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Abstract

Loads and load effects due to sloshing in LNG membrane tanks are investigated.
Sloshing is a resonant phenomenon of a violent fluid motion and occurs in partially
filled tanks.

In order to determine characteristic design parameters due to sloshing load a
multistep procedure needs to be followed. This involves the long-term randomness of
sea environment, ship motion in waves, fluid motion and pressures induced in tanks,
structural response and assessment of the structural capacity.

Various issues within this procedure are addressed in this work. It is focused on the
development of procedures for performing and analyzing sloshing experiments, study-
ing sloshing-induced pressures in tanks as well as investigating structural response of
the containment system. Analytical, numerical and experimental techniques are com-
bined.

In current design practice sloshing pressures, given the motion histories of the
tank, need to be obtained experimentally. Therefore, an important part of this work
is sloshing experiments, performed by means of a sloshing rig at MARINTEK. The
rig enables manipulating a tank model so that a ship motion in waves is represented.
Pressures on an internal surface of the tank are measured. The tank walls are trans-
parent, hence, visual inspection and video recording are also performed.

The long-term stochastic description of sloshing phenomenon involves an interac-
tion between wave excitation, ship motion and fluid motion. The analysis is focused
on determining a simplified method for estimating sloshing response that is suffi-
ciently accurate to correctly identify the critical sea states. Sloshing response is then
expressed in terms of an approximate measure which may be analyzed by a usual lin-
ear long-term analysis. This approach is also utilized for determining representative
conditions for laboratory tests.

The applicability of two statistical models to represent the short-term pressure
magnitude is studied and the variability of estimates is discussed. Techniques for
representing pressure time histories in a simplified manner are revised and the im-
portance of local effects in time histories is investigated. Moreover, parameters of
pressure time-histories that are crucial for structural response are identified. Load
duration and rise time as well as its spatial concentration are required for determining
the design sloshing load. Qualitative characteristics of pressure in various conditions
and filling levels are found. Scaling issues are also investigated with regard to gas
compressible effects.
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Insulation of membrane LNG tanks is in direct contact with the cargo. Use of non-
standard materials and complex structural arrangement make the structural response
very different from the response of a steel panel. Sensitivity studies both in terms
of temporal and spatial load distribution are performed. Modal composition of the
response as well as patterns of static and dynamic responses and their characteristic
values are studied. The suitability of simplified methods for dynamic response analysis
is assessed.

As the duration of sloshing pressure is similar to the natural period of the struc-
ture, hydroelasticity may become important. The effect of the fluid-structure inter-
action is assessed by an analytical method. This is done by utilizing a simplified
structural and hydrodynamic representation.

The effect of the global behaviour of LNG membrane ships on the tank pressure
is also considered. Hull elasticity and nonlinear effects are assessed by investigating
the vertical bending moment and the vertical acceleration.
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Chapter 1

Introduction

1.1 Background

1.1.1 Characteristics of natural gas and transport solutions

The production of the natural gas is the third biggest among energy sources, after
oil and coal. However, in this decade gas production is expected to exceed coal
production (RINA, 2004; Gastech, 2005; RINA, 2006).

The natural gas is a gaseous fossil fuel obtained by exploring oil fields or separate
natural gas fields. It is also found in smaller quantities in coal beds. The natural
gas consists of approximately 95% methane, (CH4), with small amounts of other
hydrocarbons - ethane (C2H6), propane (C3H8) and butane (C4H10) as well as nitrogen
(N2). The gas is colourless, odourless, non-toxic, non-carcinogenic and lighter then
air (approx. 50% density of air).

Since the location of the natural gas reserves and production areas do not overlap
with those where the consumption is largest, a need of transporting the gas arises.
Concentration of worldwide natural gas reserves is presented in Figure 1.1. The
consumption is largest in USA, Japan and Europe.

There are two common ways of long distance transport of natural gas: by pipelines
(currently approximately 75% of volume) or by vessels. The latter method presently
refers only to transportation of the gas in the liquid form (Liquefied Natural Gas -
LNG) but new solutions emerge. They include gas transport in liquid pressurized form
(Pressurized Liquefied Natural Gas - PLNG), in pressurized form (Pressurized Natural
Gas - PNG, or Compressed Natural Gas - CNG) or in solid form, as pellets (Natural
Gas Hydrate - NGH). Other solutions are to produce the electricity (HVDC) or
Gas-to-Liquids (GTL) technology allowing transformation of the gas by chemical gas
conversion processes into hydrocarbon liquids suitable for shipping via conventional
tankers, methanol for shipping in bulk chemical carriers or pressurized LPG type
liquids.

Choice of the solution is dependent on economic conditions, specifically on the
distance to the market and production capacity. In some cases the natural gas cannot
be profitably utilized. Then it is often re-injected into the ground for later recovery
(Underground Gas Storage - UGS). This solution facilitates oil pumping by keeping

3



4 CHAPTER 1. INTRODUCTION

Iran 15%

Russia 27%

other 33%

USA 3%

UAE 3%

Saudi Arabia 4%

Qatar 15%

Figure 1.1: Worldwide reserves of the natural gas.

underground pressures higher. Burning the gas (so-called flared gas) is now forbidden
in many countries. This is waste of the resources and an environmental danger due
to the greenhouse effect.

Shipping the natural gas in liquefied form is economically the most effective
method of long distance overseas transportation. Liquefied natural gas (LNG) is
obtained by the process of cooling the natural gas down to a temperature of -163◦C
approximately at atmospheric pressure. The liquid obtained has density of 0.42t/m3.
The volume in liquefied state is reduced by a factor of around 600.

LNG is environmentally friendly, but commonly considered to be scary. It is non-
explosive but flammable when mixed with air with 0.05-0.15 fraction of methane.
If released into the air, the liquid immediately warms up and converts back to the
gas. The gas is initially colder and heavier than the air, so it freezes water vapour
in the air, which can create an icy fog. As the gas warms up, it dissipates and rises
harmlessly into the air. LNG is cryogenic, thus contact with a non-cryogenic material,
such as hull structural elements causes it to become brittle. Exposure to skin causes
cryogenic burns.

1.1.2 History, characteristics and prospects for gas shipping

Shipping a gas in bulk is an old concept. Its history and milestones are described in
e.g. Curt (2004); Lindemark et al. (2004); Sember and Mumtaz (2005). In 1914 the
first barge for feasible gas transport in liquid form was patented. The first dedicated
liquefied gas carrier Herøya was built in 1949 in the Horten Navy Shipyard. This
vessel transported LPG and ammonia in pressurized vertical cylindrical cargo tanks.
Methane Pioneer, built in 1958, was based on prismatic aluminium tank system of
5000m3 with balsa insulation. The first commercial LNG vessels, Methane Princess
and Methane Progress of 27400m3 using the Conch containment system started oper-
ating in 1964. The first membrane containment ships Polar Alaska and Arctic Tokyo
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with 71500m3 were delivered in 1969. The concept of LNG carriers with spherical
tanks was originated also in late 1960’s. Ben Franklin and El Paso Paul Kayser ves-
sels at 120000m3 and 125000m3, respectively, delivered in 1975 set a size standard
maintained for the next 20 years with a small growth to around 133000m3. A self-
supporting prismatic containment system, typical for LPG ships, was first adopted
in LNG technology in 1993 in two 83500m3 ships Polar Eagle and Polar Sun. LNG
carriers presently built have the capacity on a level of approximately 150000m3.

Gas shipping is under continuous development and change. It applies both to the
global gas market and to the ship design and operation as a means of conveyance.
Fleet growth, new trade routes, emergence of spot markets, demand for offshore
offloading, ship size growth and application of new propulsion systems represent main
challenges for the gas shipping, see e.g. RINA (2004); Gastech (2005); RINA (2006).

A significant fleet expansion has taken place in the last few years. The order-book
exceeds 50% of the existing fleet, both in terms of number of vessels and total capacity
(Mahmood, 2005).

The changes in the global LNG market lead to relocation of typical shipping routes
to new sea areas (Magelssen, 2005). Some of the new routes cross areas known for
very rough conditions. As compared to a ship operating world wide, shipping in
North Sea, North Atlantic or at the Alaskan coast is much more challenging in regard
to both strength and operational issues.

Emergence of spot markets and use of ships in short term charters cause that
operational flexibility in different conditions and speeds determine the profitability.
This can also induce a need for shipping with a partial filling in cargo tanks. Partial
filling is very unfavourable when considering sloshing loads in the tanks.

A demand for offshore offloading appears also as an important shipping character-
istics transformation. Reasons for this can be a big LNG traffic and resulting security
issues and terrorist attack threat. Among the novel solutions the most advanced de-
sign works are devoted to floating or gravity based offshore terminals or to outfitting
the vessels with regasification facilities. The former solution assumes a traditional
berthing and a gas transfer in liquefied state while the latter enable delivery of the
cargo in gaseous state to the port by a receiving buoy. Potential problems which have
to be faced include partial loading of the LNG tanks and relative motion between the
terminal and a ship during offloading operation.

Another trend is designs for LNG Floating Production, Storage and Offloading
Systems (LNG FPSO) or its derivatives Floating LNG Plants (FLNG) and Floating
Oil and Natural Gas (FONG), (Kernaghan, 2004). The main concept is the integra-
tion of well control, processing, storage and offloading on a barge positioned in the
vicinity of the field. Such a configuration provides a significant cost reduction.

