling the model and measuring the 

AOS, closer view, with springs. 
Figure 26: Detail of protractor with reading of the 

permanent angle of list after shifting. 
 

 

4.4 - DATA PROCESSING. 

 

4.4.1 - Comparison of values of AOR with AOS from the results. 

 

The results of the AOS test for the model on fixed axis are consistent with AOS dynamic happening at angles 
of inclination smaller than AOR and the model's motion was stable. The values for AOS for model on springs 
at Tf = 8 seconds seem low, as if grain was to shift in sea motion condition at 12 degrees inclination, a large 
number of ships would report shifting during sea passage. As for the values of AOS for the model on springs, 
they are very similar to those of the model on fixed angles at 8 seconds, but it should not be regarded as a 
validation of the data, as the two tests were done with different setups and different frequencies.  
Accordingly, these values will be discarded, and the reading selected will be for fixed axis at Tf = 8 second, 
and the data gathered deemed reliable.  
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4.4.2 - Correlation between AOR and AOS and conversion constant. 

Correlation coefficients are used in statistics to measure how strong a relationship is between two 
variables. For linear correlation the most common coefficient is Pearson's coefficient R, developed by 
Pearson (1896) according to Assuero et al. (2006). Given two sets of n number of variables x and y, the 
calculation of the Pearson’s coefficient consists of listing those variables in columns, calculating XY, X,, Y,, 
calculating the summation of all the columns and the coefficient R as: 

 

R = n(∑ XY)-(∑ X)(∑ Y)

j[n∑ X2-(∑ X)2][n∑ Y2-(∑ Y)2]
      (4.13) 

 

With values between -1 and 1, where -1 indicates a strong negative relationship and 1 a strong positive 
relationship. 

This was done using Excel functions: Our variables X,Y are AOR and AOS. The function "Correl" (for 
correlation) was used returning a value of 0.5024 for the fixed axis which is not very strong. The causes for 
such low values can be related to the measuring techniques used and are discussed further in Chapter 7. 
Non linearity cannot be attributed to the cause, as the pattern of the scattered points is not indicative of 
any specific function. The graph showing the scatterplot of points around the mean line can be seen in 
Figure 27. 

 

 

 

Fig 27: Pearson correlation graph AOR-AOS . 
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In order to assess the influence of errors on the correlation and to determine the sensitivity of the 
correlation to errors, we altered the readings by 0.5 degree either positive or negative, for AOR or AOS or 
both. That half degree of error is half the tolerance we believe our experiment has, given the methods used 
and one that is acceptable for the degree of accuracy needed. The new returned value of correlation was 
0.8590, which is a strong positive correlation. This can be regarded as an arbitrary and biased procedure 
and will be discussed further in Chapter 6. 

Of the points changed one was still off, which corresponds to the tests done to bags 2,3,4&6. As explained 
above, for these combined samples the AOR was calculated as the mean of the AOR for each respective 
bag, and not measured. Therefore, the accuracy of its value could be off by -1/+1. If the same point had 
been changed by -1/+1, the correlation afterwards would be 0.9273 and if it had been dismissed, the 
correlation would be 0.9266, which is a strong positive correlation. This illustrates that the calculation of 
the correlation for the amount of data gathered was very sensitive to errors even in the region of -0.5/+0.5, 
which is very small.  The scatterplot of points after corrected by -0.5/+0.5 can be seen in Figure No 28. 

 

 

Figure 28: Pearson correlation graph AOR-AOS after changes by -0.5/+0.5. 

 

With the data of AOR / AOS collected from the tests, as used for the calculation of correlation, we also 
calculated the ratio of AOS to AOR. The mean of all the calculated ratios was taken as a conversion constant. 
The conversion constant obtained was 0.719. As the validity of this constant could be questioned given the 
weak correlation between the values measured, the same was calculated for the data adjusted by -0.5/+0.5 
as done above and the new correlation was noted to be 0.716. 

Therefore, if the AOS was to be calculated with the first constant from AOR = 25°, the value would be 
17°.975 » 18°. If the same value was calculated with the second constant, the result would be 17°.9 » 18°. 
Accordingly, the conversion constant between the AOR and AOS can be taken as 0.719 and the calculation 
can be done as follows: 
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AOS = AOR x 0.719     (4.14) 

 

4.5 - USE OF PROBABILISTIC METHODS FOR PROCESSING THE DATA. 

 

Probabilistic methods are used as a tool for calibrating safety margins against target safety levels and 
address the probability of an event occurring reflecting the uncertainties in the model chosen and variables 
considered. The calculations that will follow are based on the contents received during the MTEC module 
B3: Risk, Reliability and Safety, at the University of Strathclyde and the course notes (Baltrop and Hifi, 2012) 
and class noted from Dr. Evangelos Boulougouris.  

 

4.5.1 - Readings of angle of roll f 

With the collaboration of sea masters and deck officers, readings of f were collected in different types of 
sea conditions: 

VESSEL TYPE Bulk carrier handysize 
SEA CONDITION swell, no wind 
DATE TIME VALUE DATE TIME VALUE 
15/09/18 6:07:35 8.1 15/09/18 15:40:40 7 

6:07:45 8 15:40:50 6.5 
6:07:52 6.3 15:40:59 7 
6:07:59 6 15:41:08 7 
6:08:05 7 15:41:18 7 
6:08:15 5.5 15:41:27 6.5 
6:08:23 4 15:41:36 5 
6:08:30 5.5 15:41:45 5 
6:08:38 4 15:41:55 7 
6:08:47 7 15:42:05 8 
6:08:56 5 15:42:14 8 
6:09:04 4 15:42:24 7 
6:09:13 4 15:42:33 6 
6:09:23 5.5 15:42:42 6 
6:09:33 5 15:42:52 5 
6:09:42 4 15:43:01 6 
6:09:52 5.5 15:53:10 6 
6:10:02 5 15:43:19 4 
6:10:12 5   

Table 9: Readings of angle of roll. 
 

 

4.5.2 - Calculation of standard deviations of readings of angle of roll  f. 
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Using the formula: 

s = j+
V
	∑(X2 − 	µ),       (4.15) 

where K -  number of counts, X2 - each measurement, µ - mean. 

The calculations yielded the following results :  

For 15/09 AM µ = 5.4947 and s = 1.3049.  

For 15/09 AM µ = 6.3333 and s = 1.0701. 

As the readings were taken by different officers, and the standard deviations reflect their accuracy or lack 
of it in performing the measurements, I will select the highest value of s = 1.3049, to account for 
inaccuracies and errors. In this case we take only the value of standard deviation, as the mean value of f 
will be calculated from the mean value of AOS using safety factors (see below 4.5.4). 

 

4.5.3 - Calculation of standard deviations of measured AOR - AOS. 

Following the same procedure as above, the standard deviations of the measured values of AOR and AOS 
were calculated, separating the measurement by grades (CWAD and CWRS). The following results were 
obtained: 

For CWAD  AOR µ = 25.344 and s = 1.127, AOS  µ = 18.2 and s = 0.837 

For CWRS  AOR µ = 24.330 and s = 0.655, AOS  µ = 17.5 and s = 0.707 

Here also in order to account for inaccuracies and errors, the highest value was selected: s = 1.127. In this 
case we take only the value of standard deviation, as the mean value of AOR is given by shippers and the 
mean value of AOS is calculated from the angle of repose as per formula (4.9). 

 

4.5.4 - Safety margin between f and AOS - AOR. 

In structural engineering, safety factors that account for uncertainties are calculated, without being 
excessive while yielding low probabilities of failure. Normally those safety factors are associated to loads 
and resistance or applied load versus design load, where the former exceeding the latter would result in 
structural failure. In this particular problem of transversal stability, an homology with the above concept 
can be established, where f and AOS are the two variables to compare, and the former exceeding the latter 
would result in system failure, in this case, shifting of the grain. 

