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1. Executive Summary 

Lloyd’s Register (LR), the leading classification society for Liquefied Natural Gas (LNG) carriers by 
tonnage and number of vessels in service, works with shipbuilders and designers, shipowners and 
operators, and ports and regulatory authorities to ensure that LNG carriers are safe and reliable. 
Through our proven technical expertise and advisory services, we provide complete risk 
management and assurance services throughout the gas supply chain.  

This document offers practical guidance to Masters of LR-classed membrane tank LNG ships on 
minimising the risk of sloshing damage. As it includes consideration of cargo tank filling levels, it will 
also be of interest to shipowners, operators and charterers planning cargo movements, and to LNG 
terminal management in cases where the emergency departure of a partly loaded ship is being 
considered.  

Background is provided on the development of the membrane cargo containment system (CCS) 
based on the historical experience and feedback in relation to sloshing. In addition, shipboard 
arrangements are described which may help to prevent a ship getting into situations where sloshing 
could pose a risk.  

This document mainly focuses on the cargo containment systems designed by Gaztransport & 
Technigaz (GTT). However, the guidance provided in this document is, depending on the design, 
equally applicable to cargo containment systems from other designers. 
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2. Introduction 

2.1. The nature of sloshing 

The term ‘sloshing’ describes the motion of a liquid inside a tank as a consequence of a ship moving 
(rolling, pitching, etc.) in a seaway. Except when a tank is full, sloshing waves can be generated 
which impact against the tank boundaries.  

Sloshing is a stochastic phenomenon, and so 
sloshing impacts and the impact magnitudes for 
apparently similar sloshing motions can vary 
quite widely and cannot be predicted with 
certainty.  

However, the factors influencing the severity of 
the sloshing response are well known. These 
include: 

• tank shape, size and local surface geometry;  

• tank filling levels;  

• loading condition of the ship; 

• sea conditions;  

• seakeeping characteristics of the ship. 

The first and second factors are considered in the 
design of the ship and in the setting of filling 
limits (see Section 2.3). The severity of the 
sloshing response is affected by the remaining 
factors, which concern the operation of the ship. 
These are discussed in Sections 3 and 4.  

 

Figure 1. Sloshing test rig 

Photo included with the permission of GTT 

Sloshing impacts can induce very high peak pressures concentrated over a small area, of the order 
of cm2, as well as high average pressures spread over a larger area, of the order of 1m2 or more. 
Hence, local detail arrangements, the more general structural arrangements at or near the surface 
of the cargo in the tank, and the inner hull strength, all need to be considered in the design for 
resistance against sloshing. 

2.2. Sloshing incidents 

A review of historical occurrences of sloshing is 
valuable to augment and calibrate theoretical/ 
experimental evaluations and has provided the 
impetus for design changes in the past.  

There have been a few instances of sloshing 
damage on ships with early versions of the 
Gaztransport NO containment systems (late 
1970s), and one case in 2006 on a recently built 
NO96 ship. The 1970s incidents involved damage 
to the primary insulation boxes in the upper 
regions of the cargo tanks. 

 
Figure 2. Tank shape standardisation 

 

H  

135°  
or similar 

135°  
or similar 
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This led to:  

• the incorporation of reinforced insulation boxes in the upper regions of all more recent NO type 
ships; and  

• the standardisation of the size and shape of the cargo tanks, including their characteristic 
chamfered topside shape in the upper region and hopper shape in the lower region (see Figure 
2).  

The 2006 damage was discovered on the covers of standard primary insulation boxes on a 
conventional size NO96 ship on the side of the tank just above the upper knuckle of the lower 
hopper. In this case, the tank filling was at a height equal to approximately 10% of the tank length 
and the damage was caused by sloshing waves impacting against the tank’s vertical sides (inner 
longitudinal bulkheads), a few metres above the filling level (see Figure 3).  

The single plywood covers of the standard NO96 primary boxes were found to have bending and 
shear failures due to sloshing impacts. The primary membrane was intact, although deformed, and 
as a consequence there was no cargo leakage through the primary barrier and minimal risk of 
leakage developing in the short term.  

No sloshing damage has ever been reported on ships fitted with the early Mark I version of 
Technigaz containment system. However, since 2008 many Mark III ships have been found to have 
deformed primary barrier corrugations in the following areas: 

• on the tank vertical sides above the upper knuckle of the lower hopper (the same region as 
described above for the NO96 box damage), and on the transverse bulkheads near the upper 
knuckle of the lower hopper; and  

• in the four corners (port forward, starboard forward, port aft and starboard aft) of the tank 
crown and in the corners on the other adjacent tank surfaces. 

The locations of the observed deformations are 
shown in Figure 3.  

The extent and severity of the deformations in the 
lower part of the tanks on the vertical sides above 
the upper knuckle of the lower hopper, and on the 
transverse bulkheads close to the intersection with 
the lower hopper and vertical side, approximately 
correlates with the maximum amount of LNG heel 
carried. The deformations on the transverse 
bulkheads have been associated with a tank filling 
approaching 10% of the tank length. 

The deformations in the four corners of the tank 
crown are associated with normal full loading and 
the slight reduction in filling levels due to boil-off 
during the voyage. In many cases, the deformations 
have been found to be more pronounced in the 
forward and aft cargo tanks.  

 

Figure 3. Areas where sloshing-induced 
deformations have been observed

For the Mark III system, the cargo containment system foam panels, including plywood, secondary 
barrier and mastic beneath the deformed parts of the primary membrane, have been inspected. So 
far no damages to these parts have been observed, except for a single instance of foam crushing in 
way of a severely deformed corrugation. The primary membrane has, in all cases, been intact, 

Areas where Mark III primary barrier 
deformations have been observed 

Areas where NO96 primary box damages 
and Mark III primary barrier deformations 
have been observed 
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although deformed, and as a consequence there was considered to be a negligible risk of cargo 
leakage in the short term.  