A demand for an increased ship size appears as it enables taking advantage of
the economies of scale. Increasing the size of a standard LNG carrier from about
145000m3 to 200000m3 would reduce transportation costs by 15 percent (Sember and
Mumtaz, 2005). Designs of a new generation very large LNG carriers with cargo
capacities up to 250000m3 have already been developed.

In order to increase LNG carriers’ size, a number of significant changes in the hull
shape, internal arrangement and structural solutions have to be performed (Pastoor
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et al., 2005). For instance, ship motions for larger hulls may be different from the
currently operated carriers.

Parametric roll has as long been only reported for large container vessels. However,
it can also be an issue for large LNG carriers (Zhao et al., 2004). Parametric roll is a
resonance phenomenon related to a periodic change of stability parameters and occurs
in head and following seas. This roll motion may be excited when the wave encounter
period is close to half of the rolling natural period and damping is insufficient to
dissipate the parametric roll energy to avoid a resonant condition. Sloshing with its
natural period of the order of 5-10 seconds can contribute to the parametric roll.

It is economically advantageous to have a minimum number of tanks due to the
complexity of manufacturing process and cost of the containment system. On the
other hand a limited number of tanks with increasing hull dimensions implies larger
tanks and increasing sloshing loads. Hence, ship design needs to be optimized to
balance the number of tanks with acceptable sloshing loads, i.e. which exceeds the
strength of currently available insulation system. The wave excitation, ship motion,
motion of the fluid in the tanks and the resulting pressure needs to be determined.

1.1.3 Tank systems for gas transport

During the four decades of the sea-borne LNG transport only five cargo tank designs
have been applied (Harper et al., 2004). The main classification of tank designs
distinguishes between self-supporting tanks and so-called membrane tanks.

Main features of self-supporting tanks are that they are independent from the hull
and do not directly transmit the fluid loading to the hull plating, but only integrated
forces through the supports. The fleet of LNG carriers with independent tanks is
dominated by the Moss spherical tank design. An important feature and advantage
of this tank system is the possibility of prefabricating the entire tank, which allows
the shipyard to construct the hull and the tanks in parallel and then install the entire
tanks in the hull. Spherical tanks show a favorable fluid behavior that minimizes
sloshing loading by allowing ship acceleration energy to be transformed to a rotation
of the bulk LNG.

LNG carriers with the Moss spherical tanks made up the majority of orders until
the end of the 1990’s. Presently, the membrane system dominates among new con-
structions. A reason for this fact is the inherent inefficiency of hull space usage in ships
with the Moss system, resulting in high tonnage canal fees and a large hull height of
such ships, resulting in constraints regarding passing under bridges in terminals.

Membrane LNG tankers are of interest in this work due to their susceptibility
to violent fluid impacts on tank structure. Membrane tanks are supported by the
hull steel structure. As the LNG is kept at −163◦C, the steel structure needs to
be covered with an insulation system. The insulation is covered with a thin steel
membrane which ensures the tightness against both the fluid and gas. Moreover, the
containment system has to be capable of withstanding the loads excited by the fluid.

LNG carriers built up to 2006 have the capacity on the level of approximately
150000m3. Tanks make up the width between inner walls of the double hull and are
separated by transverse bulkheads. There are commonly four tanks over the length.
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a) b)

Figure 1.2: (a) Flat panel area of the No.96 containment system, (b) corner area of
the Mark III containment system (www.veristar.com, 2008).

The first tank is smaller than the other. The tanks are chamfered along all the four,
both lower and upper longitudinal edges, but not in a longitudinal cut.

New tank shapes referred to as prism or pyramid has recently been developed
(Noble et al., 2004). Larger height and enlarged upper chamfers result in very narrow
roof area and hence, reduce the fluid free surface. In this way also the fluid motion
in high filling levels and consequently the sloshing loads are reduced as well as the
resonance period of the tank is lowered.

The principle of double barrier is applied to a containment system, i.e. two mem-
branes and two layers of insulation are installed in order to increase the reliability of
the containment. IMO (1976) requires that the containment should hold any possible
damage of the primary barrier resulting in leak of liquid cargo for a period of fifteen
days. During this period the temperature of the steel structure should not decrease
to the level that the steel becomes brittle.

The membrane LNG tankers are dominated by two containment systems: No.96
and Mark III, invented and patented by GazTransport & Technigaz. Recently, new
containment designs have appeared such as CS1 by the same producer and new designs
by Korean Gas and OceanLNG (Pastoor et al., 2005).

The No.96 system utilizes the technology and materials used since 1968. This
system is shown in Figure 1.2a. The system consists of two layers of plywood boxes
(e.g. birch, maple) strengthened internally by means of longitudinal and transverse
stiffeners. The boxes are filled with an insulating powder, expanded perlite silicone-
treated for waterproofing.

The strength of the box is achieved by means of plywood internal stiffeners run-
ning longitudinally; polyurethane transverse spacers are provided for prefabrication
purposes. The plywood structure of the boxes is assembled using stainless steel sta-
ples.

The boxes are fixed to the double hull by means of an integrated metallic network
of U-bars and cross-pieces designed to reduce heat transfer.

Two flat metallic membranes are impermeable to gas and liquid. They are made
of 0.7mm thick Invar, an alloy with a 36% nickel content and a very low coefficient
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of thermal contraction. The membranes are manufactured as strips and fixed to the
insulating boxes by sliding joints to prevent stress concentration.

The Mark III system is shown in Figure 1.2b. The primary insulating material is
a reinforced polyurethane foam. The first layer is a 1.2mm thick corrugated stainless
steel membrane, attached by tack welding to the weld protection strips embodied in
the plywood underneath. The plywood sheet is integrated with a pad of cryogenic
foam. They are cut perpendicularly to the surface in order to accommodate the
structural forces associated with low temperatures. A secondary membrane of fibre-
glass fabric and aluminium foil laminate called Triplex is placed beneath the pad.
Underneath, there is a prefabricated foam panel and a plywood sheet. A standoff
space between panel and hull is held by mastic ropes. The layers are mechanically
and adhesively joined to each other and to the hull. The insulation space below
the containment system is kept inerted with nitrogen and enables monitoring for the
natural gas or water. It also accommodates a tolerance for hull deformations during
installation of the panels.

More complex structure including heavy stainless steel angles is applied along the
tank edges and in the corners.

A pump tower include LNG loading and discharging facilities such as pumps, pipes
and level gauges which are supported by 3 or 4 vertical pipes and a number of bracing
members. The pump tower is typically located near the center of the aft transverse
bulkhead.

1.1.4 Structural issues of LNG carriers

While the steel hull can be designed according to conventional ship design practice,
specific issues related to loading and resistance of the membrane LNG tank need to
be investigated. They are related mainly to loads exerted by fluid motion in the tanks
(sloshing) and thermal effects due to temperature differences.

Hence, criteria for ultimate and fatigue limit states must be determined both for
steel structure and containment system.

A steel hull of the membrane type ship is similar in terms of spatial arrangement
and structural design to typical ship types such as oil tankers or bulk carriers. Thus,
design criteria for the steel structure with respect to ultimate and fatigue limit states
can be treated in the same manner as for seagoing vessels (DNV, 2008). However,
some characteristic design and operational features are unique to LNG carriers as
discussed subsequently.

Slamming increasingly becomes an issue for LNG carriers when the vessel size
increases. Typically the length and breadth increase while draught is limited by con-
straints associated with the terminals. Hence, the hulls of large LNG vessels have a
smaller deadrise angle of the bow flare as well as a smaller natural frequency. Conse-
quently, slamming forces can increase significantly and the hull natural frequency will
approach the wave excitation frequency. Due to structural dynamic effects the total
response might increase, especially in terms of acceleration in the fore part as well
as bending moment and shear forces in the hull. Fatigue loading may also increase.
Recent developments regarding such whipping-induced response are for instance de-
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scribed by Jensen and Mansour (2003) and Wu and Moan (2005) and references
therein.

Based on experimental investigations Zhao et al. (2004) report that for a large
LNG carrier the increase of bending moment can reach between 30% and 150%. Bow
slamming is found to be most significant in head seas at high forward speed. A big
influence of increasing speed on the measured response is observed. Stern slamming is
especially significant in following seas with low speed. This issue is also investigated
for an LNG carrier of a typical size in the Paper II of this thesis. Here the approach
by Wu and Moan (2005) is applied. It is shown that a slamming-induced whipping
may increase the wave-induced bending moment by up to 40% for a 138000m3 vessel.

Increase of local acceleration due to hull flexibility may affect inertial forces from
the cargo on the tank structure. The effect of hull flexibility on the vertical acceler-
ation in the fore part is investigated in the Papers II and III of this thesis. In the
critical sea state an increase of the vertical acceleration by 20% is observed.

Fatigue becomes important also in view of operation in more harsh conditions.
The effect of wave environment of the vessel operation on the fatigue life of structural
elements is studied by Kim and Lee (2005). The authors investigate side longitudinals
and report a large influence of service route on fatigue life.

Lindemark et al. (2006) show that the inner hull knuckles are the most critical
areas with respect to fatigue due to high stress concentrations, inaccessibility of the
structure for inspection and repair as well as the serious possible consequences as
cracks in the inner hull may result in contamination of membrane tank insulation by
the ballast water.

The main component of loading on the membrane tanks is due to sloshing. This
phenomenon is described in more detail in the next chapter.