As the angle of shifting (AOS) is a parameter not known to grain producers and terminals (it was the main 
objective of this work to obtain it and it was measured with the experiments), a factor or constant will be 
used to convert AOR into AOS having established the correlation between the two and the mean ratio or 
conversion constant as per formula (4.9). This constant C is valid only for wheat. As the correlation was 
weak, resulting from possible errors in the measurements during the tests, such errors can be offset by 
choosing the highest values of Standard deviations for measuring AOR and AOS, and by increasing the safety 
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factor. When choosing a safety factor, a target value of probability of failure should be considered 
(Tsimopoulou et al., 2011). Goal based Safety Level Approach could be used as reference. In this particular 
case, where the risks are associated with cargo damage, structural damage, commercial losses, but most 
of all, personal injury or loss of life, even though it can be quantified and compared to the costs of not 
taking the cargo or waiting outside for better weather conditions, we will select a target probability of 
failure. 

Example: 

AOR for wheat, according to shippers = 25° 

AOS = AOR x C = 25 x 0.719 = 17.975 = 18 

The safety factor: 

Y = 
rp9
f

      (4.16) 

For Y = 1.5, then 

f = 
rp9
�

 = +�
+.�

 = 12° 

We have set the safety factor at 1.5 with a target probability of failure P<0.0006  (see discussion in Chapter 
6). 

 

4.5.5 - Montecarlo simulation for random f and  AOR, and probabilities of shifting. 

The safety factor chosen may or may not be sufficient to warrant a low or the targeted probability of failure: 
shifting. If the probability of shifting remains above the targeted limits, then the safety factor has to be 
increased. If the probability is zero or too low and the safety factor deemed excessive, it can be reduced. 

A feasible way to check the reliability of the safety factor chosen is by running a crude Montecarlo 
simulation using the two mean values of the variables to compare (AOS = 18 and f = 12), and the highest 
values of standard deviation obtained from the readings (for f and for AOR-AOS). This will generate or 
simulate a number of random variables, and compare for failure, where the probabilities of failing is the 
ratio of failures to the number of simulations. 

Values 

Mean value of the f  µr����= 12°, standard deviation of the f sr����  = 1.3049 

Mean value of the AOS  µr{�����N�= 18°, standard deviation of the AOS sr{�����N�  = 1.1270 

 

 

The Montecarlo simulation returned the following values after 1,000,000 simulations: 
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Mean of 1,000,000 angles of roll f, Aormean: 12.0004 

Mean of 1,000,000 angles of shifting, AOSmean: 17.9995. 

Standard deviation of the mean of 1,000,000 angles of roll f, STDAor: 1.30482. 

Standard deviation of the mean of 1,000,000 angles of shifting, STDAOS: 1.12544. 

The number of failures in 1,000,000 simulations: 234. 

The probabilities of failure: 0.00023 . 

 

 

Figure 29: Montecarlo simulation calculation in Excel. 

As the resulting probability of failure is less than 0.0006 (0.00023), the calculations can be repeated to 
reach the target probability chosen. It should be noted though that as the computer is generating random 
numbers that match the criteria of mean value and standard deviation, for both variables, the results vary 
slightly. Moreover, when tried for Y = 1.3 the number of failures was 1861 for P = 0.00186, and for Y = 1.4 
the number of failures was 10195 for P = 0.0102, therefore, the value of safety factor chosen 1.5 is finally 
selected. 

 

  

MONTECARLO SIMULATION

STUDENT: FRANCISCO JUARRERO

Data: from simulation

angle of roll Mean value Aormean  = 12 Stardard deviation STDAor = 1.3049 mean angle of roll = 12.00043
angle of shift Mean value AOSmean = 18 Standard deviation STDAOS = 1.127 mean angle of shifting = 17.99949

stdeviaaverageangleroll = 1.304824
Formula Number of simulations = 1000000 stdeviaaverageangle of shift = 1.12544
NORM.INV(RAND(), mean, standard_dev)

 b reliability factor 3.481488

Angle of roll AOS Fail: if Yes (1) if No (0) No of failures Prob of failure
1 1 10.24324 1 17.1899 0 234 0.000234
1 2 12.51621 2 19.05786 0
1 3 12.73898 3 19.0658 0
1 4 11.85918 4 18.07369 0
1 5 11.749 5 16.34227 0
1 6 13.23904 6 18.13108 0
1 7 12.10759 7 18.2351 0
1 8 14.99115 8 17.60358 0
1 9 12.92364 9 16.72714 0
1 10 13.38673 10 16.07244 0
1 11 12.2804 11 16.54868 0
1 12 13.21822 12 17.098 0
1 13 11.89794 13 17.89716 0
1 14 11.23134 14 19.42059 0
1 15 13.088 15 19.51897 0
1 16 12.60632 16 18.06803 0
1 17 12.00367 17 18.01313 0
1 18 11.09785 18 16.687 0
1 19 12.32257 19 18.91732 0
1 20 12.24817 20 17.32982 0
1 21 12.24994 21 16.48856 0
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5. RESULTS 

Following are the results of the experiment and processing of data: 

 

- The measurements of the AOR yielded the following results: 

BAG AOR 
SMALL PILE LARGE PILE MEAN OF 

MEAN 1 2 3 4 MEAN 1 2 3 4 MEAN 
1 26.5 26.5 26.5 26.5 26.500 27.5 27.0 28.5 28.0 27.750 27.125 
2 24.0 24.5 23.5 23.5 23.875 25.0 25.0 24.5 23.5 24.500 24.188 
3 22.5 23.5 25.5 23.5 23.750 25.0 24.0 25.0 24.0 24.500 24.125 
4 24.0 23.5 24.0 23.5 23.750 24.0 24.5 24.5 24.5 24.375 24.063 
5 24.0 24.5 25.0 25.5 24.750 25.0 23.5 24.5 25.5 24.625 24.688 
6 24.5 25.0 23.5 25.5 24.625 23.5 22.5 23.5 22.5 23.000 23.813 
7 24.5 23.0 23.0 23.5 23.500 23.5 25.0 25.0 24.0 24.375 23.938 
8 23.5 23.5 22.5 23.5 23.250 22.0 25.5 22.5 23.5 23.375 23.313 
9 25.0 23.5 23.5 25.5 24.375 24.5 26.5 26.5 25.0 25.625 25.000 
10 24.5 25.0 25.0 25.5 25.000 25.5 23.5 23.5 24.5 24.250 24.625 
11 24.0 24.5 23.5 24.5 24.125 26.5 25.0 25.0 25.0 25.375 24.750 
12 25.0 25.0 25.0 24.5 24.875 25.5 23.5 26.5 24.5 25.000 24.938 
13 25.5 25.5 24.5 26.5 25.500 25.5 24.5 26.5 26.5 25.750 25.625 
14 25.5 25.5 25.5 25.0 25.375 26.0 26.0 25.5 26.0 25.875 25.625 

Table 10: Measured angle of repose AOR of samples and average values. 
 

 

 

- The summary of the above measurements by grades: 

GRADE AOR 
SMALL PILE LARGE PILE MEAN OF MEAN 

MEAN. MEAN 
1 CWAD 25.313 26.563 25.938 
2 CWAD 24.750 24.625 24.688 
3 CWAD 24.375 25.625 25.000 
1 CWRS 24.938 24.625 24.782 
2 CWRS 24.203 24.469 24.336 

Table 11: Summary of the AOR measured. 
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- The measurements of AOS with fixed axis, at To =  2 seconds: 

 

No 
tests 

Bag No Grade Angle  
of Shifting 

Permanent angle of list after the roll 
17 18 19 20 21 22 23 24 25 

1 1 1 CWAD  - - - - - - - - - 
2 5 2 CWAD  - - - - - - - - - 
3 1+5 CWAD  - - - - - - - - - 
4 2 2 CWRS  - - - - - - - - - 
5 3 2 CWRS  - - - - - - - - - 
6 4 2 CWRS  - - - - - - - - - 
7 6 2 CWRS  - - - - - - - - - 
8 2+3+4+6 CWRS  - - - - - - - - - 
9 7 2 CWRS  - - - - - - - - - 
10 8 2 CWRS  - - - - - - - - - 
11 9 3 CWAD  - - - - - - - - - 
12 10 1 CWRS  - - - - - - - - - 
13 11 1 CWAD  - - - - - - - - - 
14 12 1 CWRS  - - - - - - - - - 
15 13 2 CWRS  - - - - - - - - - 

Table 12: Measured angle of shifting AOS of samples with fixed axis assembly (Tf 2 sec). 
 