The vast majority of the world fleet of membrane LNG ships are fitted with one of the membrane 
systems supplied by GTT. This company offers several different types of systems, including plywood 
box-based NO systems and foam-based Mark systems. Newer CCS’s are in development. All systems 
are available in various versions, depending on the strength and/or boil-off rate requirements.  

In general:  

• reinforcement of corrugations can be achieved through wedges or ribs; 

• foam densities used depend on expected sloshing loads; 

• reinforcements can be optimised based on the requirements by the shipowner. 

The better understanding of sloshing and extensive service experience on LNG carriers has led the 
standard design of the Mark III and NO96 systems. These are applied with partial reinforcements at 
the high sloshing pressure areas that are reflected in the ship’s approved cargo containment design. 
Typical reinforcement areas are illustrated in Figure 4 and Figure 5 below, for the NO96 and Mark III 
systems respectively: 

 

Figure 4. Typical Reinforcement NO96 

Figure included with the permission of GTT 
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Figure 5. Typical Reinforcement on Mark III 

Figure included with the permission of GTT 

For normal operations, the overall theoretical probability of failure due to sloshing issues of the 
Mark containment systems is of the same order as the NO systems. Therefore, similar precautions to 
the design of the tanks need to be taken to avoid sloshing damage.  

In addition, and for ships in operation without the above reinforcement, precautions to the 
operation of the ships will significantly reduce the likelihood of severe sloshing impacts. In Section 
2.4 the distinction between superficial deformation due to sloshing and sloshing damage is 
explained. 

2.3. Tank design and barred filling range 

Sloshing is generally most violent when the natural period of the liquid in the tank is fairly close to 
the ship motion period (usually roll or pitch). When the sea conditions are such that there is 
significant wave energy near one of these periods, i.e. waves of a similar encounter period (referred 
to as resonant wave conditions later in this guidance), then significant liquid motion is possible, 
which can lead to high sloshing impact loads.  

For high filling levels, the decreased free surface area inherent in the chamfered topside 
arrangement reduces the natural period of the free surface of the LNG cargo to a value which is 
significantly less than the ship motion rolling period in most sea conditions. This shape is also 
beneficial in altering the characteristic of the sloshing motion and in reducing the impact loads.  

For low filling levels, the lower hopper arrangement provides a similar shape benefit. For low filling 
levels, the LNG natural period is generally greater than typical ship motion rolling period.  

At mid-filling heights, the ship and LNG natural periods may be close to each other; in addition, 
there is the greatest tank width available for sloshing waves to build up momentum. As a result, 
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highest sloshing impact loads are expected at mid-filling heights and hence mid filling heights are 
not permitted for most standard designed membrane LNG ships.  

Based on experience and analysis, at the time of writing this guidance revision, the minimum high 
filling level and the maximum low filling level have been set. The standard permitted filling limits for 
LNG ships of conventional size up to 180,000 m3 capacity are as follows: 

• 70%H and above for higher filling levels (H is the internal tank height) (see Figure 6), and 

• 10%H for NO96, or 2.75 metres for Mark III systems, and below for lower filling levels/heels.  

Hence, the usual barred 
filling range is from 10%H to 
70%H.  

The 10%H (for NO96) or 2.75 
metres (for Mark III systems) 
lower filling level arises from 
investigations which have 
been carried out following 
the experiences described in 
Section 2.2 and is a 
reduction from 10%L (where 
L is the internal tank length), 
which was the original 
permitted filling level.  

 

Figure 6. Typical permissible filling levels 

Some older ships were designed with an upper filling limit of 80%H. Reference should be made to 
the ship’s approved loading manual or cargo operations manual for the applicable values for a 
specific ship.  

It is emphasised that these are not cut-off values at which sloshing activity becomes negligible. 
Significant sloshing may still occur in severe or moderate sea states if:  

• filling levels are close to the permitted limits; and  

• ship speed and heading result in resonant ship rolling.  

However, the level of sloshing which occurs on ships operating inside the presently permitted filling 
levels is considered unlikely to cause damage (see Section 2.4).  

Operating within the barred filling range is not normally permitted. However, exceptional 
circumstances may arise in which doing so is the most appropriate way of avoiding a potentially 
more hazardous situation (see Section 5). 

2.4. Containment system deformation and damage 

From extensive investigations involving detailed structural analysis and testing of the Mark III 
primary barrier it has been shown that deformations of the Mark III primary membrane corrugations 
up to certain values will not impair the efficiency of the primary membrane in containing the LNG, 
nor affect its long-term performance. Deformation up to a defined criteria arising out of these 
investigations is regarded as ‘superficial’ and does not require repair.  

For the NO systems’ primary barrier, moderate bending of the raised edges is similarly regarded as 
superficial and not requiring repair, provided that the welding remains sound.  

H 

Normal high filling level 

95%H or above 

Usual permitted filling 

level 70%H 

Normal low filling level 

5%H or below 

Usual permitted filling level 

10%H or 2.75m 

Barred Filling Range 
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However, any deformation of the Mark III primary barrier that exceeds the defined criteria, or any 
failure of the insulation system supporting the primary barriers (insulation panels on Mark systems, 
or insulation boxes on NO systems), is regarded as damage and requires repair. See Section 7.2 for 
details on the inspection for sloshing damage and deformation. 