Limit state criteria for containment systems arise mainly from extreme loading.
Failure modes of the Mark III structure include bending of the lower plywood between
the resin ropes and shear of the lower plywood just aside the resin ropes. Moreover,
the through-thickness compression of the foam just above the lower plywood near
resin ropes and just below the upper plywood represent failure modes. The latter is
relevant in case of highly concentrated loading only.

In case of the No.96 system the limit state is first reached in the plywood plates
of the boxes due to shear and bending under lateral loading as well as buckling and
indentation under axial loading.

Another LNG carrier-specific loading in the containment system components is
due to the thermal effects. Especially in-plane stresses resulting from the contraction
and expansion of the elements are important as the layers continuously extend over
large areas. This loading may combine with tension and compression due to the wave
excited overall hull bending.

In the Mark III containment system the forces are accommodated in the plywood
sheet integrated with a pad of cryogenic foam by the cuts normal to the surface. The
special corrugated shape of the membrane accommodates the in-plane force in this
layer.
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In the No.96 containment system the plywood boxes do not make up the continu-
ous structure. The membrane is made of Invar, the steel with a 36% content of nickel
and a very low coefficient of thermal expansion. The surface of the insulation system
is not flat because the Invar strips are raised at the edges.

In order to establish design procedures and safety factors for the structure its
strength capacity needs to be known. Materials used in the containment system, such
as polyurethane foam, plywood, mineral powder and resin ropes are non-standard in
marine technology and the information available in literature is limited.

Among recent works, the producer of the containment system presents results of a
testing campaign (Chapot, 2002). The experiments include among other things drop
tests in cryogenic conditions using liquid nitrogen at -196◦C. “Low cycle” fatigue tests
are also conducted.

Numerical and experimental investigation of the strength of a containment system
is presented by Lee et al. (2004). The limit state is studied numerically by apply-
ing conventional volumetric elements which capture a bulk response of the structure
and interfacial cohesive elements located along the boundaries where the failure can
be expected. Dry and wet drop tests of containment systems’ sub-assemblies are
reported.

A comprehensive quasi-static testing of representative components and sub-assem-
blies of the containment systems is presented by Pastoor et al. (2005). Cases tested
include: the Mark III sub-assembly both for ultimate static capacity and “low cycle”
fatigue as well as No.96 plywood plates for shear, bending, buckling and indentation
strength.

Strength criteria of the No.96 containment system are investigated experimentally
and numerically by Paik (2006). By a tensile coupon testing a linear stress-strain re-
lationship for plywood is proved. Ultimate strength of the insulation box without the
mineral filling and rigidly supported under both static and dynamic loading is calcu-
lated by the finite element method. The behavior of the plywood box is nonlinear.

A similar study is presented by Lee et al. (2006) for the Mark III containment
system. Ultimate strength under both static and dynamic loading is investigated
experimentally by measuring impact force and local structure accelerations during
dry drop tests. A limit state is found by a nonlinear FE analysis of a foam specimen
and a section of insulation system. Results of the static and dynamic analyses are
compared with experiments.

Fibre optic sensors are used to measure strains under static loading, cyclic quasi-
static loading and dry drop tests. Horizontal and vertical strains distribution in the
foam as well as crack initiation and propagation are investigated. This technique
enables better understanding of the structural response and validation of numerical
codes.

A similar idea motivates Kim et al. (2006) to develop a structural health moni-
toring system for a membrane containment system. Fibre optic sensors are also used,
capable of measuring strain, temperature and pressure. The response of the contain-
ment system to static and dynamic loading, with and without damage, is analyzed
and the possibility of predicting damage is investigated.
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A separate analysis needs to be performed for the pump tower structure. The
hydrodynamic load on the pump tower can be estimated by the Morison’s equation,
see e.q. Faltinsen (1990).

A key role in design of LNG vessels play sloshing loads and load effects. Responses
of interest may be associated with local effects in the containment system and effects
in the steel panel supporting the insulation. The global ship response may also be
affected by forces from the fluid. It is noted that the standard LNG vessels are largely
built based on accumulated engineering experience. If tank dimensions are increased,
the sloshing load in severe seas or in partially filled tanks cannot be estimated by a
simple extrapolation of parameters and values typical for the today’s standard design
and operation procedures.

Hence, the gas industry needs rational methods to address the loading. Rules
of classification societies have mainly been based on a comparative approach. They
require that loads or responses do not exceed those appearing in the ships presently
operated. Some attempts have been made to develop an absolute approach (ABS,
2006). Within the present theoretical knowledge and state-of-the-art of the studies
devoted to sloshing it is, however, difficult to fully rely on such formulations.

Many investigations devoted to determining sloshing response in the LNG tanks
were initiated during the period in which the work in this thesis has been performed.
The procedures are presently under constant development.

In order to determine load effects in the tank structure a complex sequence of issues
needs to be investigated. This includes a long term variation of the sea environment,
ship motion, fluid motion in the tanks, pressures acting on the tank structure and
finally structural load effects.

1.2 Objective and outline of the thesis

The main objective of this work is to determine sloshing load effects in membrane
LNG tanks with account for the stepwise procedure described above. More specifi-
cally, the focus is placed on characteristics of fluid motion in the tank and excited
pressures, variability of loading and environmental conditions, as well as structural
response of the tank structure. Moreover, the objective is also to develop a proce-
dure for performing and analyzing sloshing experiments. The scope is schematically
presented in Figure 1.3.

The thesis is organized as a paper collection. The papers are preceded by a
theoretical background (Part I) consisting of an introduction and a description of
sloshing in the membrane LNG tanks and the necessary steps of analysis. Issues
dealt with in the papers are characterized and linked to the overall set of problems
and methodology.

Five papers are presented in Part II. They are listed below in chronological order
together with the explanation of co-authors’ role.
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Figure 1.3: Scope of the thesis with indicated paper numbers that deal with particular
issues (attached in Part II).
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1. Graczyk M., Moan T. and Rognebakke O. (2006) Probabilistic Analysis of Char-
acteristic Pressure for LNG Tanks. Journal of Offshore Mechanics and Arctic
Engineering - Transactions of the ASME, 128:133-144.

Dr Olav Rognebakke performed sloshing calculations with his computer code
based on the multimodal method.

2. Moan T., Graczyk M., Shu Z. and Rognebakke O. (2006) Recent Developments
of Structural Design of Ships Based on Direct Calculations - with Emphasis on
LNG Carriers. In: Proceedings of the International Conference on Ship and
Shipping Research, NAV, Genova, Italy.

The paper was presented by Prof. Torgeir Moan as a keynote paper. Zhi
Shu was involved in assessment of operational effects and performed seakeeping
calculations with WASIM. Dr Olav Rognebakke performed sloshing calculations
with his computer code based on the multimodal method.

3. Graczyk M., Moan T. and Wu MK. (2007) Extreme Sloshing and Whipping-
Induced Pressures and Structural Response in Membrane LNG Tanks. Ships
and Offshore Structures, 2(3):201-216.

Dr MingKang Wu described whipping analysis in the paper and performed
calculations with his computer code, WINSIR.

The paper was granted the 2007 Best Paper award by the editorial board of the
journal.

4. Graczyk M. and Moan T. (2008) A Probabilistic Assessment of Design Sloshing
Pressure Time Histories in LNG Tanks. Ocean Engineering, 35:834-855.

5. Graczyk M. and Moan T. (2008) Structural Response to Sloshing Excitation in
Membrane LNG Tank. Submitted for publication.

Moreover, one paper has been published during the Ph.D. studies but is not
included in the thesis. This is due to the fact that the paper presents non-definitive
stage of analyses and partially overlaps with Paper IV and Paper V. This is:

� Graczyk M. and Moan T. (2007) Assessment of Sloshing Pressure and Response
in LNG Tanks. In: Proceedings of the International Conference on Violent
Flows, VF-2007, Fukuoka, Japan.

Detailed description of experimental set-up and results of analyses that are not
included in the papers, are presented in Appendices.
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Chapter 2

Analysis of sloshing in LNG tanks

2.1 The sloshing phenomenon

Sloshing is a violent resonant fluid motion in a moving tank. The condition for the
phenomenon to appear is a presence of a free surface. Therefore, in fully loaded ship
tanks sloshing is not an issue. The resonant nature of the phenomenon implies that
the fluid response becomes violent when the excitation period is close to the natural
period of fluid motion.

Sloshing may be considered to comprise many phenomena, among them break-
ing and overturning waves, run-up of fluid, slamming, two-phase flow, gas cushion,
turbulent wake and flow separation.

Sloshing is a highly nonlinear phenomenon. Abramson (1966) classifies mecha-
nisms of the nonlinear effects in fluid motion in the tanks as due to (i) geometry
and appearing already for small amplitudes of oscillation and response, (ii) large
amplitudes and (iii) coupling and instabilities of various sloshing modes involving
essentially different sloshing behavior.

The natural frequency of a fluid with large motion amplitudes depends on the
response amplitude. The relationship between amplitude and the period is shown in
Figure 2.1. For a given period there may exist either one, two or three values of the
amplitude.

Therefore, different patterns of the fluid motion may appear in the tank. Faltinsen
et al. (2003) show that even for the tank excitation limited to periodic steady-state
longitudinal or diagonal motion a very complex set of response regimes is observed.
The regimes include planar and diagonal resonant standing waves, swirling waves
moving along tank walls clockwise or counterclockwise as well as square-like resonant
standing waves coupling in-phase oscillations of the two lowest modes.