 

- The measurements of AOS with fixed axis, at To =  8 seconds: 

 

No 
tests 

Bag No Grade Angle  
of Shifting 

Permanent angle of list after the roll 
17 18 19 20 21 22 23 24 25 

1 1 1 CWAD 19 - - 1.0 3.0 4.0 6.0 8.0 9.0 9.5 
2 5 2 CWAD 18 - 1.5 2.5 4.0 5.0 6.5 8.0 8.5 9.0 
3 1+5 CWAD 18 - 1.5 3.0 4.5 5.5 6.5 8.5 9.5 10.0 
4 2 2 CWRS 17 1.5 2.0 4.0 5.0 5.5 7.0 8.0 8.5 10.0 
5 3 2 CWRS 17 1.5 2.0 2.0 4.5 5.0 6.0 7.5 8.0 8.5 
6 4 2 CWRS 17 1.0 2.5 2.5 4.5 6.0 6.5 8.5 10.0 10.0 
7 6 2 CWRS 17 1.5 2,5 4.0 4.5 6.5 7.5 7.5 8.3 8.5 
8 2+3+4+6 CWRS 19 - - 1.5 3.0 4.0 5.0 6.5 7.0 8.0 
9 7 2 CWRS 18  2.0 2.5 3.5 5.0 6.0 6.5 7.5 8.0 
10 8 2 CWRS 17 1.5 3.5 4.5 5.5 6.5 8.0 8.5 9.5 10.5 
11 9 3 CWAD 19 - - 2.0 3.0 3.5 5.0 5.5 6.0 8.5 
12 10 1 CWRS 18  1.0 2.5 3.5 4.5 6.0 6.5 6.5 8.0 
13 11 1 CWAD 17 2.5 3.0 4.5 6.0 7.5 8.0 9.0 9.5 10.0 
14 12 1 CWRS 17 1.5 2.5 3.0 4.0 4.5 5.0 6.0 8.0 8.5 
15 13 2 CWRS 18 - 1.5 2.5 3.5 4.5 5.0 5.5 7.0 8.0 
16 14 2 CWRS - - - - - - - - - - 

Table 13: Measured angle of shifting AOS of samples with fixed axis assembly (Tf 2 sec). 
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- The measurements of AOS with springs, at To = 2 seconds: 

No 
tests 

Bag No Grade Angle  
of Shifting 

Permanent angle of list after the roll 
15 16 17 18 19 20 21 22 23 

1 1+5 CWAD 18 - - - 2.5      
2 2+3+4+6 2 CWRS 19 - - - - 4.0     
3 8 2 CWRS 19 - - - - 4.5     
4 11 1 CWAD 18 - - - 3.5      
5 12 1 CWRS 19 - - - - 2.5     
6 14 2 CWRS 19 - - - - 2.0     

Table 14: Measured angle of shifting AOS of samples with model on springs (Tf 2 sec). 
 

- The measurements of AOS with springs, at To = 8 seconds: 

No 
tests 

Bag No Grade Angle  
of Shifting 

Permanent angle of list after the roll 
12 13 14 15 16 17 18 19 20 

1 1+5 CWAD 12 1.0 4.0 6.5 7.5 9.0 10.0 11.5   
2 2+3+4+6 2 CWRS 13 0.0 1.5 2.5 4.5 6.5 9.5 11.0   
3 8 2 CWRS 12 2.5 5.0 7.0 9.0 10.0 12.0 13.5   
4 11 1 CWAD 12 3.0 5.0 6.0 7.5 8.5 10.5 11.5   
5 12 1 CWRS 12 1.5 3.5 5.5 6.5 8.0 10.0 10.5   
6 14 2 CWRS 13 0.0 1.5 3.5 4.5 6.0 9.0 10.0   

Table 15: Measured angle of shifting AOS of samples with model on springs (Tf 8 sec). 
 

- The results of the tests for AOR and AOS for the different grades can be compared as follows: 

No 
Test 

BAG - GRADE AOR 
(mean of 

mean) 

AOS FIXED 
(8 sec) 

AOS FIXED 
(2 sec) 

AOS SPRING 
(8 sec) 

AOS SPRING 
(2 sec) 

1 1 - 1CWAD 27.125 19 -   
2 5 - 2CWAD 24.188 18 -   
3 1&5 - CWAD 25.656 18 - 12 18 
4 2 - 2CWRS 24.125 17 -   
5 3 - 2CWRS 24.063 17 -   
6 4 - 2CWRS 24.688 17 -   
7 6 - 2CWRS 23.813 17 -   
8 2,3,4&6 - 2CWRS 24.172 19 - 13 19 
9 7 - 2 CWRS 23.938 18 -   
10 8 - 2 CWRS 23.313 17 - 12 19 
11 9 - 3 CWAD 25.000 19 -   
12 10 - 1 CWRS 24.625 18 -   
13 11 - 1 CWAD 24.750 17 - 12 18 
14 12 - 1 CWRS 24.938 17 - 12 19 
15 13 - 2 CWRS 25.625 18 -   
16 14 - 2 CWRS 25.625 - - 12 19 

Table 16 : Comparison of values of AOR and AOS from the experiments. 
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- The results of the calculations for correlation and ratio, with the data from AOR and AOS: 

No Test BAG - GRADE 
AOR AOS FIXED 

RATIO 
(mean of mean) (8 sec) 

1 1 - 1CWAD 27.125 19 0.700 

2 5 - 2CWAD 24.188 18 0.744 

3 1&5 - CWAD 25.656 18 0.702 

4 2 - 2CWRS 24.125 17 0.705 

5 3 - 2CWRS 24.063 17 0.706 

6 4 - 2CWRS 24.688 17 0.689 

7 6 - 2CWRS 23.813 17 0.714 

8 2,3,4&6 - 2CWRS 24.172 19 0.786 

9 7 - 2 CWRS 23.938 18 0.752 

10 8 - 2 CWRS 23.313 17 0.729 

11 9 - 3 CWAD 25.000 19 0.760 

12 10 - 1 CWRS 24.625 18 0.731 

13 11 - 1 CWAD 24.750 17 0.687 

14 12 - 1 CWRS 24.938 17 0.682 

15 13 - 2 CWRS 25.625 18 0.702 

 CONSTANT FOR CONVERSION 0.719  

CORRELATION 0.5024 

Table 17:  Data and results of AOR to AOS ratio and correlation.  
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- The results of the calculations for correlation and ratio, with the data from AOR and AOS, with 
adjustments: 

No Test BAG - GRADE 
AOR AOS FIXED 

ADJUSTMENT RATIO (mean of 
mean) (8 sec) 