2.5. Difficulties in detecting when sloshing is occurring and if tanks have been damaged 

Sloshing is different from some other potentially damaging phenomena such as slamming at the 
fore end, because there may be no obvious feedback that sloshing is occurring. Although significant 
sloshing may be audible from nearby locations outside the tank, it can be difficult to hear from the 
bridge and accommodation areas, unless it occurs in an adjacent tank.  

Some measure of sloshing activity may be obtained from monitoring boil-off rates, which can 
increase measurably during periods of severe sloshing. However this does not provide sufficient 
real-time correlation to be a useful indicator of the occurrence of potentially damaging sloshing 
impacts. A ship could also be equipped with a sloshing monitoring system that could provide 
indications of sloshing activity in the tanks. At the time of preparing this document, we are aware of 
several monitoring systems under development by a number of companies. If a sloshing monitoring 
system is installed on board, this should be approved by LR according to ShipRight Sloshing 
Monitoring System Procedures.  

As stated in Section 2.2, in the 2006 case of sloshing damage on the NO96 ship, the primary barrier 
was not breached even though the primary box covers beneath were damaged. Similarly, with the 
deformations on the Mark III ships, there has been no failure of the primary barrier. Consequently, 
there was no indication to the ship’s crew that sloshing deformation had occurred and nothing was 
found until the next planned entry into the cargo tanks. Therefore, the absence of any increased gas 
concentration in the inert gas monitoring system cannot be relied on as an indicator that the tank is 
undamaged.  

Note: The aforementioned NO96 damage recording refers to the original cargo containment 
systems. Newer NO96 ships are equipped with reinforced boxes for the critical sloshing areas. No 
damages have been recorded for the new reinforced designs. 
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3. The relationship between filling levels and sloshing 

3.1. Typical operating practice – normal filling levels 

In most circumstances, LNG ships deliver close to the maximum quantity of cargo for which they 
have been designed to carry and, even allowing for boil-off over a typical loaded voyage, this 
equates to approximately 95%H full or greater. On the return ballast voyage, LNG ships normally 
carry a heel of cargo not exceeding approximately 5%H (see Figure 6), unless the ship is powered by 
cargo LNG, in which case a filling level between 5%H and 10%H (for NO96), or 2.75 metres (for Mark 
III systems) is more common for certain tanks.  

Many thousands of voyages have been made by ships loaded in this way in all sea conditions, and 
this service experience confirms that the risk of sloshing damage is minimised for membrane tanks 
filled in this way. 

3.2. Evaluation of sloshing at different filling levels 

The prediction of accurate sloshing pressures inside LNG tanks is very complex and model testing 
continues to be the best practice for evaluating sloshing pressures at the design stage (see Figure 1). 
This is despite model testing having some limitations, which include the impracticality of 
representing the local surface profile of the primary barriers (corrugations in Mark III, raised edges in 
NO96) which are also believed to influence flow and create pressure concentrations.  

Model tests have been supplemented by the analysis of in-service Mark III deformations and NO96 
box damages in order to evaluate the sloshing pressures that have been experienced in service 
using reverse engineering techniques. In addition, a NO96 ship has been instrumented in the upper 
regions of one of its cargo tanks as part of a joint industry project involving LR, GTT and others, and 
the results of this full-scale measurement campaign are assisting in calibrating the sloshing 
pressures seen in practice.  

Figure 7 gives an indicative assessment of the effect of filling height on the sloshing pressure. 

3.3. Lower than normal high filling levels during loaded voyages 

The predominant form of sloshing activity in the 
upper regions of the tanks results in localised direct 
LNG impacts or high-velocity jets of LNG travelling 
rapidly over the tank surface, causing very high 
localised pressures. 

Model testing programmes have shown that 
sloshing pressures at filling heights around 95%H 
can be as high as at slightly lower filling heights 
(see Figure 7). It should be noted that one of the 
early incidents of sloshing damage occurred at a 
filling height of 95.5%H; however, the strength of 
the insulation boxes in the upper region of that ship 
was lower than the strength of the boxes fitted 
nowadays and the upper region of the tank was of a 
different shape.  

 

Figure 7. Typical variation of sloshing 
pressure with filling height

Most of the Mark III tank deformations in the upper region have occurred on primary membranes 
without reinforcement of the corrugations and are believed to have occurred at filling heights of 
around 95%. 
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It should be noted that there have been no reports of damage to NO96 ships associated with high 
filling heights. One possible reason for this is that reinforced boxes are normally fitted in these parts 
instead of standard boxes.  

Loaded voyages with the tanks filled less than around 95%H are rare. Filling below 95%H and above 
70%H can increase the likelihood of experiencing higher sloshing pressures. However, this does not 
necessarily lead to damages that affect the integrity of tank, especially when reinforcements have 
been applied. Furthermore, the likelihood of experiencing sloshing damages and superficial 
deformations to the containment system can be reduced by following the operational measures 
described in Section 4.2. 

3.4. Higher than normal low filling levels (heels) during ballast voyages 

The trend in the low filling range is for sloshing pressures to increase with filling height (see Figure 
7). Up to a filling level of approximately 5%H, the pressures are low and it is considered that the risk 
due to sloshing for both NO96 and Mark III systems is correspondingly very small. There is a very 
small probability that there may be minor superficial deformations of the corrugations of the 
primary membranes of Mark III systems without the ribbed corrugations.  