Fluid motion in the not fully filled tank has been investigated for many decades.
As sloshing damage was reported in the two first membrane LNG tankers, sloshing
related to LNG carriers became a very relevant research area in 1970’s and 80’s. An
important contribution was made by Abramson et al. (1974), DNV (1976) and Cox
et al. (1980).

15
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Figure 2.1: Non-dimensional surface elevation vs. the ratio of the period and the first
natural period in a rectangular tank (Faltinsen and Timokha, 2001).

Physics of the sloshing phenomenon is extensively investigated in literature. Re-
cently, an extensive survey of sloshing studies have been performed by Ibrahim (2005).

Recently, much interest again in the sloshing problem in LNG tanks has emerged.
This is due to the challenges the LNG shipping is facing.

The main publication forum are gas-related conferences, such as International
Conference on Design & Operation of Gas Carriers (RINA, 2004), International Con-
ference on Design, Constructon & Operation of Natural Gas Carriers & Offshore
Systems, ICSOT (RINA, 2006) and Gastech, see e.g. Gastech (2005). The main
contributions are cited abreast with the following description of different aspects of
sloshing.

Fluid in the tank subject to sloshing can cause very high pressure on the structure.
The structural response is not only dependent on the pressure magnitude. These are
also the temporal pattern and spatial pattern of pressure which need to be considered.
The pressure may be highly concentrated both in time and space.

There is a number of factors that influence the regime of fluid flow and in con-
sequence the resulting pressures and structural response. The factors are mutually
dependent and a distinct evaluation of each particular factor influence would be very
cumbersome.

An important factor is the tank geometry. Spherically shaped tanks show very
favorable behavior in regard to sloshing. It was found that sloshing loads were modest
and composed primarily of global accelerations and hydrostatic effects (Abramson,
1966). This tank geometry allows transformation of ship acceleration energy to a
rotational motion of the fluid.

Use of parallel flat walls and 90◦ edges in a tank design increases significantly
importance of violent fluid impacts. Consequently, in the membrane tank system,
areas where the most of impacts is expected under rolling motion, i.e. longitudinal
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tank edges are chamfered. It results in a reduced free surface area in high filling levels
and prevents fluid impacts with a near-parallel free surface on the tank roof.

Sloshing to large extent depends on the tank motion. The tank motion constitutes
an excitation of the fluid in the tanks and is caused by external sea loading and the
resulting ship motions. The sea–ship system in irregular waves is quite complex itself
but for practical applications it can be described by a spectral formulation of the sea
combined with deterministic parameters describing ship operation profile. Commonly
applied sea state parameters are the significant wave height Hs, the wave zero crossing
period Tz and the directional distribution function f(θ). Ship operation parameters
are the wave heading angle β and forward speed U .

How the significant wave height affects the sloshing pressures in the tank is in-
vestigated by Pastoor et al. (2004) and Tveitnes et al. (2004). Pressures measured
during a 20-year storm and in much more benign sea are compared. For beam sea a
reduction of the Hs by 50% results in pressure reduction only of the order of 10-30%.

Actually, the sloshing pressure to a larger extent depends on the wave zero crossing
period. As mentioned, sloshing is a resonance phenomenon and the expected most
severe sea states are the ones with zero crossing period in the proximity of the lowest
natural frequency for the fluid in the tank.

The wave heading angle in the obvious way governs the relative importance of ship
motion in particular degrees of freedom. The shape of the prismatic chamfered tank
enforces to some extent the motion pattern of the fluid, which makes the sloshing
dependent on the direction of excitation.

Speed affects the accelerations experienced by the hull, which has a large influence
on the sloshing. Therefore a voluntary speed reduction or a course change is important
when sailing in rough conditions. Tveitnes et al. (2004) and Pastoor et al. (2004,
2005) studied the effect of speed reduction on sloshing pressures. Speed reduction
from 3/4 of the design speed by 65% to a manoeuvring speed of 5 knots results in
the reduction by about 40% in the sloshing impact pressures. In beam waves the
reduction is negligible due to the small effect of the speed on viscous damping which
governs the ship response in roll.

Ship speed U and wave heading angle β also influence the sloshing response by
altering the wave encounter frequency ωe according to the expression

ωe = ω0 +
ω2

0U

g
cos β (2.1)

where ω0 is an incident wave frequency. Thus, the parameters cause a shift in the
ship motion spectrum peak along the frequency scale.

Fluid behavior in tanks at high and low filling levels exhibits different pattern, see a
sketch in Figure 2.2. At the high filling level, where the filling height is approximately
90% of the tank height, the standing wave motion is observed. The amplitude of the
wave is limited by the gap between the fluid free surface and the tank ceiling and
there is no significant liquid motion in the horizontal direction. Large fluid impacts
on the tank roof may appear. Due to small incident angle during the impacts, there
is a large probability for a gas cushion creation.
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a) b)

Figure 2.2: Sketch of the sloshing flow pattern for (a) high filling level (b) low filling
level.

a) b)

c)

Figure 2.3: Free surface for different fluid impacts on the tank roof for a high filling
level: (a) high curvature hydrodynamic impact, (b) hydrodynamic impact with a flat
free surface, (c) impact with a gas cushion entrapped (Rognebakke et al., 2006).

At the low filling level, where the filling height is less than 20% of the characteristic
horizontal tank dimension another pattern can be observed in form of hydraulic jump
or bore, see e.g. (Shin et al., 2003). Hence, impacts appear mainly on the vertical
surfaces and the pressures excited are characterized by a different pattern.

Rognebakke et al. (2006) investigate experimentally a shape of the free surface as
well as temporal and spatial pattern of the pressure in the impact region for high filling
levels. A two-dimensional free surface is captured by means of a high-speed camera.
Three types of fluid impacts are presented: (a) a high curvature hydrodynamic impact
with a high velocity jet resulting in a very localized pressure, (b) a hydrodynamic
impact of a flat free surface resulting in loading on a large area and (c) an impact
with a gas cushion entrapped in the tank corner and with a oscillating pressure
pattern due to compressible effects. The three forms of the free surface are presented
in Figure 2.3.
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a) b)

Figure 2.4: Main sloshing impact locations in the chamfered prismatic tank (a) for
head wave conditions (b) for beam wave conditions (Pastoor et al., 2005).

Locations subject to the highest sloshing loading need to be identified for the
relevant LNG tank. This information is needed in performing sloshing experiments
due to the economical and technical limits in the number of pressure sensors that can
be used. Based on sloshing tests with various filling levels and wave heading angles,
see e.g. Pastoor et al. (2005) and Zalar et al. (2005) the most exposed locations inside
the tank are determined as shown in Figure 2.4.

It is observed that the tank roof is most exposed in the higher filling levels and in
head seas, while the upper chamfer corners are most exposed in 50-70% filling levels
and beam seas. In this range (50-90%) the critical locations are well defined. For
lower filling levels the lower corner of the upper chamfer as well as the tank walls
and the edge with bulkhead are most exposed. However, the critical locations are not
that easily defined.

Qualitative comparisons of sloshing load in various filling levels are reported in
the literature. It is shown both by numerical and experimental studies that sloshing
pressure magnitude is larger for low filling levels than for high filling levels, see e.g.
Kim et al. (2002); Zalar et al. (2005).

Pastoor et al. (2004) and Tveitnes et al. (2004) investigate temporal characteristics
of pressure peaks and make a qualitative comparison of peaks’ pattern in various filling
levels. In a low filling level a hydraulic jump is often impacting the tank wall. In this
situation the authors report that the pressure duration is longer than the impact of
a standing wave on the tank roof for high filling level. The same conclusion is drawn
by Lee et al. (2004).

Spatial concentration of pressure is investigated by Kim et al. (2002) for filling
levels between 16-96%. In Kim et al. (2003) the studies are further complemented
by 3-dimensional calculations. Tveitnes et al. (2004) investigate the problem exper-
imentally for filling levels at 50-95% in head and beam sea. The studies show that
the pressures for low filling levels act over a larger area than in high filling levels.
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Consequently, the ratio of averaged pressure to maximum pressure can be 3 times
higher for the low filling level.

Similar results are obtained by analyses performed in this work. A quantitative
comparison of loading parameters for two various filling levels is presented in the
Paper IV.

2.2 Analysis of sloshing in membrane tanks

In order to determine load effects in the tank structure the complex system of mutually
interacting elements needs to be investigated. The system includes sea environment,
ship response in waves, fluid motion in the tank and tank structure response. A
stepwise approach is then required to determine the pressures and load effects which
is checked by the proper strength criteria. The approach is well illustrated in the
Paper II of this thesis.

The analysis covers a sequence of issues. Firstly, a long term variation of the sea
state needs to be determined. Then, ship motion in a stochastic seaway is analyzed
considering also operational criteria and the effect of avoiding heavy weather. Fluid
motion in the tanks needs to be determined and pressures acting on the tank structure
found. Structural load effects can then be determined and compared to the respective
resistance. A feedback effect of sloshing loading on the ship motion should also be
included. In order to optimize the accuracy and efficiency of the estimates of load
effects, analytical, numerical and experimental approaches are commonly combined.