1 1 - 1CWAD 27.125 19 - 0.700 

2 5 - 2CWAD 24.188 17.5 0, -0.5 0.744 

3 1&5 - CWAD 25.656 18 - 0.702 

4 2 - 2CWRS 24.125 17 - 0.705 

5 3 - 2CWRS 24.063 17 - 0.706 

6 4 - 2CWRS 24.688 17.5 0, + 0.5 0.689 

7 6 - 2CWRS 23.813 17 - 0.714 

8 2,3,4&6 - 2CWRS 24.672 18.5 +0.5, -0.5 0.786 

9 7 - 2 CWRS 24.438 17.5 +0.5, -0.5 0.752 

10 8 - 2 CWRS 23.313 17 - 0.729 

11 9 - 3 CWAD 25.500 18.5 +0.5, -0.5 0.760 

12 10 - 1 CWRS 24.625 18  0.731 

13 11 - 1 CWAD 24.750 17.5 0, +0.5 0.687 

14 12 - 1 CWRS 24.438 17.5 -0.5, +0.5 0.682 

15 13 - 2 CWRS 25.625 18  0.702 

CONSTANT FOR CONVERSION 0.716 

CORRELATION 0.8590 

Table 18:  Data and results of AOR to AOS ratio and correlation , with adjustments. 
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- The values of mean and standard deviation for the readings of angle of roll were calculated as 
follows: 

VESSEL TYPE DATE TIME 
UTC 

SEA CONDITION ROLL 
MEAN VALUE µ STD DEV s 

Bulk carrier handysize 15/9/18 06:07 swell, no wind 5.4947 1.3049 
Bulk carrier handysize 15/9/18 15:40 swell, no wind 6.3333 1.0701 

Table 19: Calculation of mean values and standard deviations of angle of roll. 

 

 

- The values of mean and standard deviation for the measurements of AOR and AOS were calculated 
as follows: 

No 
Test 

BAG - GRADE AOR 
(mean) 

AOR 
variance  

AOR  
STD DEV 

AOS 
FIXED 
(8 sec) 

AOS 
variance 

AOS 
STD DEV 

1 1 - 1CWAD 27.125 3.173  19.000 0.640  
2 5 - 2CWAD 24.188 1.336  18.000 0.040  
3 1&5 - CWAD 25.656 0.097  18.000 0.040  
4 9 - 3 CWAD 25.000 0.118  19.000 0.640  
5 11 - 1 CWAD 24.750 0.353  17.000 1.440  
Mean CWAD 25.344 

 
1.269 1.127 18.200 0.700 0.837 

6 2 - 2CWRS 24.125 0.042  17.000 0.250  
7 3 - 2CWRS 24.063 0.071  17.000 0.250  
8 4 - 2CWRS 24.688 0.128  17.000 0.250  
9 6 - 2CWRS 23.813 0.267  17.000 0.250  
10 2,3,4&6 - 2CWRS 24.172 0.025  19.000 2.250  
11 7 - 2 CWRS 23.938 0.154  18.000 0.250  
12 8 - 2 CWRS 23.313 1.034  17.000 0.250  
13 10 - 1 CWRS 24.625 0.087  18.000 0.250  
14 12 - 1 CWRS 24.938 0.370  17.000 0.250  
15 13 - 2 CWRS 25.625 1.677  18.000 0.250  
Mean CWRS 24.330 

 
0.428 0.655 17.500 0.500 0.707 

Table 20: Calculation of mean values and standard deviations of AOR and AOS. 

 

- The number of failures and probability of failure returned after generating 100,000 random 
variables or the selected parameters f and AOS: 

Number of failures: 23 

Probability of failure: 0.00023  
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6. DISCUSSION 

 

The experiment was performed for a number of samples. Before doing the tests and measuring the angle 
of shifting, each sample was tested for the angle of repose. Such test was performed on a flat table, allowing 
a vertical flow of grain from the bags to pile up and form a slope until the sliding started to occur. The 
measurements were done with a lever indicator measuring over the base of the pile every 90 degrees, 
similar to the cone lifting method described by Rouse, P. (2014).  Other more sophisticated methods 
described by Rouse and others (Al-Hashemi and Al-Amoudi 2017) entail measuring the base of the heap 
and height and calculating the slope with trigonometric functions or using tilting boxes. The method used 
can also be categorized as Piling Angle of Repose, as opposed to the Sliding Angle of Repose (Eleleji and 
Zhou, 2008), which is an approach to determining the dynamic angle of repose, using tilting or movable 
tables. Al-Hashemi and Al-Amoudi also refer to the dynamic angle of repose being between 3 to 10° less 
than the static angle of repose using the revolving cylinder method, but again, no reference was found of 
doing the same on board rolling vessels or models. The values measured in smaller and larger piles show 
that the changes in the surface area available to the grain caused a slight variation of the AOR but in both 
directions (increase or decrease), therefore, not conclusive (not systematic). We have considered that the 
observed  differences may be errors of measurements (casual errors) and not cause-effect related. The 
average values of AOR measured are similar to those customarily presented to the industry by grain 
shippers.  

The experiment is an approximation or simulation of the conditions the grain is exposed to during rolling 
at sea, i.e. dynamic conditions.  Rolling motion is a complex phenomenon. Even in a simplified mathematical 
model, it depends on many factors, such as transverse ship's inertia, moment of added mass of water 
dragged by the hull, linear roll damping coefficient, righting moment or stiffness, external heeling moment 
and frequency of waves (Wawrzyński and Krata, 2016). In terms of frequency of the roll, it is understood 
that the rolling periods calculated are representative of this vessel for this cargo in specific loading 
conditions. There can be as many values of period of roll as there are vessels in different loading conditions, 
and it is therefore impossible to analyze each one of them. The natural period of roll, for the mathematical 
model ship rounded up were 12 and 14 seconds for the departure and arrival condition. These two values 
were recalculated scaling down the dimensional elements of the expression, i.e. only applying the scale to 
the dimensional variables with mean result of 2 seconds. The calculations are in appendix 6. The right 
scaling down of the period was done considering the geometrical and kinematical similarity requirements, 
as expressed in Newton's law of similarity, considering only the forces and accelerations that are relevant 
to the model (gravity and acceleration) and none that would apply to hydrodynamic test models (velocity 
of fluids, viscosity)(Bertram 2011). All calculations can be seen in 4.1.3. 

The tests were done using the model suspended on fixed axis and on springs. The model was initially tried 
and rolled, aiming at various frequencies approximately: 14,10,8 and 2. The rolling at period of roll of 2 
seconds was done by pushing the model from one side, then allowing the return roll with its own restoring 
forces, with the spring acting as a damper of the oscillations and the angle limiting bars setting the 
maximum angle of roll  (it was in reality about 1.40 sec this rolling). In the model set up with fixed axis this 
appeared to be natural and stable, the rolling motion well simulated although it lacked 5 out of 6 degrees 
of freedom. In the model with the spring set up we noted vertical (surge) and lateral (sway) displacements 
to be too large for the scale. A possible reason for this was the excessive elasticity of the springs. 
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The rolling at 14 and 10 seconds was firstly done with the operator controlling the frequency of oscillations 
by hand, after timing the cycle with a chronometer. This disrupted the synchronism and the symmetry of 
the motion, and the operator bias was deemed excessive. The rolling was done at 8 seconds and the results 
were similar to that at 14 and 10, therefore, the tests were not pursued at 10 or 14 seconds and instead 
done at 8 seconds. In the set up with springs, the handling of the rolling introduced even more longitudinal 
and lateral displacements. Accordingly, in terms of motion and simulation of oscillations, the best 
performance was done at 2 seconds (1.4 seconds) for the model on fixed axis, then the model on spring at 
2 seconds (1.4 seconds) and model on fixed axis at 8 seconds. The period of roll of 14 seconds (2 seconds 
scaled down) can be categorized as "comfortable" according to the Kempf factor as mentioned by Norby 
(1962) according to Biran (2003) which is calculated and assessed as follows: 

    Kf =  Tj?
Z

      (6.5) 

Where 

Kf < 8 = vessel stiff 

Kf > 8 <14 = comfortable roll 

Kf >14 = vessel tender 

for T = 2 seconds, Kf = 9.00 - comfortable 

for T = 8 seconds, Kf = 5.14 - stiff 

8 seconds is not the true period of roll for the model or the vessel; 2 and 14 seconds are. However, as the 
former did not yield results in the fixed axis model and the latter made the motion too disruptive and 
biased, the tests at 8 seconds on the fixed axis model are chosen as the reliable results, prioritizing the 
stability of the motion over the period of roll for a single condition, keeping also in mind the tests were 
done to find a general methodology for different ships in different  loading conditions with different period 
of roll. 