For filling levels between 5%H and 10%H, the trend is for the maximum sloshing pressure to 
increase markedly, but the risk is still considered low. For the primary membranes of Mark III 
systems without the ribbed corrugations in the vicinity of the lower chamfer, some superficial 
deformation of corrugations might be experienced. 
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4. Ship operation 

4.1. General 

If any of the cargo tanks are filled within the permitted filling levels but outside the normal 
operational zones, i.e. above about 5%H on ballast voyages and below about 95%H on loaded 
voyages, the likelihood of sloshing is increased. Although the containment system has been 
designed to withstand sloshing loads especially with the reinforcements described, the ship’s 
motion should be assessed, and adjusting the ship’s course and/or speed should be considered to 
reduce rolling and pitching as appropriate. Generally, changing the course is likely to be more 
effective in reducing regular rolling or pitching; in addition, but altering the speed can also be 
considered.  

Note: As described in Section 2.5, if a sloshing monitoring system is installed, this can be used for 
additional guidance. 

4.2. Ship motions to avoid when carrying lower than normal high filling levels during 
loaded voyages 

Relatively high sloshing pressures are expected for filling heights below and close to 95%H (see 
Figure 7 as an example). This increase is attributed to regular rolling, especially when combined 
with regular pitching. If this occurs, the Master should assess the ship’s motion and if it is deemed 
necessary, change course and/or speed to minimise these motions.  

4.3. Ship motions to avoid when carrying higher than normal heels during ballast voyages 

Design evaluations, investigations and experience indicate that rolling motions, particularly regular 
large roll angles in beam seas, create the highest probabilities of experiencing high sloshing 
pressures. In case these conditions occur, the Master should assess the ship’s motion and if it is 
deemed necessary, alter the ship’s course and/or speed. 
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5. Occasions when the ship is forced to leave a terminal when tanks are 
loaded outside the permitted filling ranges 

5.1. General 

There may be instances when the ship is forced to leave a terminal before the planned cargo 
operations have been completed. For example, if an emergency condition occurs on the ship or in 
the terminal at a stage where the tanks are loaded outside the permitted filling ranges. In these 
cases, it is most important that suitable action is taken to protect the cargo tanks from the risk of 
sloshing damage.  

Unless there is a sheltered anchorage in the vicinity that can be reached via sheltered waters (see 
Section 6.1 for a definition of ‘sheltered’), it is recommended that these scenarios should be 
assessed in advance by means of a risk assessment. The risk assessment needs to be specific for 
each combination of ship design and terminal and may include consideration of the actions 
described in Sections 5.2 and 5.3. The risk assessment can be undertaken by LR or by competent 
consultants.  

The emergency plan arising from the risk assessment study may include changing the 
loading/discharge pattern to limit the number of partially filled tanks when severe weather 
conditions are forecast and recommendations on the route to the anchorage depending on the 
current and forecast weather conditions. It may also contain sloshing risk diagrams similar to those 
in Appendix B.  

LR’s advice must be sought on the acceptability of the proposed deviation from the approved 
filling limits. If the emergency plan involves the ship operating outside of its approved filling 
and strength limits, then LR should be consulted.  

The emergency plan should be included in, or referenced by, the ship’s safety management system. 
All the ship’s staff should be made aware of the actions to be taken by carrying out drills or similar 
training methods.  

GTT’s document General Guidance for Ships’ Emergency Departure with Tanks at Non-Approved 
Filling Levels provides additional information. 

5.2. Actions prior to unplanned departure 

In the event of an unplanned departure from a terminal, any time remaining while the ship is still 
alongside should be used to redistribute the LNG between the cargo tanks to avoid any of the tanks 
being filled within the barred filling range.  

If there is insufficient time to achieve this, or the amount of LNG on board is not commensurate with 
such a redistribution, filling levels in the barred filling range may be contemplated, provided that 
the likelihood of the ship being exposed to poor weather conditions or resonant wave conditions is 
minimised, as described in the first paragraph of Section 2.3 and in Section 4. For conventional LNG 
ships, filling heights between 15%H and 40%H are to be avoided. There is evidence to suggest that 
there may be less risk at filling heights in the range of 60%H to 70%H than at other filling heights 
within the barred filling range.  

5.3. Actions after unplanned departure 

Following departure, the ship should be operated with a view to avoiding potentially damaging ship 
motions (see Section 4).  
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After the situation has stabilised, it is preferable that the ship returns to the same terminal to 
complete the loading/unloading operation to achieve normal filling levels before departing on the 
next voyage, rather than proceeding on the next voyage with unusual filling heights.  

If this is not possible, the ship may proceed to the next available terminal if the LNG can be 
distributed between the cargo tanks within the permitted filling ranges and provided the ship is 
operated as described in Sections 3 and 4.  

If, for any reason, the only available course of action is to proceed to another terminal with 
cargo loaded in the barred filling range, LR’s advice must be sought before sailing. 
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6. Terminals in exposed locations and floating LNG terminals 

6.1. General 

A location may generally be considered 
‘sheltered’ if the extreme significant wave 
heights for the location (based on a 25-year 
return period) is less than 2 metres. However, 
it should be noted that 2-metre waves can 
also cause significant sloshing if they induce 
resonant wave conditions (see Section 2.3). 
An example of a sheltered terminal is shown 
in Figure 8.  

Locations which are not sheltered should be 
considered ‘exposed’. Exposed terminals 
include those at the end of extended jetties 
and floating LNG terminals, unless they are 
sited in sheltered locations such as protected 
estuaries.  

 

Figure 8. LNG terminal in sheltered location 

Photograph included with the permission of 
Medway Ports 

It is expected that all terminals will have anchorages nearby which can be used in case there is some 
incident at the terminal or on the ship. Sheltered terminals with sheltered anchorages, which can be 
reached via sheltered waters, are considered ‘safe havens’ for the purposes of this document.  