2.3 Sea climate variability

A sea surface elevation may be represented by a stationary random process in short
time (practically of the order of a few hours). The basic model to represent ocean
wave elevation is the Gaussian distribution (Ochi, 1990):

f(x) =
1

σ
√

2π
e−

(x−µ)2

2σ2 , (2.2)

where µ is the mean and here µ = 0, σ is the standard deviation. If the process is
assumed to be narrow-banded the individual maxima are Rayleigh distributed (Ochi,
1990):

f(x) =
x

σ2
e−

x2

2σ2 , (2.3)

F (x) = 1− e−
x2

2σ2 . (2.4)

The irregular sea states may be represented with a spectral formulation. The
spectra are expressed in terms of the significant wave height Hs, a characteristic
wave period, e.g. Tp or Tz and the directional distribution function f(θ). The most
commonly applied spectra are Pierson - Moskowitz, representing fully developed sea
states and JONSWAP, capable of representing also not fully developed sea states, see
e.g. in Ochi (1998).
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A probabilistic nature of the sea environment in a long-term period is specific for
each geographical region. Models for the long-term variability are expressed in form
of scatter diagrams, i.e. a joint probability density function of Hs and, commonly, a
characteristic wave period, Tp or Tz, as originated by Battjes (1972).

The long-term variability of the sea environment needs to be considered in order to
determine characteristic design values with a given return period. In case of sloshing
studies the ship response is a transitory step towards determining fluid motion and
excited pressures. These three issues are coupled in the sense that the long-term
sloshing response in the tank is an effect of the sea state severity over the time period
of interest, ship motion in given sea condition as well as fluid motion in the tank
under given ship motion. Therefore, the long-term response of a fluid in a tank is
coupled with the sea excitation and ship response. Hence, the analysis of these steps
needs to be combined.

A full long-term analysis consists in a summation of the short-term probabilities
of exceedance in all possible combinations of variables that influence the response

FR(r) =
∫
Hs

∫
Tz

∫
U

∫
β
FR|Hs,Tz ,U,β(r|hs, tz, u, β) fHs,Tz(hs, tz)·

fU,β|Hs,Tz(u, β|hs, tz)
TRz

TRz (hs, tz, u, β)
dβ du dtz dhs (2.5)

whereHs, Tz, U and β are significant wave height, wave zero crossing period, speed and
wave heading angle, respectively. The terms of the integrand represent, respectively,
the short term cumulative probability distribution of response, probability of the
sea states’ occurrence, distribution of operational parameters and relative number of
peaks in particular sea states. TRz is the average response zero crossing period.

Physically, performing the summation is only possible for linear phenomena which
can be analyzed in frequency domain. The full long-term analysis of the vertical ship
acceleration is reported in the Paper II of this thesis.

Sloshing phenomenon is highly nonlinear and may not be analyzed in the frequency
domain. Moreover, a full understanding of the interacting phenomena during the
violent motion in the tank is still lacking and therefore, the most reliable approach
for obtaining sloshing pressures is based on costly laboratory tests. Large number of
test cases is required due to many variables affecting the sloshing response and due
to a limited repeatability of results for a given input. All these factors make the full
long-term approach not feasible for sloshing analysis.

Several simplified methods has been developed, among them the response surface
approach, see e.g. Videiro and Moan (1999) and the contour line approach (Haver,
1987; Winterstein et al., 1994). These methods enable predicting load- and response-
maxima corresponding to a prescribed return period without having to carry out a
full long-term analysis.

As these both approaches require determining the short-term responses in several
sea states, it may be still quite time-consuming for nonlinear problems. Another
simplified approach may then be used; it consists in conditioning the wave episode
upon the response (Dietz et al., 2004). This method is not utilized herein.
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The response surface concept and the contour line concept are based on the fact
that the long-term response is only slightly larger than the short-term response in the
critical condition. In analysis by the response surface approach a few conditions that
contribute most to the long-term extreme are considered. The contribution from a
given condition is assessed based on its coefficient of contribution:

CR(r) =
PoE i(r)

PoELT (r)
, (2.6)

where PoELT (r) is the probability of exceedance in long-term and PoE i(r) is the
probability of exceedance in a given condition. The coefficient of contribution needs
to be determined in advance by a simplified analysis.

In the contour line approach the environmental and response long-term analysis
are decoupled. The contour lines represent the sea states with the same probability
of occurrence and hence, a set of the critical conditions for a given return period.
The life-time estimates are calculated by the short-term analysis of the response in
one of these critical sea states. In order to represent the life-time response by the
short-term extreme, one of the following methods (or a combination of them) needs be
applied: sea state duration or significant wave height can be artificially increased, a
characteristic short-term value may be calculated for a higher quantile of the response
or this may by multiplied by a correction factor.

The contour line method can be extended to cover load effects which depend on
operational parameters, as vessel speed and heading angle. The critical conditions
will then determine a multidimensional contour surface (Baarholm and Moan, 2002).

The suitability of the contour line approach to the sloshing analysis has not been
proven. However, this approach has been successfully applied in other nonlinear
problems, e.g. Baarholm and Moan (2001) has proven its feasibility in analyzing
wave bending moment. Due to the lack of other effective tools this is commonly
adopted to analyzing sloshing, see e.g. Pastoor et al. (2004) and Lee et al. (2004).

Uncertainty is related to the choice of the representative conditions (sea states
and operational parameters) as well as a way of representing the life-time response by
the short-term extremes. As mentioned above, the critical sea states are commonly
assumed to be located along the contour line with a given return period. Supplemen-
tary analyses based on analytical, numerical and experimental methods are performed
in order to qualitatively compare sloshing severity.

Baarholm and Moan (2001) show that the long-term estimate of a linear hull
bending moment exceeds the short-term response in the critical sea state by 10-20%.
Larger discrepancy applies for the nonlinear bending moment. The proper factor or
quantile may be strongly dependent on the phenomenon characteristics, specifically
on the shape parameter of the statistical model, characteristic period and return
period of interest. For example, the nonlinear bending moment in the merchant ships
can be described by the Weibull model with the shape parameter in range 1.3-3.0
(Wang and Moan, 2004), while the sloshing pressure in LNG tank by the same model
with the shape parameter in range 0.53-0.83 (see Paper IV of this thesis).

Valsg̊ard et al. (2006) investigate how the long-term estimate of the extreme value
may be represented by a short-term estimate for Weibull distributed responses with
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Figure 2.5: The sloshing frequency-amplitude relationship for high filling levels (solid
line) and the simplified realtionship for the quasilinear frequency-domain method
(dashed line).

different values of the shape parameter. The authors compare an approximate long-
term estimate to a short-term response and show that for phenomena characterized
by such low values of the shape parameter it is difficult to represent the long-term
extreme value estimate by short-term estimates.

Therefore, the suitability of the contour line approach for sloshing analysis needs
to be investigated and the proper factor or quantile needs to be determined.

In order to investigate this issue a simplified measure for sloshing response needs
to be found so that a full long-term analysis of this measure can be performed. This
measure may be the statistical characteristics of the horizontal acceleration of the
tank. A concept similar to those presented by Hoff (2004) and Lee et al. (2004)
and based on the idea of RAO for linear systems is presented in the Paper I of this
thesis. The sloshing “transfer function” relates a quantity representing the sloshing
response to the excitation in a simplified form. The simplified relationship provides
a constant value B in the vicinity of the tank natural frequency and zero otherwise.
This is schematically presented in Figure 2.5. This relationship is combined with the
“load” spectrum of the horizontal acceleration. The resulting measure, interpreted
as the quasi-RMS, is calculated by integrating the acceleration spectra in the range
corresponding to the tank natural frequency.

As may be observed from Figure 2.5, nonlinearities in the sloshing response play
an important role in the method presented. In the Papers II and III a further devel-
opment of this method is presented. A different method of determining the proper
integration range of the spectra is applied such that the eigenfrequencies are covered
more accurately. The bandwidth of the integration is extended in the Paper II, i.e.
the integration in the 1/2th octave band around ωlin is performed. In the Paper III
a shift of the integration range towards the nonlinear frequency ωnon-lin and a narrow
integration range (1/12nd octave band) is imposed for a high filling level. The natural
frequency ωnon-lin is approximated by β ·ωlin, where β is a constant. β in range 0.8-0.9
is applied.
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For a low filling level the importance of secondary resonances becomes appar-
ent. This means that higher modes contribute to the response. A multiple range of
integration, corresponding to a few eigenfrequencies is chosen in this case.

This formulation makes it possible to perform a full long-term analysis and in
this way validate the simplified approaches. Results of a long-term analysis of the
quasi-RMS are presented in the Paper III. The approach based on the coefficient of
contribution is applied and the suitability of the contour line approach is investigated.

It is found that sea states with a low Hs may contribute much to the long-term
sloshing response. This large contribution is caused by two factors: (i) large sloshing
induced pressures when the excitation frequency is close to the fluid resonance, even in
small waves, and (ii) a large probability of occurrence of sea states with low Hs. Large
contribution of benign sea states to the long-term response may limit the applicability
of the contour line approach, as long as it is based on a common set of variables
(significant wave height, wave period and possibly speed and heading).

The applied method of investigating ship acceleration spectra appears to be an
effective tool for determining the critical sea states. However, the results appear to
be very sensitive to the applied estimate of the natural frequency and before the
method can be applied for determining the long-term sloshing response the present
investigation must be complemented with further studies.

As mentioned, an operational profile of a ship affects the long term response.
In practice, when sailing in severe sea states, ship responses is usually limited by
reducing speed and changing the course. These actions are generally made based on
observations of the waves and vessel’s responses and according to certain operational
limiting criteria such as slamming, green water and vertical acceleration. The heavy
weather manoeuvering model may be described as in Guedes Soares (1990). In the
estimation of the extreme ship responses, the speed and wave heading angle need to
be determined conditional on the severity of the sea state.