The model on springs yielded shifting angles at period of roll of about 2 seconds (1.40) in the region of 18-
19 degrees of inclination. At period of roll of 8 seconds, the grain sliding occurred at angles of inclination in 
the region of 12 degrees. The results at 8 seconds are not reliable, firstly because in the experience of the 
author, many voyages with grain are performed in winter season where such angles of rolling are recorded, 
and if grain were to shift, a substantial amount of shifting reports would have been received, secondly 
because at 8 seconds the motion of the model with the intervention of the operator was exceedingly 
unstable, as mentioned above. As for the model on fixed axis, it did not show any sliding at period of roll of 
2 seconds. It is possible that the frequency of the sliding of the grain is such compared to that of the rolling, 
that when the sliding starts to occur, the vessel is already in the return roll, thus nullifying the event, in a 
similar fashion as free surface in roll damping tanks occur. At period of roll of 8 seconds the grain sliding 
occurred at angles of about 18 degrees and these results were deemed reliable and taken for calculations 
of the methodology.  

For each of the mentioned period of roll, the model was rolled at increasing angles until there was visual 
indication of granular slide and there was some permanent list measured with the protractor to one side.  
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The limiting bar set for the angle of roll when the first sliding was noted to occur, was taken as the angle of 
shifting. One common result was that the smaller the period of roll, which is indicative of greater stability 
(GM), the greater the angle at which the shifting occurs. While greater GM and shorter periods of roll for 
which the ship might be termed as "stiff" could be undesirable and even counterproductive for certain 
cargoes such as steel due to tangential forces (Biran, 2003), for grain cargoes a greater GM could prevent 
the shifting of the grain at lesser angles. During the experiments we tried to establish a threshold of period 
of roll where the grain stops shifting at some angles. It was difficult to establish as the frequency of the roll 
is adjusted manually but it was noted  there was no sliding at 15°,  at 18° roll the threshold  T » 3 sec. (ƒ » 
0.3333�		Hz) at 21° roll the threshold T » 2.1 sec. (ƒ » 04762 Hz) and at 25° the threshold T » 1.5 sec. ((ƒ » 
0.6666�		Hz). The measuring was done by starting at high frequencies and decreasing them until sliding was 
noted to occur, measuring the corresponding period of roll with a chronometer. 

A strong correlation between the measured AOR and AOS could not be established, however, after further 
verification it was found that the correlation calculation was highly sensitive to errors in measurements. As 
an exploratory exercise, the angles of repose and shifting measured that were more scattered in the 
scatterplot were altered by ± 0.5° and following this, the correlation changed to almost 0.9. Accordingly, it 
would be fair to say that there is a correlation and it is positive and linear; and the low correlation coefficient 
was due to the lack of precision of the methods and instruments for measuring the angle of repose and the 
angle of shifting: limited to visual indication of sliding and shifting and a protractor. This of course can be 
deemed arbitrary and biased, and there is a mathematical way of correcting the low values  of correlation 
due to measurement errors, called Attenuation, as described by Spearman C. (1094) which will not be done 
here as it is not within the scope of this work. 

The experiments would have benefited also from a motor coupled with a mechanism for adjusting the 
speed for better simulating a controlled rolling motion at exact periods of roll. The accuracy in establishing 
when the grain first slides enough to accumulate a list, depended on the accuracy and the position of the 
protractor (which could not be placed in the centerline thus adding weight to one side) and also on the 
attention and perception of the observer. These are limitations given by the lack of access to lab resources 
or sophisticated techniques and instruments, however, such limitations do not impair the use of the results 
or affect their accuracy beyond the tolerances established initially, and the possible errors introduced are 
covered by the safety factor chosen. We did not find reference to methods for measuring shifting of grain 
in cargo hold models, or even references to previous tests of this kind. However, the methods presented 
in this report could be improved based on methods used in geotechnical engineering.  Prof. François 
Duhaime and Mr. Pouyan Pirnia from the Construction engineering department at École de technologie 
supérieure, in Montreal, suggested for instance to measure the static AOR based on methods proposed by 
Ileleji and Zhou (2007), to use the discrete element method to model grain displacements (Pirnia et al. 
2016), and to use the digital image correlation technique to measure grain displacements behind the 
transparent surface of the model (Dumberry et al. 2018). 

Although Spandonidis and Sryrou (2015) did model the shifting of granular materials in beam seas with 
computers, there is lack of information on how the shifting of grain in cargo holds occurs physically. These  
experiments provided an opportunity also for observing the process of grain sliding in an oscillating 
enclosed compartment and for attempting to describe the possible scenario of grain shifting and listing of 
a rolling vessel: At certain values of inclination during the rolling, the granular cohesive forces are exceeded, 
and the grain commences to slide. As indicated by the physics of grain cohesion (5.2.3.1), there are frictional 
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forces opposing to the weight causing sliding. In this case there are frictional forces between grains or layers 
of grain and frictional forces between the pile and the surface of the compartment (hold tank top and 
hopper slopes). During the experiment, we noticed the laminar sliding occurring between layers of grain, 
with the upper layers shifting in greater proportion than the subsequent layers, in a staggered fashion, and 
the pile sliding with respect to the surface of the model interior (Figure 26). Both the grains and model 
surface have different frictional coefficient, and that of the model (varnished wood) is certainly less than 
that of the grain, but also the fact that the model is varnished results in greater sliding of the pile with 
respect to the surface of the model, compared to that of grain in the surface of a real cargo hold. To better 
understand the phenomenon observed, the work done by Sharan and Lee (1969) is of great relevance. They 
measured the friction coefficient of wheat grain on grain (internal friction) and wheat on steel, for a pile of 
wheat with certain depth in a steel bin.  The results of their experiment demonstrate the increase of the 
internal friction with the increase of the depth of the grain, and the internal friction coefficient being 
greater than that of grain on steel. The former explains the laminar sliding and the latter explains the small 
piles sliding faster than large piles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30 - Laminar sliding of the grain  

Let's call q -  angle of list and a - angle of laminar sliding, then it was observed that q > a 

The depth of the pile has an effect not only on the friction coefficient and hence the cohesion forces, but 
also leads to compression. It is well known by grain terminal operators and superintendents that when the 
grain is loaded, the stowage factor (the ratio of total volume of a cargo hold to weight of same hold fully 
loaded) is smaller than the test weight (ratio of total volume of a test box to weight of the same box filled) 
due to compression.  

q 

a 

laminar lateral displacement 
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As the grain shifts, a new slope will form requiring more inclination to cause sliding and the sliding will stop. 
This new slope will cause a transverse shifting of the center of gravity of the pile. As the center of gravity 
of that (and any other slack hold where the grain slid) shifted, the center of gravity of the whole vessel has 
shifted too and it is off the vertical with the center of buoyancy, the two opposing forces - gravity and 
buoyancy - at certain distance creating a moment (heeling moment). As the vessel starts listing, the centre 
of buoyancy shifts towards the side the hull is sinking until it is in the same vertical with the center of gravity, 
the new position of equilibrium, where the heeling arm and moment are null and the vessel rests in that 
position of permanent list. The vessel now rolls around the new position of equilibrium, meaning that the 
new rolling will be increased due to the permanent list. This phenomenon can be seen in videos of the 
towing of the Modern Express, which listed heavily in the North Atlantic on January 26th 2016: the ship 
rolled around the new position of equilibrium at 40 degrees to the port side (gCaptain, 2016). The increased 
roll will be able to exceed the cohesive forces of the pile, causing it to shift, until the newly formed slope 
stops the shifting again. There will be a new increased permanent list, and the process is repeated with the 
vessel rolling around the new position of equilibrium until the grain surface reaches the boundaries of the 
cargo hold and cannot shift anymore. Accordingly, it can be said it is a progressive effect. With respect to 
the limit of shifting, the IGC (1991) establishes that limit at 25° of slope, and ship's curves and tables for 
heeling moments are calculated for that number, that is, the permanent angle of heel and the residual 
stability between the curve of righting arm (GZ) and the curve of heeling arm (l) after the shifting, are 
calculated based on the surface of the grain shifting 25° for partially filled holds (15° for filled holds).  