It is an assumption inherent in classification that a ship will be traded to terminals which can 
be regarded as safe havens. It is necessary to consult LR in advance of trading to fixed or 
floating LNG terminals which are not regarded as safe havens, in order to obtain approval for 
operation at the specified exposed fixed or floating LNG terminal. Specific approval for 
operation at any terminal not regarded as safe havens needs to be obtained for classification 
purposes. 

6.2. Operation at exposed terminals 

When membrane LNG ships (LNGC) are required to load or unload at ‘exposed terminals’ such as 
floating LNG terminals, extended jetties or side by side transfer at sea, the vessel will be required to 
operate with LNG filling levels that are within the barred fill range for prolonged periods. As the 
vessel is not at a sheltered location, the wave environment may be such that the resulting ship 
motions could lead to high sloshing activity within the cargo tanks. Hence it is necessary to review 
the potential for high sloshing activity at exposed or offshore terminals. 

The potential for high sloshing activity is to be assessed on the following basis: 

• A site specific environmental data analysis for the exposed terminal that takes account of the 
local bathymetry and topographic conditions.  

• Assessment of the ship motions taking account of the site specific environmental data including 
ship orientation aspects, water depth, GM in the required loading conditions, etc. 

• Sloshing assessment for LNG filling levels within the barred fill range. 

For many exposed terminals, the environmental data may not be that severe and hence the 
potential for high sloshing activity is reduced. It is also common to apply restrictions on the 
loading/unloading operations using weather forecasting to predict suitable weather windows. 
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Two approaches are currently available to assess the sloshing loads of an LNG Carrier when 
operating at an offshore terminal: 

• Standard environmental restrictions. These are applicable for conventional LNGCs between 
138k – 175k m3. If the LNGC can operate within these restrictions a dedicated sloshing analysis is 
not required. 

• Enhanced environmental restrictions or LNGC size > 175k m3. A dedicated sloshing analysis is 
required to allow operation in more severe environmental conditions or if the LNGC has a 
capacity of more than 175k m3. In this case, the allowable wave heights/periods for a range of 
cargo tank filling levels and wave headings will be confirmed by use of a dedicated sloshing 
analysis. 

6.3. Standard environmental restrictions 

A dedicated sloshing analysis is not required for conventional LNGC fitted with standard GTT Cargo 
Containment Systems with a capacity between 138k - 175k m3 provided that the environmental data 
listed below are not exceeded: 

• Wind speed less than or equal to 21 knots. 

• Maximum wave height and period: 

– Single wave system: 

 For waves with a heading ≤ ±20° from head seas, maximum significant wave height is 
equal to 2.5 metres;  

 For waves with a heading > ±20° from head seas, maximum significant wave height is 
equal to 1.5 metres;  

 Maximum wave peak period Tp is 8 seconds.  

– Combination of wind sea and swell wave systems: 

 For wind and swell waves with a heading of ≤ ±20° from head seas, the maximum 
combined significant wave height HS(MAX) is equal to 2.5 metres,  

where HS(MAX) = �HS(WIND)
2 + HS(SWELL)

2 ;  

 For wind and swell waves with a heading of > ±20° from head seas, maximum significant 
wave height of any wave system > ±20° from head seas is equal to 1.5 metres, and 
maximum combined significant wave height HS(MAX) is equal to 2.5 metres,  

where HS(MAX) = �HS(WIND)
2 + HS(SWELL)

2 ;  

 For either wave system the maximum wave peak period Tp is 8 seconds unless HS(SWELL) ≤ 
0.5 metre, in which case a peak period Tp for the swell wave system greater than 8 
seconds is acceptable. 

In applying these limitations, it is acceptable to put limits on the operation of the loading/unloading 
transfer operations. Hence the extreme wind speed for the exposed terminal may be well in excess 
of 21 knots, but so long as there is a reliable long range forecast which gives a prediction of less than  
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21 knots for the required period of transfer with a suitable margin for changes in the weather 
patterns. 

A site specific environmental data analysis for the exposed terminal that takes account of the local 
bathymetry and topographic conditions will normally be required in order to: 

• understand the environmental data for the exposed terminal; 

• access the practicality of operating at this exposed terminal. It is possible that the 
environmental data might be such that limiting the operation to the above constraints may 
mean that the downtime (time when the environmental criteria are exceeded is too long or 
suitable weather windows are too far apart) makes the operation unrealistic. 

For certain locations, Lloyds' Register might accept a less detailed environmental assessment for 
review of suitability of the requirements for the exposed terminal. See Section 6.4.2 for details of 
these requirements. 

Note that the ultimate responsibility for operating within the set environmental limits resides with 
the operator. 

The above environmental limitations have been discussed and agreed with GTT on the basis of 
dedicated site specific sloshing studies on ships of this with a cargo capacity range between 138k – 
175k m3. 

6.4. Enhanced environmental restrictions or LNGC > 175k 

If the environmental data criteria listed in Section 6.3 are not suitable for the particular exposed 
terminal, a dedicated sloshing analysis study is required to determine the sloshing loads during the 
period when the LNG tanks are operating inside the barred fill range. 

Similarly, if the LNGC size is above 175k m3 it is necessary to undertake a dedicated sloshing analysis 
study. Please note that this size restriction might change and the application of the requirements 
for a particular ship or terminal should be discussed with LR. 

6.4.1. Main tasks 

The following lists the main tasks required for the derivation of the design sloshing loads for the LNG 
cargo containment system: 

• Detailed assessment of environmental information. Basically the required environmental data is 
the same as that required for siting any offshore floating production platform or similar. 