The shipmaster has also an advanced knowledge of what kind of sea states are
ahead on the planned route and which actions should be adopted to avoid running
into severe sea states. This effect is observed by Olsen et al. (2006) who reported
that sea states encountered by ships operating in a given sea regions are significantly
less severe than the weather conditions observed in these regions. Therefore, the
scatter diagram representing the long-term sea state variability needs to be modified
in accordance with a realistic operational profile.

Effect of avoiding a heavy weather on the long-term ship responses is investigated
in the Papers II and III of this thesis.

2.4 Analysis of ship response

Wave induced motions and loads can to some extent be described by linear theory.
Ship motion can then be analyzed in the frequency domain by means of the response
amplitude operator, RAO or H(ω).

Ship motion response amplitude operators may be obtained by different methods.
RAOs may theoretically be determined by analytical methods. In practice, however,
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this approach can only be applied to very simple hull shapes consisting of the basic
geometric figures. Numerical methods are in common use. They are usually based
on the potential theory in combination with a strip theory or a 3D panel approach.

Approaches based on strip theory ware developed by Gerritsma and Beukelman
(1964) for heave and pitch motions and by Salvesen et al. (1970) for heave, pitch,
sway, roll and yaw motions. Such a method approximates a three-dimensional hy-
drodynamic solution by a set of two-dimensional problems. The main idea consists
in dividing the hull into a number of strips, solving the 2D problem in each of them
and integrating results along the hull. Although there is an increasing interest in
applying fully 3D schemes, strip theories are still widely in use, as reported by the
Load Committee of the recent ISSC (Temarel et al., 2006).

Ship motion RAOs, H(ω) obtained for each degree of freedom are combined with a
sea spectrum S(ω) and constitute the ship motion representation in frequency domain,
Sship(ω)

Sship(ω) = |H(ω)|2S(ω). (2.7)

The ship motion is successively transformed to the tank coordinate system. In
order to do so, tank subject to the most severe sloshing has to be chosen. As the
accelerations are largest at the forward part of the ship, most forward tanks are
commonly subject to sloshing analysis. If the most forward tank is of the same size
as the others, this tank should be used in the analysis, otherwise the second tank
should be analyzed (Lee et al., 2004; Pastoor et al., 2004; Zalar et al., 2005).

Forces excited by the fluid in tanks affect the ship dynamics. Due to technical
complexity of modeling this coupling effect in experiments, the feedback from the
sloshing-induced forces to the global ship loading is commonly not accounted for.
However, a growing interest in this issue is recently observed.

The sloshing-induced forces and moments integrated over the whole tank are not
dependent on local phenomena that likely occur in the impact area. Therefore, con-
trary to the analysis of the local pressures in the tank, numerical approaches are
capable of accurate predicting the global effects such as integrated forces and mo-
ments.

The same problem as for passive anti-rolling tanks needs to be solved here. There-
fore, findings in both these fields of interest are considered herein.

Kim (2002) solves the coupled sloshing problem in anti-rolling tanks by applying
the finite difference method for internal problem and a time domain approach based
on the potential theory for the external problem. A large effect of internal flow on
the ship motions is reported in terms of both amplitude and the peak frequency of
response. Qualitative comparison with experiments is presented.

Rognebakke and Faltinsen (2003) study the coupling effect both experimentally
and numerically. The authors perform a two-dimensional analysis of a tank moving
in one degree of freedom (sway) with a small amplitude. Simulation of sloshing is
based on the multimodal method of Faltinsen and Timokha (2001). The external
flow is modeled by the boundary element method and solved in frequency domain.
The internal flow is solved in time domain. The convolution integral is included in
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Figure 2.6: Effect of sloshing loads on sway motion. h denotes the filling height such
that h/L = 0.49, where L is the tank length (Faltinsen and Rognebakke, 2000).

the equation of motion in order to study an arbitrary motion and transient effects.
However, it is shown that when the tank behavior in the regular sea is investigated,
the motion is almost linear and sinusoidal when a steady-state is reached. This fact
means that higher harmonics are filtered out by the system and there is no need for
the convolution formulation.

A large influence of the fluid motion in the tanks on the ship motion is observed
and a comprehensive analysis of the physical effects is presented. For excitations
with a frequency similar to the natural tank frequency the sloshing force and the
wave excitation force are out of phase so they counteract each other. For higher
excitation frequencies the forces act in phase and the total ship response is enlarged,
Figure 2.6.

Various combinations of filling level and number of tanks are investigated. Both
linear and nonlinear sloshing models are applied to simulate the internal loading. A
good accuracy is observed for the nonlinear model; however, a problem with deter-
mining the proper damping in the fluid is reported. As no impacts are observed
on the tank roof, the Keulegan damping due to dissipation of energy in the viscous
boundary layer is applied. The authors conclude that this damping level is too low
and such effects as a spray formation and transition to turbulent flow in the boundary
layer can be important. If heavy impact occurs on the tank roof, the damping can
be calculated more rationally.

Gaillarde et al. (2004) present an experimental study of coupling between sloshing
and ship motion considering motions in 6 degrees of freedom. The authors analyze
two different ship models with internal tanks subjected to irregular waves. Different
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combinations of speed, wave heading angle, tank filling level and sea parameters are
tested. Measurements of the ship motions including accelerations, mooring forces,
fluid free surface elevation in the tanks and tank support reaction forces provide
valuable data for validation of numerical codes.

A large effect of coupling on the ship motion is observed. Moreover, the second
order force on a moored ship and speed variation for the ship with forward speed are
observed to be much affected by the internal flow. A numerical method for calculating
linear sloshing by the potential theory and for coupling the internal loading with ship
motion is also proposed.

Lee et al. (2007) use the experimental results by Gaillarde et al. (2004) for a
validation of two numerical approaches based on the frequency domain formulation
and on the time domain formulation, respectively. Sloshing simulations are performed
by a commercial software based on the potential theory in the former approach and by
the own code based on the finite difference method in the latter approach. Frequency
domain software based on the linear potential theory is used for the external flow in
both approaches. A convolution formulation is used in the time domain approach.
Motion in two degrees of freedom, sway and roll due to irregular wave excitation is
investigated. Spectra and transfer functions of the ship response with and without
the coupling effect are presented. The results show a qualitative agreement with
experiments.

Kim et al. (2007) study coupling effects of ship motion and sloshing. Ship motion
is solved in the frequency domain and the convolution formulation is used. Fluid
motions in a tank along with the global forces and moments are calculated by a finite
difference code. The method is applied in an analysis of a sway motion of a box-type
barge with rectangular tanks and roll motion of a merchant ship with rectangular
anti-rolling tanks. A good agreement with experiments in terms of natural frequency
of the motion is observed. The magnitude of motion shows a qualitative agreement.

All these investigations demonstrate that the coupling effect is very important in
determining global loads on a ship and the resulting ship motions. More studies are
needed in order to develop a comprehensive model that could provide a motion input
for sloshing analysis.

2.5 Fluid motion and pressures in a tank

2.5.1 Analytical methods

The sloshing phenomenon has been widely investigated. A comprehensive review of
available analytical and numerical methods as well as historical development can be
found e.g in Ibrahim (2005).

Sloshing in regular tank shapes were studied already by Lamb in his classical book
Hydrodynamics in 1895. Abramson (1966) presents an extensive survey of sloshing
theories up to 1966 with a special focus on applications within the space vehicle tech-
nology. Three-dimensional solutions are presented for various tank shapes including
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Figure 2.7: Linear eigenfrequencies for a typical LNG tank. Tank dimensions pre-
sented in Table A.1, the first series of experiments.

rectangular, cylindrical, circular sector-compartmented, spherical, toroidal and coni-
cal tanks for different modes of excitation.

Linear sloshing solution is valid for a small excitation amplitude and frequency
distant form the fluid natural frequency. It can be obtained in analytical form by
potential theory, for a regular tank geometry.

Natural frequencies of the fluid free oscillations in the rectangular tank are ex-
pressed by

ωmn =

√√√√√πg
√
m2

a2
+
n2

b2
tanh

πh
√
m2

a2
+
n2

b2

, (2.8)

where a, b and h denote the tank length, breadth and the fluid depth, respectively.
The eigenfrequencies of the first modes in two directions parallel to the symmetry axes
and in the diagonal direction are obtained by inserting (m = 1, n = 0), (m = 0, n = 1)
and (m = 1, n = 1), respectively.

The application of the linear theory is very limited. In this work the linear nat-
ural frequency is to some extent utilized in determining an approximate measure for
sloshing response, as described in Section 2.3. This measure is applied in Paper I, II
and III of this thesis for preparing experiments and specifically for determining sea
states with critical sloshing response as well as for validating approximate methods
for long-term sloshing response. Eigenfrequencies for a typical LNG tank based on
linear theory are presented in Figure 2.7. The eigenfrequencies for the chamfered
tank shape are calculated in a simplified way by modifying the tank breadth, b.

A general method for nonlinear sloshing is proposed by Moiseyev (1958). Based on
this theory a solution for nonlinear sloshing in vertical cylindrical tank is described by
Hutton (1963) and for a two-dimensional rectangular tank by Faltinsen (1974). In the
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latter, the solution up to the third order is developed for sway and roll oscillations.
The problem is solved by application of potential theory. The response of order
O(ε1/3) is assumed, with the tank length and filling height both of O(1) and excitation
amplitude of O(ε), where ε is small.