In order to test the above, the model was set at max 18° both sides with the limiting angle mechanism, 
then pushed to roll to one side to 18° and let return freely, which happened at 16°.5. Then the rolling 
slowed down to let slide happening and the return controlled to 16.5 with 1° permanent list. The limiting 
bars were then set for max 20° one side and 19°, and the return freely although never reached that point. 
Then, repeated controlling the speed. With the accumulated shift of grain, the new list was 3°. Same 
repeated at 23° one side, return to 19° and both rolling and return controlled to allow for sliding. The new 
list was 8.5°. Finally, the test was done at 25° one side, return 19° (at this point with the free rolling the 
return roll didn’t even reach 10°) and the permanent list was 11°. The last test was performed mixing many 
samples of different grades to fill up the model. When the test was run, the shifting was noted to occur at 
angle of inclination of 23°. There is a number of reasons for this: the storage condition of these samples 
(the samples had been stored in a temperature controlled room whereas these ones after the use had been 
stored in a garage) and the depth of the pile increasing the friction over the surface of the model and the 
internal friction of grain on grain. While this test was not computed for results given that the sample was 
of mixed grades and probably accumulated humidity, it sheds some light on the increase of the angle of 
shifting for larger piles, and this compounded with the findings of Sharan and Lee about increase of friction 
with the depth of the pile and the internal friction of grain on grain prevailing over friction with the steel 
tank top and sloping plates of ship holds, we can conclude that holds mostly empty will shift earlier than 
fuller holds. 

One of the objectives of this work was to research on a possible methodology for a safe procedure of 
deballasting before entering ports (or ballasting after leaving), when the grain stability criteria and the draft 
cannot be simultaneously met.  The said methodology starts with the known data: angle of repose and the 
required data: angle of roll. The angle of repose is given by terminals when loading the grain. Enquiries 
were made with local grain terminal managers (G3 in Quebec, Les Silos de Port Cartier, Cargill in Baie 
Comeau) and they referred to having such data as statistical value. During the experiment a number of 
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samples were tested for both angle of repose and angle of shifting, thus allowing us to find their ratio and 
with the mean ratio establishing a conversion constant. Such factor for the grain used (wheat) was found 
to be 0.719. Applying this factor to the AOR given by shippers / terminals, the expected or estimated angle 
of shifting is obtained. Then the maximum permissible f can be calculated, so as to prevent shifting. The 
minimum requirement or what could be called Limit State Function would be: 

g(x) = AOS - f where failure F = {g(x) <=0}   (6.6) 

where failure means shifting of the grain. 

Any condition where AOS - f > 0 satisfies the criteria that avoid the shifting of the grain, however, such 
condition is not enough to be deemed safe. The values involved in the calculation are subject to errors: The 
value of AOR given by shippers is statistical and one value will fit different parcels with different grains, 
even if of the same grade, exposed to different environment, thus having different size, humidity, etc. The 
value of AOS and the conversion factor was obtained from tests for a single value of period of roll, with 
specific grades of wheat, and with instruments of limited accuracy. To account for possible errors in the 
readings, we introduced a safety factor: one that reduces the probability of failure below minimum 
acceptable limits. We are applying basic principles of probabilities, as presented to us in the MTEC module 
B3, Risk, Reliability and Safety by the University of Strathclyde (course notes) used for structural design. 

AOS = Y x f     (6.7) 

To check the degree of reliability with this safety factor, the Montecarlo simulation was run, after the mean 
values for AOS (from AOR) and standard deviations s of the various readings of AOS were calculated, 
selecting the highest of all values of s for different grades. As for the mean value of the angle of rolling f, 
it was calculated from the AOS with the safety factor, and the standard deviations from a number of 
readings done by deck officers on board ships and sent to us. The simulation was done in Excel, using the 
function NORM.INV, for a 100,000 and 1,000,000 simulations. Ideally, it would have been done in the 
professional version of MathCad. The simulation was tried for various safety factors Y = 1.3, 1.4 and 1.5 
against a target probability of failure. 

With respect to the target probability of failure, the information found mostly relates to structural failure. 
Duckett (2004) refers to an annual probability of failure for bridges (collapse and impacted by ships) in the 
range of 10�E yearly target, as per ISO/ DIS 10252 (bases for design of structures, accidental actions) norms. 
This results in 1% probability of failure for a 100 years life of the structure.  

In the same paper, he presents a formula for calculating a rational target probability as follows: 

P(f) 	= 	 +(
�}

q�
	K5N-     (6.8) 

Where N4is the number of people at risk (considered 20), N- the number of years of service (considered 
25) and K5is 5 for towers and offshore structures.  

the calculated target probability is: 

P(f) 	= 	 +(
�}

,(
	x	5	x	25 = 0.000625 
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The safety factor Y = 1.5 (f = 12°) yielded a probability of failure of 0.00023 which is the one that meets 
the target set. At Y = 1.4 ((f = 13°) it yielded a probability of failure of 0.00186 and at Y = 1.3 ((f = 14°) the 
probability of failure was 0.0102. While the 100,000 simulations gave variable results of failures ranging 
from 7 to 30 (P = 0.00007 to 0.00030), at 1,000,000 simulations there was a better convergence and the 
number of failures were all in the range of 200. The reliability factor b was calculated as 3.55. 

The said methodology and possible safety procedures, subject to further research and studies, could be 
summarized as follows (as an example only): 

- To ensure the angle of repose of the wheat is provided by shippers. 
- To calculate the probable angle of shifting of the grain by applying the ratio or constant for 

conversion. If wheat C = 0.719 (AOS = AOR x 0.719). 
- To calculate the maximum permissible angle of roll f by applying a safety factor of 1.5 to the angle 

of shifting (f = AOS / 1.5). 
- To determine the actual f before deballasting, by performing a number of readings, taking the 

greatest value. If the value taken exceeds the value calculated, DO NOT proceed with the deballast. 
- To estimate the time needed for deballasting, if possible including transit to the berth or place 

where the limitation applies. To commence the deballasting operation allowing enough time to 
reach such point without ballast, but without unnecessary delays. 

- To check the weather conditions and reports, and if there is any suspicion of deterioration of  sea 
conditions, to postpone. In case of a sudden deterioration of the weather during the process of 
deballasting beyond the calculated limits, to ballast again and cancel until the weather conditions 
warrant a safe deballasting and passage to the port. 

- To check with the pilot and port authorities to prevent cancellations in entering the port. If such is 
the case, to ballast again without delay. 

- When all the above conditions are met, to perform the deballasting operation. 

It cannot be stressed enough that this methodology is not applicable for sea passages when the vessel 
doesn’t meet the grain stability criteria, only for a vessel technically within port limits or under local 
jurisdiction (i.e. not on an international voyage) and a lapse of time needed to deballast tanks to the draft 
of the entry port (or ballast the tanks outside the exiting port), time lapse in which it is not believed the 
weather conditions will deteriorate to the point that such maximum angle of roll will be exceeded. It is also 
understood that the researched methodology should benefit from further studies and investigation as well 
as experimental results including studies of influence of sea condition (sea spectra) and ship's dynamic 
response (RAO) on the dynamic angle of sliding of grains, before being considered for modifying or adding 
to existing regulations and practices. 