• Derivation of the proposed operational envelope of the ship, including: 

– Mooring systems and ship heading control; 

– Loading conditions (tank filling levels) and frequency and duration for each condition; 

– Environmental operating envelope;  

– Emergency procedures for severe weather conditions; 

– Potential operating conditions in the event of an accident, e.g. loss of anchor, loss of 
propulsive power, etc.  

• Ship motion analysis – possibly considering mooring arrangements, coupling effects between 
FLNG (or FSRU) and LNGC, water depth effects, and fluid motions inside partially filled tanks.  
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• Sloshing assessment using a comprehensive model test programme. This will require 
calculation of ship motions for the potentially critical sea states taking account of combined 
wind sea and swell sea systems for the complete range of headings, wave heights and periods. 
This will only be required for fill heights within the barred fill range. 

6.4.2. Environmental data 

The following environmental data is required. Please note that LR will not approve the 
environmental assessment, but it is required as background information. Also note that ultimate 
responsibility for operating within the set environmental limits resides with the operator. 

For site monitored studies, the longer the site monitoring period the higher the confidence in the 
validity of the data.  

Whether the data is derived from hindcasts or actual site monitoring, the key areas of interest are: 

• Duration of measurement 

Long term studies are required to ensure all trends are established. In addition very severe and 
infrequent extreme events are to be documented including hurricane/typhoon type conditions. 

• Seastate information 

Wave height (Hs), wave periods (Tp, Tz), dominant wave direction. Seasonal data is to be 
derived.  

– The existence of separate wind and swell systems is to be documented. 

– The relationship between wind speed and wind wave data is to be recorded.  

– The relationship between swell wave systems and wind wave systems is to be recorded. 

– The spreading of the wind sea and swell sea systems is to be recorded; including spreading 
information for each wave direction.  

– The wave energy content of all sea states is to be recorded and the most suitable wave 
energy spectra identified for the wind and swell wave systems, if appropriate. It may be 
appropriate to take account of wave direction in identifying the most suitable wave energy 
spectra. 

• Wind information 

Wind speed versus direction and season. Need to include mean values, gust values and gust 
frequency and duration. 

• Current and Tidal data 

Variations with tide and season. 

• Design extremes 

The environmental data is to be analysed to derive extreme values appropriate to the design life 
of the ship and the co-relationship to other environmental data. 
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6.4.3. Seakeeping analysis 

• Software 

The software used for the seakeeping analysis should be properly validated with regards to ship 
motions for the ship type(s) and size(s) used. 

• Analysis options 

– For side-by-side operation with an FOI such as an FLNG or another similar sized LNG ship or 
storage unit the coupled motions may be taken into consideration. For operation with a 
much larger FLNG unit, it is likely that the effect of the FLNG is to reduce the LNGC motions to 
a certain extent, and hence it is acceptable to base the seakeeping analysis on a free floating 
LNGC. The heading analysis of the FLNG/LNGC combination should be used for the sloshing 
analysis. 

– If the LNGC is moored to an offshore jetty, the mooring lines are likely to have a significant 
effect on the ship motions and should be included in the calculations. 

– The influence of structures and bathymetry that has a significant effect on the open water 
conditions should be included as appropriate in the seakeeping analysis and the 
environmental analysis. These include: 

 Shallow water  

 Breakwaters 

 Wave refraction 

– Fluid motion inside partial filled tanks may be included in the seakeeping analysis. 

6.4.4. Sloshing analysis 

The sloshing analysis should cover the following aspects: 

• Loading conditions representative of the vessel condition during the loading/unloading 
operations. Loading conditions should be chosen such that they are the most severe with regard 
to fluid LNG sloshing motion within the cargo tanks. 

• The scantlings supporting the cargo tank should be assessed for intermediate filling levels if this 
was not carried out during the design plan appraisal. The ship motions used for this assessment 
can be based on the environmental conditions encountered at the offshore terminal; these will 
usually be significantly less than the lifetime motions used for the standard sloshing 
assessment. 

• The final design sloshing loads acting on the CCS can be derived using one or more of the 
following statistical methods: 

– Extreme Value Analysis 

– Long term analysis method 

– Structural Reliability Analysis approach  

Further information on these methodologies can be found in the LR document Sloshing 
Assessment Guidance Document for Membrane Tank LNG Operations. 

• Pump tower assessment for intermediate filling levels. 
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6.5. Operation at terminals which are not considered safe havens 

Even though the terminal may be in a sheltered location, the anchorage may not be sheltered or the 
route to the anchorage may not be sheltered (see Section 5.1). The recommended risk assessment 
(see Section 5.1) should include an assessment of sloshing taking into account the appropriate 
environmental conditions and hence propose acceptable filling levels and other control measures 
for the emergency departure from the terminal to the anchorage. 
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7. Survey for sloshing damage and deformation 

7.1. Situations indicative of possible sloshing damage 

If increased gas concentrations in the inter-barrier space are recorded following a period of sailing 
in moderate or severe weather, especially if the filling levels at that time were outside the normal 
filling levels (see Section 3.1), one possible reason might be sloshing damage. In this event, 
precautionary checks should be carried out at the earliest opportunity.  

If the ship has had to sail with the cargo tanks outside the permissible filling levels – for instance, if it 
has been asked to leave the terminal prematurely (as mentioned in Section 5.2), or has exceeded 
the conditions allowed for at an exposed terminal (as described in Section 6) – then sloshing 
damage should be considered as a possibility. In this event, a tank inspection should be undertaken 
at the earliest available opportunity, even if there is no detectable increase in gas concentrations in 
the inter-barrier space.  

It is recommended that a record is maintained, in the ship’s log or similar document, of voyages 
during which moderate or severe weather is encountered when the ship is sailing with cargo levels 
outside the normal filling levels (see Figure 6). 