The analytically-based multimodal approach is presented by Faltinsen et al. (2000).
The method is capable of determining the solution for nonlinear sloshing of an incom-
pressible fluid with irrotational flow in a rectangular tank. The free surface elevation
and velocity potential are expanded in generalized Fourier series by a set of natural
modes. The generalized coordinates of the free surface elevation and the velocity
potential are found by a coupled system of nonlinear ordinary differential equations.
Use of the method is limited to tanks with vertical walls at the free surface, not too
small water depth and excludes overturning waves and heavy impacts on the tank
ceiling.

The multimodal approach is further developed by Faltinsen and Timokha (2001).
An adaptive procedure based on the inter-modal ordering of the generalized coordi-
nates of the free surface elevation is applied. The approach enables describing sloshing
resonant response when the excitation is not very small and the fluid depth is close
to the critical depth or small.

The multimodal approach is further combined with a local slamming analysis by
Rognebakke and Faltinsen (2000). Damping caused by impacts on the tank roof is
calculated by relating the energy loss to the total energy in the fluid. The energy loss
is estimated based on the Wagner theory with corrections from similarity solution
for the chamfered tank ceilings, where the angle between the structure and the fluid
surface can be large.

Development of the multimodal approach for three-dimensional problems is pre-
sented by Faltinsen et al. (2003). Different regimes of response in the stable and
unstable form and their frequency domains are presented. A contribution of higher
modes and effect of decreasing fluid depth is investigated.

The authors study also an effect of different breadth-to-length ratio in tanks with
near-square base Faltinsen (2005). With the varying ratio, steady-state wave regimes
are conserved but the frequency domains, where these wave regimes are stable, change
much.

Although many of the hydrodynamic phenomena contributing to sloshing are well
described by analytical formulations, the complete problem is too complex to be
solved by analytical methods. Therefore, much attention is devoted to other, numer-
ical and experimental studies.

2.5.2 Numerical methods

The fluid flow can in the general case be described by the Navier-Stokes equations. If
viscosity is neglected the Euler equation applies. By further assuming incompressible
fluid and irrotational flow the governing equation becomes the Laplace equation. The
numerical methods discretize partial differential equations to obtain the system with a
finite number of unknowns. This is often performed by meshing a flow domain. The
Lagrangian description assumes following the fluid particles, while in the Eulerian
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description the computational domain is fixed with respect to a reference frame. The
hybrid solution, combining the both approaches can also be used. A separate group
of methods are meshless approaches.

A number of numerical schemes is applied in the hydrodynamic computations.
The principle of the finite element method (FEM) is to subdivide the domain into
a number of discrete volumes (in 3D) or areas (in 2D). A Lagrangian description is
commonly used. The solution over the elements is assumed to be in a prescribed
functional form scaled by nodal values. The solution is not exact and does not satisfy
the differential equations. The result is then obtained by minimizing the residual. For
problems with large distortions of the free surface, big deformations of elements may
require regridding. An example of applying FEM for sloshing simulations is presented
by Kim et al. (2002).

A special type of the finite element method is the boundary element method
(BEM). Here, a fluid velocity potential is represented by singularities distributed
over the fluid domain boundaries. By using boundary conditions, density of the
singularities is determined. The potential flow has to be assumed, the fluid is inviscid
and incompressible and the flow is irrotational. The BEM is applied in a sloshing
study by Faltinsen (1978).

The principle of the finite difference method (FDM) consists in replacing the
partial derivatives of the governing equations by algebraic difference quotients in
order to obtain a system of algebraic equations. The method is commonly based on
the Eulerian approach and a structured grid.

In the finite volume method (FVM) one calculates values of the fluid flow vari-
ables averaged across the fluid domain. The discretization of governing equations is
done by integration over each element and subsequently approximating the values
on its boundaries. This method is also based on the Eulerian approach, however an
unstructured grid can be utilized.

Methods for solving the fluid flow are commonly combined with methods for pre-
dicting the free surface based on either surface tracking or surface capturing principle.
The most common is the Volume of Fluid (VoF) method. Its principle is to discretize
a fluid surface by storing only fluid fraction in each computational cell instead of
an exact interface. Cells placed within a fluid domain have a volume fraction equal
to unity, ones placed beyond a fluid domain - zero, and ones which contain an the
interface - a fraction of unity. By evolving the volumes in time with solution of the
advection equation the interface is tracked. Its reconstruction is performed by special
algorithms. An example of VoF application for sloshing simulations is presented by
Loots et al. (2004).

Among meshless methods, Smoothed Particle Hydrodynamics (SPH) is a promis-
ing method for sloshing flow modeling, see e.g. Landrini et al. (2003). In the SPH
method, the fluid field is represented as a number of particles interacting with each
other through evolution equations. The particles can be arbitrarily scattered over
the fluid domain leading to a completely grid-free method. The interaction terms
follow from the discretization of mass- and momentum-conservation equations by
sampling through a kernel function. They can be computed independently of each
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other, which ensures the efficiency of the method through parallelization of calcula-
tions. The method is robust even for large free surface fragmentation and folding.

However, a full understanding of all the interacting phenomena is still lacking and
limits the reliability of numerical results. The application of numerical methods is
moreover limited by the computational expenses that has to be incurred in order to
cover a fluid domain with sufficient temporal and spatial accuracy, in a long enough
simulation time.

2.5.3 Experimental methods

The most reliable description of the fluid motion and sloshing-induced loads in a ship
tank is so far available by experiments. The experiments are performed on models
that represent a cargo tank installed on board an LNG carrier in a seaway. The input
motion of the tank is provided by a special rig. The measured quantity is pressure
excited on the structure by the fluid.

A testing campaign is performed in the framework of this Ph.D. work. The ex-
perimental procedure and set-up is presented in Appendix A.

Laboratory tests are expensive in terms of required facilities. Moreover, although
most reliable, they are also saddle with uncertainties that result form both physical
limitations and lack of well determined post-processing procedures.

Excitation of the tank in all degrees of freedom (DOF) influences the response
of the fluid. However, until 2005-2006 sloshing rigs could perform motions in 2- or
4-DOFs (surge+pitch and/or sway+roll). The importance of the excitation in all 6
DOF is shown by Gavory (2005). By comparing experimental results registered during
the tests on a 4- and 6-DOF rig the author shows that incorporation of the heave and
yaw motions in low filling level experiments increases the maximum average pressure
estimates by 42%. An inverse trend is observed for high filling level. A decreases of
the average pressure estimates by 16% is observed.

The quality of obtained results is limited both technically and economically. There
is a trade-off between the spatial resolution of pressure and sensed area as well as
between sampling frequency and the test duration.

The first issue is related to a physical limitations of fitting sensors in the model,
available number of sensors and logging channels as well as an intention to limit the
amount of logged data. The spatial resolution of pressure measured by a matrix of
sensors may reach an order of a few millimeters model scale. In typically scaled tanks
(between 1:70 and 1:20, usually 1:50) a resolution of a few tens of centimeters full
scale is only available. Hence, the pressures need to be spatially interpolated between
measured values.

Moreover, such a high resolution may only be applied on a limited tank surface
area. The results obtained may not provide a full overview over excited pressures in
various tank regions. Therefore a test campaign needs to be preceded by experiments
with a large sensed area even at the cost of spatial resolution of registered pressures.
This makes it possible to determine regions where high pressures are likely to occur.

The temporal resolution is mainly limited by the amount of logged data. A 43-
minutes’ run (corresponding to a 5 hours’ duration scaled as 1:50 by the Froude
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law) sampled with a frequency of 20kHz may provide approximately 0.5GB data for
each pressure sensor. Thus, the sampling frequency is commonly kept as low as
possible and pressures need to be temporarily interpolated between the measured
values. Richardson et al. (2005) show that the frequency of about 20kHz is a limiting
value to assure a good accuracy for the model scaled as 1:50.

Other physical limitations are related to modeling the tank structure that is flexi-
ble and possibly corrugated on its surface as well as the gas and liquefied gas character-
ized by physical parameters which are difficult to represent in laboratory conditions.
These issues are related to problems associated with the post-processing procedures
and specifically lack of a consistent scaling formulation.

As mentioned, sloshing experiments are performed on models commonly scaled as
between 1:70 and 1:20. Very few full scale measurements have been performed, those
carried out up to 1980 are reported by Cox et al. (1980). Pastoor et al. (2005) report
that a new full-scale test campaign is planned.

An appropriate scaling law has to be determined. The scaling problem related to
sloshing is investigated by Abramson et al. (1974) where different effects that possibly
influence scaling of sloshing pressure are examined. Among them surface tension,
viscosity, compressibility, cavitation and wall elasticity are investigated analytically
by comparing magnitudes of their dimensionless formulations. In a more general way
the scaling problem is treated by Faltinsen (2005).

The most frequently applied scaling formulation assumes geometric and Froude
number similitude. The Froude number is defined as

Fn =
V√
gL
. (2.9)

V and L are characteristic tank velocity and length, respectively. This implies that
the pressure, p is scaled as

pp
pm

=
ρpLp
ρmLm

, (2.10)

where the subscripts p and m relate to prototype and model, respectively, L denotes
characteristic length and ρ fluid density. The time, t is scaled as

tp
tm

=

√
Lp
Lm

. (2.11)

Froude scaling applies under the following assumptions: incompressible fluid, rigid
tank, no viscosity, no surface tension and a zero density ratio between gas and liquid.