Nonetheless, this work represents to our knowledge a first known attempt to research the dynamic  angle 
of sliding of the grain through experimental tests with a physical model of a ship's cargo hold, and to 
elaborate a much needed methodology of calculation for determining the maximum angle of roll at which 
the vessel can deballast (or ballast) in open waters when both the grain stability and the draft limits cannot 
be met. 
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7. CONCLUSIONS 

 

1. The experimental tests confirmed the hypothesis that under dynamic conditions the grain shifts at 
angles of inclination smaller than the static angle of repose.  

2. The experimental tests revealed the dynamic angle of shift is not only a function of the cohesive 
properties of the grain, but also the frequency of oscillations (period of roll), in that the higher the 
frequency (smaller period of roll), the greater the angle at which the grain slides.  It was also found 
that at the scaled roll frequency the grain didn’t even slide at large angles of inclination probably 
due to the absence of lateral and vertical accelerations of the fixed axis model (ƒ » 0.3333�		Hz or 
higher). 

3. The experimental test revealed that smaller piles in the cargo compartment have less weight and 
hence less internal friction in the pile and less friction with the boundary structure (tank top and 
sloping steel plate). It was also seen how the internal friction of grain on grain prevails over the 
friction of grain on structure, as the displacement over the bottom was greater than the laminar 
displacement of the various layers of grain. 

4. The accuracy of the measurements and results are limited by the instruments and methods 
employed, but nonetheless they shed valuable information. The use of a level protractor - angle 
locator and hands to regulate the frequency of oscillation can introduce errors to the 
measurements and results, highlighting the need for greater resources: computer-based 
techniques for capturing sliding and mechanisms for controlling the frequency and amplitude of 
balance. 

5. The results obtained in this thesis are only applicable to wheat, and for other types of grain, it is 
necessary to carry out a similar comparative study of angle of repose versus angle of shifting, to 
determine the conversion constant (ratio) and to calculate safety factors and probability of failure. 

6. The determination of the probability of failure and reliability of the results are only an example of 
a possible methodology, subject to further studies and research, that could in the future lead to 
approved procedures for safe operation of deballasting before entering ports (or ballast after 
leaving), for ships loaded with wheat which are constrained by the draft and grain stability. 
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8. RECOMMENDATIONS 

 

1. To continue the study of the dynamic angle of sliding compared to the static angle of repose of 
other types of grain, namely: Corn, barley, soybean, rye, rice, seeds (sunflower seeds, rapeseeds, 
cottonseeds, etc.) and others whose behaviour is similar to that of grain in its natural state: other 
cargoes with non-cohesive properties and angles of repose of less than 30° such as fertilizers 
(ammonium nitrate, urea, etc.). 

2. To perform these other experiments with more sophisticated techniques for rolling the model and 
capturing and measuring the sliding. The model to be engaged to a motor with a speed and 
direction controlling mechanism to simulate the oscillations without disturbances. To perform 
more tests per type of grain in order to have more data to compare.  

3. To use more elaborated probabilistic techniques when assessing the safety factor and probability 
of failure. When performing the Montecarlo simulation, to incorporate all uncertainties derived 
from the dynamic situation the vessel might encounter in open seas, including the variables from 
wave or sea spectra and vessel's response amplitude operator. To use Mathcad or similar software 
allowing more simulations and easier calculations. 

4. The subsequent studies and research should be aimed to calculating reliable conversion factors or 
ratio of AOR to AOS,  which would give sea masters a very useful information about the maximum 
rolling conditions under which the deballasting before entering (or ballasting after leaving) the port 
can be undertaken, when both the draft and grain stability criteria cannot be met simultaneously.  

5. It would be also desirable that with the numeric results from further research, guidelines or 
procedures are elaborated and presented to competent authorities in charge of revising the 
regulations for their perusal, approval and implementation.  
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10. APPENDIX 

 

10.1- APPENDIX 1 

METHODOLOGY FOR CALCULATING GRAIN STABILITY 

 

NCB Part I and II / TC Table II and III 

1- The cargo and liquid compartments, weights, VCGs and FS moments are listed. The Vertical 
Moments are calculated as a product of the weight x VCGs 

2- The lightship weight and constants are also listed with their respective VCGs. The Vertical Moments 
are calculated as a product of the weight x VCGs. 

3- The weights of cargo and liquid compartments, LS and constant are added to obtain the 
Displacement. The Vertical Moments of compartment, LS and constant are added to obtain the 
total Vertical Moment. The FS moments are added to obtain the total FS moment 

4- The total Vertical Moment is divided by the Displacement to obtain the vessel’s KG 
5- The total FS moment is divided by the Displacement to obtain the FS correction to the KG 
6- The vessel’s corrected KG is calculated by subtracting the KG – FS correction 
7- With the transversal metacentric height over the keel KM, the GM for the loading condition can be 

obtained by subtracting the KM – Kg corrected. 

NCB Part III / TC Table IV, V, VI 

1- The cargo compartments, ullage or height, stowage factor and volumetric heeling moments are 
listed. The transversal heeling moments are calculated dividing the volumetric heeling moment by 
the stowage factor SF 

2- The transversal heeling moments for filled compartments is corrected for vertical shifting of the 
center of gravity by multiplying it for a constant 1.06, unless already accounted for in the ship’s 
data 

3- The transversal heeling moments for partially filled or slack compartments is corrected for vertical 
shifting of the center of gravity by multiplying it for a constant 1.12, unless already accounted for 
in the ship’s data 

4- The value of the Total Heeling Moment is calculated by adding the transversal heeling moments 
for filled and for slack compartments. 

5- The value of Allowable or Maximum Permissible Heeling Moment is obtained from tables with the 
Displacement and KG corrected above calculated 

6- The two values of Total Heeling Moment and Allowable Heeling Moment, and if the latter exceeds 
the former, the Grain Stability Criteria is met. 
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10.2- APPENDIX 2 

ACTUAL GRAIN CALCULATION AS PERFORMED BY PORT WARDEN ON A CANADIAN 
PORT  
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10.3- APPENDIX 3 

 

CONSIDERATIONS ON THE COMPLIANCE OF RELEVANT REGULATIONS WHEN 
DEBALLASTING AT SEA  

 

1. The international Grain Code, Part A Specific Requirements, 7 Stability 
requirements, 7.1 requires minimum intact stability requirements for any ship 
carrying bulk grain, to be met throughout the voyage. 

2. The International Grain Code was adopted by Resolution MSC.23(59) to 
amend SOLAS 1974 including Chapter VI, Part C 

3. The SOLAS  1974 in its Part A Applications, definitions, etc., Regulation 2, 
definitions, 2(d) International voyage means a voyage from a country to which 
the present convention applies to a port outside such country, or conversely. 