7.2. Inspection for sloshing damage and deformation 

Major sloshing damage should be obvious on entry to the cargo tank under the vacuum conditions 
applied to the insulation spaces according to standard procedures, including LR’s Periodical Survey 
Regulations. Closer inspection under these conditions may reveal less obvious damages such as: 

• NO (Gaztransport) systems: 

Any sign of the membrane being locally “set in” is 
indicative of insulation box damage beneath. As the 
spacing between internal partitions inside the 
primary boxes is typically 125 mm in the horizontal 
direction on transverse bulkheads and in the 
fore/aft direction for all other tank boundaries, 
damages to the box top panels may occur in a 
pattern with this same spacing (see Figure 9). Any 
indent of greater than around 1 mm is evidence of 
sloshing damage.  

Any bending of the invar raised edges may indicate 
that significant sloshing pressures have occurred. 
However, LR might consider such bending as 
superficial, not as a damage requiring repair, 
provided that the welding remains sound.  

All such damage indications are to be reported to 
LR and LR’s advice sought.  

 

Figure 9. NO (Gaztransport) system 
sloshing damage 

• Mark (Technigaz) systems:  

Corrugations without reinforcements in the primary barrier are susceptible to deformation under 
high sloshing pressures (see Figure 10); therefore, inspection for this form of damage needs to be 
carried out. Methods for carrying out this inspection (visual inspection, photography/photometry, 
gauging and laser scanning) are described in detail in a procedure available from GTT.  
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As described in Section 2.4, investigations into Mark 
III corrugation deformations have shown that there 
is no loss of performance (safety or longevity) of the 
primary barrier up to the large deformation values 
that were tested, provided the membrane and 
especially the ‘knots’ (at the intersections of the 
corrugations) remain fully supported by the 
insulation system.  

However, it has been found that the insulation 
beneath the primary barrier may be damaged 
(crushed or cracked) at pressures significantly 
lower than those which would damage the primary 
barrier. Because the magnitude of the deformations 
is an indication of the sloshing pressure that has 
been experienced, it can be used to predict whether 
the insulation beneath may have been overloaded 
locally.  

 

Figure 10. Mark (Technigaz) system 
sloshing deformation

Consequently, two sets of acceptance criteria have been defined and included in the procedure 
available from GTT. The lower set specifies deformations that can be accepted provided there is no 
damage to the insulation beneath. The higher set specifies the deformation level at which the 
primary barrier needs to be replaced irrespective of the condition of the insulation foam and 
secondary barrier underneath. Whenever the primary barrier is removed for this reason, the 
condition of the insulation panel should be thoroughly inspected and recorded, and replaced as 
necessary.  

Damages should be considered to have occurred only when the higher set of deformation criteria 
have been exceeded or when the insulation beneath has been found to be damaged. All such 
damages are to be reported to LR and LR’s advice sought. Otherwise, the deformations may be 
allowed to remain in the cargo tanks without repair and should be regarded as superficial (see 
Section 2.4).  

Procedures have been developed to detect whether there is damage to the insulation beneath 
without removal of the primary barrier.  

Investigations have shown that other forms of damage, such as failure of the back plywood between 
the insulation and the inner hull, would normally occur only at greater pressures that would cause 
failure of the insulation.  

It is a Class requirement to record the state of the primary membrane each time the tank is entered. 
This should be done using photographic and/or laser measurement records, as well as tabulated 
data of any deformations that have been observed, in accordance with the GTT procedure. Such 
records should be kept with the other ship (maintenance) records.  

In the extremely unlikely event that deformations of corrugations reinforced with ribs or wedges 
have occurred, it will be required to remove the primary barrier to inspect the condition of the 
insulation panels, as noted above. All such damages are to be reported to LR and LR’s advice 
sought. 

• Pump Tower: 

Although it is outside the main scope of this guidance document, the pump tower is also subjected 
to sloshing loads and should be examined whenever a tank is entered. Particular attention should 
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be given to the strut connection welds and the securing and fastening arrangements of the cargo 
pumps, instrumentation sensors and cable trays. The lower mast guide system, which allows for the 
contraction of the pump tower, should also be closely examined.  

If any components of the pump tower become detached, such as small nuts, then local indenting 
may be inflicted on the primary barrier in the lower regions of the tank. If local indenting is 
observed, then any loose items should be found and refitted to LR’s satisfaction and the membrane 
repaired in accordance with the repair procedures.  

The gaps within the sliding pads need to be controlled during the examination of the lower guiding 
system. An excessive gap between the sliding pads can create additional stresses, which could lead 
to the failure of the pump tower structure. 

7.3. Inner hull failure under sloshing pressures 

Despite no known occurrences, structural damage to the inner hull is a possibility, either in 
combination with failure of the containment system or in its absence. If the primary barrier is 
observed to be indented or raised over a large area, then deformation of the inner hull may have 
occurred and needs to be investigated.  

Leakage of water into the secondary insulation space will indicate cracks in the inner hull, which 
may have been caused by sloshing pressures or by structural loads not associated with sloshing. 
Loss or gain of pressure in the secondary barrier space may indicate cracks in the inner hull. This 
should be investigated by entering the adjacent ship spaces and checking the steelwork for cracks 
or deformations.  

7.4. Reporting suspected sloshing damage 

Any evidence of sloshing damage of any kind must be reported immediately to LR in order to 
obtain advice on further investigation and repair. 

The distinction between superficial deformations on the Mark III primary barrier, which can be 
tolerated and damage, as referred to here, is described in Section 2.4. The guidance in Section 7.2 
should also be noted. 
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8. Designing a ship to avoid sloshing problems 

8.1. Extending areas of the reinforced containment system 

If a shipowner’s intention is to carry LNG near to or outside of the standard permitted filling ranges, 
this should be stated in the building specification. It may be possible to reduce or perhaps even 
eliminate the normal barred filling range by applying the strengthened versions of the containment 
systems in the areas of the tank that would experience greater sloshing pressures as a result of the 
change in the barred filling range. Another option is to design the shape of the cargo tank to reduce 
the severity of sloshing pressures.  

As well as the containment system, the pump towers may also need to be strengthened if non-
standard filling ranges are contemplated or higher than normal heels are to be a frequent 
occurrence.  

8.2. Design provision to avoid unplanned departures from LNG terminals 

One of the most likely reasons for unplanned departure from a LNG terminal is uncontrollable 
venting of natural gas brought about by leakage through the primary barrier. Because the strength 
of the containment system is low in terms of its ability to resist positive pressure in its interbarrier 
and secondary insulation spaces, controlling the venting by shutting off the interbarrier space (IBS) 
relief arrangements is not recommended, even for a short period.  

A method for avoiding or stopping 
uncontrollable venting is to make 
provision to connect the IBS to the cargo 
tank vapour space. When this 
interconnection is made and the IBS 
vents are shut off, there is no differential 
pressure between the IBS and the cargo 
tank vapour space and, therefore, 
pressure damage will not occur. Such 
interconnection can be facilitated by 
having the piping systems for each tank 
arranged in close proximity to each other 
so that a specially made joining piece 
can be fitted to replace adjacent blank 
flanges (see Figure 11).  

This procedure would only be permitted 
with the ship at a terminal to enable the 
completion of cargo operations. The 
International Marine Organization Gas 
Code requires a functioning system for 
inerting and leak detection of the IBS in 
normal operation; hence this 
interconnection should only be 
undertaken in an emergency situation.  

 

Figure 11. Arrangements to equalise pressures 
between the IBS and tank vapour space 

Any action taken to avoid actual or possible uncontrollable venting should be reported 
immediately to LR in order to obtain advice on further investigation and repair. 
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Appendix A Guidance for reducing the risk of sloshing-related damage for a 
typical modern conventional size membrane LNG ship 

Table 1. Guidance on allowable filling heights 

 Filling height Description Operational notes Section 
reference 

 ‘Full’ 

95%H 

Normal  
operation 

Permitted filling levels. In case of large roll 
angles, the Master should assess the ship’s 

motion and if deemed necessary change 
course and/or speed in order to avoid regular 

rolling (especially when combined with 
regular pitching) and reduce these motions. 

See Section reference for further details. 

3.1 

  

 

 

 

70%H 

Permissible  
filling range 3.3 and 4.2 

  

 

 

 

 

 

 

 

 

 

Barred  
filling range 

Not permitted except in exceptional 
circumstances and only with the prior 

agreement of LR, in which case  
ship is to be operated as advised. 

5  
(If unavoidable 

following 
unplanned 
departure  

from loading 
terminal) 

 10%H 

 

Permissible  
filling range 

Permitted filling levels. In case of large roll 
angles, the Master should assess the ship’s 

motion and if deemed necessary change 
course and/or speed in order to avoid regular 

rolling (especially when combined with 
regular pitching) and reduce these motions. 

See Section reference for further details. 

3.4 and 4.3 

 5%H 

Empty 

Normal  
operation 3.1 

 

Note: The same general principles apply for all membrane LNG ships, but the approved filling levels 
may be different (see the approved loading manual or operations manuals for specific ships). 
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Appendix B Example of sloshing risk diagrams to indicate when more severe 
sloshing activity is likely for various filling levels 

Introduction 

This appendix is provided as an example of the kind of information that could be provided to the 
Master of a ship as part of the decision process for selecting a suitable weather window when 
operating at an exposed terminal or FLNG (or FSRU). Diagrams of this kind may also be a requisite 
part of a risk assessment document, as recommended in Section 5.1, in the event of an emergency 
situation that requires the ship to leave a sheltered location with tank fillings within the Barred Fill 
Range.  

This appendix presents a series of example polar plots that illustrate the risk of sloshing for a range 
of wave headings relative to the ship’s course against the wave peak periods. Each polar plot covers 
a single wave height range, fill height and loading condition. For these examples the diagrams are 
for zero knots ship speed.   

Ideally, such diagrams should account of the following: 

• Wave height: the whole wave height range applicable to the operation of the vessel should be 
investigated. For operation at an exposed terminals or FLNG there can be other factors limiting 
the allowable wave height such as mooring lines, loading arms or tug operation. Wave heights 
above these additional limitations do not need to be investigated as the LNGC should not be 
operated in these conditions. 

• Loading condition: this affects the GM of the ship and hence the natural roll period. 

• Filling level: sloshing activity in the tank will depend on the filling level. 

• Wave direction: beam sea conditions are normally more restrictive. 

• Wave period: ship motions period close to the tank liquid resonance period will cause more 
severe sloshing. 

• Multi-directional seas: This will be important if the likelihood is significant that swell waves will 
come from a different direction than the wind driven seas. Multi-directional seas will affect the 
sloshing response of the ship.  

 

Notes on interpretation of the sloshing risk diagrams 

The indication that significant sloshing (red region) could take place does not mean that this will 
automatically result in damage due to sloshing. However, there is very little risk of sloshing damage 
in the green regions. Consequently the recommendation from the sloshing risk diagrams is that the 
red areas should be avoided. 
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Figure 12. Examples of sloshing risk polar plots 

Figure included with the permission of GTT 
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