4. Accordingly, once the ship arrives to the port limits, it has rendered its voyage 
according to SOLAS. 
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10.4 - APPENDIX 4 

GENERAL ARRANGEMENT PLAN 
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10.5- APPENDIX 5 

LOADING CONDITIONS 

 10.5.1 - DEPARTURE CONDITION WITH FULL BUNKERS AND WITHOUT BALLAST 

A- WEIGHT DISTRIBUTION, INTACT STABILITY PARAMETERS 
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GZ CURVE 
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DEFLECTIONS (SF & BM) 

 

 

 



Experimental investigation of the dynamic angle of grain sliding and its impact on ship's safety 
 
 

 
 

74 

 

 

 

 



Experimental investigation of the dynamic angle of grain sliding and its impact on ship's safety 
 
 

 
 

75 

HOLD MASS TABLES 
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B- GRAIN STABILITY CALCULATIONS, SEA GOING CRITERION 
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GRAIN STABILITY SHELTERED WATER CCRITERION 
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10.5.2- DEPARTURE CONDITION WITH FULL BUNKERS AND BALLASTED 

A- WEIGHT DISTRIBUTION, INTACT STABILITY PARAMETERS 
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GZ CURVES 
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DEFLECTIONS (SF & BM) 
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HOLD MASS TABLE 
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GRAIN STABILITY, SEA GOING CRITERION 
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10.5.3-  INTERMEDIATE CONDITION WITH INTERMEDIATE BUNKERS AND 
BALLASTED 

A- WEIGHT DISTRIBUTION, INTACT STABILITY PARAMETERS 

 

 



Experimental investigation of the dynamic angle of grain sliding and its impact on ship's safety 
 
 

 
 

97 

 

 



Experimental investigation of the dynamic angle of grain sliding and its impact on ship's safety 
 
 

 
 

98 

 

 



Experimental investigation of the dynamic angle of grain sliding and its impact on ship's safety 
 
 

 
 

99 

 

 

 



Experimental investigation of the dynamic angle of grain sliding and its impact on ship's safety 
 
 

 
 

100 

 

 

 

 

 



Experimental investigation of the dynamic angle of grain sliding and its impact on ship's safety 
 
 

 
 

101 

GZ CURVE 
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DEFLECTIONS (SF & BM) 

 

 

 



Experimental investigation of the dynamic angle of grain sliding and its impact on ship's safety 
 
 

 
 

103 

 

 

 

 



Experimental investigation of the dynamic angle of grain sliding and its impact on ship's safety 
 
 

 
 

104 

HOLD MASS TABLES 
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GRAIN STABILITY, SEA GOING CRITERION 
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10.5.4- ARRIVAL CONDITION WITH MINIMUM BUNKERS AND BALLASTED 

A- WEIGHT DISTRIBUTION, INTACT STABILITY PARAMETERS 
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10.5.5-  ARRIVAL CONDITION WITH MINIMUM BUNKERS WHILE DEBALLASTING 

A- WEIGHT DISTRIBUTION, INTACT STABILITY PARAMETERS 
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10.5.6- ARRIVAL CONDITION WITH MINIMUM BUNKERS WITHOUT BALLAST 

A- WEIGHT DISTRIBUTION, INTACT STABILITY PARAMETERS 
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10.6- APPENDIX 6 

EXCEL SPREADSHEET WITH CALCULATION OF THE PERIOD OF ROLL USING VARIOUS 
METHODS 

 

CALCULATION OF ROLL PERIOD OF THE VESSEL USED AS MODEL     
ARRIVAL WITHOUT BALLAST        
METHOD PROPOSED BY E.C. TUPPER (BASIC SHIP THEORY)      

         
DATA          

         
PARAMETERS SYMBOL VALUE UNIT      

DRAFT EXREME T 9.4000 M      
KEEL THICKNESS KT 0.0160 M      
GM FLUID GM 1.4100 M      
F (C0NSTANT) F 0.1250       
BREADTH EXTREME B 23.7000 M      

DEPTH EXTREME D 14.6440 M      
LENGTH OVERALL L 185.0000 M      
LENGTH BET PERP L PP 178.0000 M      
BLOCK COEFFICIENT CB 0.8663       

GRAVITY g 

 

9.8067 
       

PI π 3.1416       

         
PARAMETERS TO CALCULATE   FORMULA     

         
LENGTH SUPERST L SUPERST 19.2000 M From frame 35-11 = 24 frames X 0.8M = 19.2M   
WIDTH SUPERST W SUPERST 13.8500 M 31.95 - 18.1 = 13.85  (from GA, heights over BL)  

AREA ERECTIONS 
A 
ERECTIONS 265.9200 M 

A ERECTIONS = L SUPERST x W 
SUPERST x COS  0   

LENGTH DECK L DECK 139.8000 M Fr 209-35 = 174 frs x 0.8M = 139.2 + 1fr x 0.6M = 139.8 M  

WIDTH DECK W DECK 0.5000 M Camber = 0.5    
AREA DECK A DECK 69.9000 M2 A DECK = L DECK x W DECK x COS 0   

AREA FREEBOARD 
A 
FREEBOARD 933.4320 M2 A FREEBOARD = L  PP x (D-T)    

AREA LATERAL PROJECT DECK A1  1269.2520 M2 
A =  (A ERECTIONS + A DECK + A 
FREEBOARD)   

WINDAGE LATERAL A A2 1849.0000 M2 FROM COMPUTER RESULTS (APPENDIX  
EFFECTIVE DEPTH H1 21.7746 M H = D + A1/LPP    

M	X	SEC, 
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EFFECTIVE DEPTH H2 25.0316 M H = D + A2/LPP    

         
DECK COEFFICIENT CU 0.000228  CU = 1/LB     
DRAFT MOULDED TM 9.3840 M TM = T - KT     

    

 

RADIUS OF GYRATION K1 7.6995 M 

RADIUS OF GYRATION K2 8.8513 M 

    
PERIOD OF ROLL 1 T⌽ 13.0099 SEC 

PERIOD OF ROLL 2 T⌽ 14.9560 SEC 

    
METHOD PROPOSED BYA.B.BIRAN (SHIP HYDROSTATICS AND STABILITY)     

         
PARAMETERS SYMBOL VALUE UNIT      
GM FLUID GM 1.4100 M      
BREADTH EXTREME B 23.7000 M      

         
PARAMETERS TO CALCULATE   FORMULA     

         
RADIUS OF GYRATION im 7.9000 M im = B/3  Costaguta, 1981   

 im 8.2950 M im = 0.35B  Shipyard    

         
CONSTANT C 0.6667  C = 2im/B for Costaguta   

 C 0.7000  C = 2im/B for shipyard    

         

PERIOD OF ROLL T⌽ 13.3060 SEC 

 

  for Costaguta MEAN VALUE 

 T⌽ 13.9713 SEC  for shipyard  13.6386504  

         
METHOD PROPOSED BY ISC / WAWRZYNNSKI AND KRATA      

         
PARAMETERS SYMBOL VALUE UNIT      
GM FLUID GM 1.4100 M      
BREADTH EXTREME B 23.7000 M      
DRAFT EXREME T 9.4000 M      
LENGTH WATERLINE L WL 181.9400 M      

         
PARAMETERS TO CALCULATE        

         
CONSTANT C 0.3528  C = 0.373 + 0.023B/T - 0,043L/100   
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PERIOD OF ROLL T⌽ 14.0813 SEC 

 

   

       

       

       

CALCULATION OF ROLL PERIOD OF THE  MODEL      

         
METHOD PROPOSED BYA.B.BIRAN (SHIP HYDROSTATICS AND STABILITY)     

         
PARAMETERS SYMBOL VALUE UNIT      
GM FLUID GM 0.0353 M      
BREADTH EXTREME B 0.5925 M      

         
PARAMETERS TO CALCULATE   FORMULA     

         
RADIUS OF GYRATION im 0.0049 M im = B/3  Costaguta, 1981   

 im 0.0052 M im = 0.35B  Shipyard    

         

         
CONSTANT C 0.6667  C = 2im/B for Costaguta   

 C 0.7000  C = 2im/B for shipyard    

 C 0.4290  C = 0.373 + 0.023B/T - 0,043L/100 for ISC / W&K 

         

PERIOD OF ROLL T⌽ 2.1039 SEC 

 

  for Costaguta MEAN VALUE 

 T⌽ 2.2091 SEC  for shipyard  2.34026786  

 T⌽ 2.7079 SEC  for ISC/W&K   
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10.7- APPENDIX 7 

COHESION EXPERIMENT (VANDEWALLE ET LUMAY) 
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10.8- APPENDIX 8 

ORIGINAL TAGS WITH DATA OF SAMPLES USED 
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