Among these assumptions the most attention is devoted to the problem of com-
pressibility. The compressibility is important for media with a low speed of sound. As
the speed of sound of the liquefied natural gas is high, this issue becomes interesting
when the gaseous fraction is apparent in the impact region. This is very likely to
occur during sloshing in LNG tanks. First of all, the fluid is boiling, which means
that bubbles are formed inside the bulk of the liquid. A gas cushion may also be
entrapped in the impact region. Moreover, the bubbles may be generated when the
cushion collapses.
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When the fluid compressibility is important the relationship between the gas pres-
sure and gas density as well as between the gas density and fluid density need to be
incorporated. The scaling formulation valid for impact events with a gas cushion en-
trapped is derived by a simplified analysis with a linearized adiabatic pressure-density
relationship by Faltinsen (2005). It is shown that the pressure is scaled as

pp
pm

=

√√√√ ρp Lp pap
ρmLmpam

, (2.12)

where pa is the pressure in the tank. The time is scaled as

tp
tm

=
Lp
Lm

√
ρp pam
ρmpap

. (2.13)

Pressure time histories of the impacts with entrapped gas cushion consist of a
pressure peak followed by distinct oscillations that are caused by the gas compressible
effect, while hydrodynamic impacts have a regular, nearly triangular or trapezoidal
temporal pattern.

By examining experimental results it is observed that hydrodynamic and gas-
cushioned impacts occur randomly in the fluid and should be described by Froude
and compressible scaling law, respectively. In practice it is hard to distinguish between
impacts of the different types and the Froude scaling is commonly applied.

Application of the two scaling laws yields significantly different results. In model
tests the LNG is normally represented by water and the same, atmospheric tank
pressure pa is applied. For a model scaled by 1:50 the Froude scaled impact pressure
is larger than the pressure scaled by the compressible law and time is shorter, both
by the factor of 4.60. The difference can be reduced by further modifying pa and/or
ρ. The results converge to the same value when the similitude of the Euler number
defined as

Eu =
pa√
gV 2

(2.14)

is satisfied.

It should be noted that the commonly cited conservatism of the Froude scaling
concerns only pressure magnitude. Conservatism of the temporal characteristics is
dependent on these characteristics related to the natural period of the structure. This
issue is investigated in Paper V.

Different approaches to this problem are proposed in the literature. Lee et al.
(2004) run the tests in atmospheric pressure with water and combine the two Froude
and compressible scaling laws. They make an attempt to distinguish between physical
phenomena governing each impact by inspecting temporal distribution of the time
history.

The scaling law may be further explored by performing model tests in various
scales as well as with different fluid and gas densities and pressures. Pastoor et al.
(2005) and Richardson et al. (2005) report sloshing tests with various gas densities
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and pressures. The results indicate that water-based experiments can be overly con-
servative. The authors report a large effect of the gas-liquid density ratio on measured
pressures and rise time, but a conclusive answer is still not known.

From the fact that LNG is transported in the ship tank as a boiling liquid it
follows that the vapor pressure pv is approximately equal an ambient tank pressure
pa. In case of model tests performed with water in room temperature, vapor pressure
is much lower than the pressure in the free surface. The amount of vapor bubbles
increases in the boiling liquid. The cavitation number

Ca =
pa − pv

0.5ρV 2
(2.15)

needs to be preserved.
The tank walls are represented in the laboratory tests as flat surfaces while the

membrane may be corrugated, as in the Mark III system. Such corrugations may
cause cushioning of pressure. Shin et al. (2003) investigate this problem by compar-
ing pressures measured on the corrugated and flat structures dropped on the liquid
nitrogen. The results show a pressure reduction of the order of 50-75% for small
incidence angles which encourage cushion creation. This issue is also investigated by
Chung et al. (2006).

Another effect of the gas compressibility in a cushion may also be expected. If
the LNG itself is assumed incompressible, this assumption needs to be related to a
time scale of events. This means that if a structural response with a high frequency,
say above 1000Hz, occurs the assumption is no longer valid. Moreover, the frequency
of the gas compressible oscillations may affect the contribution of particular modes
of the structural response. This is the case when this frequency is similar to the
eigenfrequencies of the membrane structure.

The natural frequency of the compressible gas oscillations has been examined
and reported in Appendix C. The effect of gas cushions creation on the pressure
magnitude is not investigated.

Commonly, the tank walls in model tests are rigid. This implies that fluid-
structure interaction is not accounted for. When the fluid-structure interaction mat-
ters during the impact the flexible walls should in principle be applied. The problem
of hydroelasticity is described in more detail in Section 2.6 and investigated in the
Paper V of this thesis.

If hydroelasticity matters, the material elastic properties of the walls should rep-
resent the elastic properties of the membrane tank structure. It means that in ad-
dition to the geometrical scaling of structural elements and Froude scaling of their
eigenfrequencies, the scaling of the frequency has to reflect the hydroelastic behavior.
Faltinsen (2005) shows that if the structure can be represented by a beam of constant
thickness the frequency should be scaled as

ωp
ωm

=

√√√√ρmL5
m Ep Ip

ρp L5
p EmIm

(2.16)

in order to satisfy the latter issue. L denotes length of the beam and EI its bending
stiffness. In model tests the complex tank structure needs to be simplified by using
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materials with different properties or a modification of through-thickness dimension.
This fact obviously introduces uncertainties.

2.5.4 Post-processing of experimental results

Post-processing techniques are applied in order to extract the necessary information
to determine a representative structural loading.

Temporal and spatial characteristics of the pressure may be equally important as
its magnitude; this is presented in more detail in Section 2.6. The pressure exerted
on a structure by the impacting fluid may have a complex time history and spatial
extent. In order to effectively utilize pressures as input to the structural analysis
they need to be simplified, i.e. described in terms of a few well-defined parameters.
Storing values of these parameters instead of the whole pressure time histories limits
amount of data significantly.

The pressure magnitude is one of these parameters. In determining the short-term
variability of pressure magnitude it is necessary to observe that the time histories of
gas-cushioned impacts include secondary oscillations following the maxima. Including
these maxima violates the assumption of independence of sample data imposed by
extreme value statistics. Hence, a technique for filtering the maxima needs to be
applied.

A probabilistic density function needs to be chosen and fitted to the measured data
in order to enable extrapolation towards the upper tail and estimating the character-
istic short-term extremes. A long-term response is based on the short-term responses
with an additional statistical information provided, as presented in Section 2.3.

There are a few probabilistic models used to describe the short-term variability
of sloshing pressures. The most commonly applied are the three-parameter Weibull
distribution (Gavory, 2005; Pastoor et al., 2005; Rognebakke et al., 2006), the three-
parameter log-normal distribution (Gavory, 2005) and the generalized Pareto distri-
bution (Rognebakke et al., 2006).

The choice of the characteristic temporal parameters depends on the ratio of the
load duration td and the natural period of the structure Tn, as further explained
in Section 2.6. For a very short duration of pressure, an integrated impulse is an
important parameter for the structural response. With increasing load duration, the
rise time and total duration become more important. For sloshing impacts on the
containment wall the load duration td is similar to the natural period of the structure
Tn. Hence, the duration td and rise time tr are the important parameters.

Choice of the characteristic spatial parameters should be based on the relationship
between the loading area and the response. However, such a relationship is difficult
to determine. This is due to the fact that containment systems are very complex
structures made of relatively special materials within the field of marine technology.
The structure is not uniform over the tank surface and the relationship between
the loading area and the response is location-dependent. Moreover, many forms of
response are important and for each of them a different relationship may apply, as
further explained in Section 2.6.
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As no explicit relationship between pressure temporal or spatial characteristics
and response exists, it is difficult to determine a consistent approach for statistical
post-processing of these pressure characteristics.

Some attempts to quantify the temporal and spatial distribution of the sloshing
loads have been made. Lee et al. (2004) categorized sloshing peak temporal patterns
as one of the three types: peaks with short rise time and relatively long decay time,
symmetric peaks and peaks with long rise time and short decay time.

Pastoor et al. (2004) and Tveitnes et al. (2004) investigate temporal characteris-
tics of pressure peaks and make a qualitative comparison of peaks’ pattern in various
filling levels. Furthermore, Pastoor et al. (2005) make an effort to determine impact
temporal distribution in a qualitative form. A time history with tr = 0.4td is conser-
vatively chosen as a representative load pattern, where tr and td denote the rise time
and pressure duration, respectively.

Zhao et al. (2004) propose to neglect details of pressure time history but instead
integrate the pressure impulse over a small time period compared to the natural
period of the membrane structure. The same approach is applied by Paik (2006).

Both temporal and spatial patterns are investigated by Rognebakke et al. (2006).
Examples of relationships for pressure averaged over various time intervals and various
areas are presented.

Gavory (2005) presents a relationship between average pressure and area for a
chosen case.

As the relationship between pressure spatial characteristics and response in a
closed form is still lacking, the pressure recorded by each sensor is commonly stored
or averaged over a number of sensors. The averaging may be done by interpolating
linearly the pressure between sensors. Other techniques are also reported in literature.
Rosén (2005) suggests an alternative interpolation technique based on measurements
in discrete points and applies the method for the slamming problem on a ship hull.
A smooth pressure distribution over area may also be obtained by applying an inter-
polation method based on the Delaunay triangulation, as presented by Gavory (2005).

The procedures applied for post-processing experiments performed within this
work are described in Appendix B.

The post-processing is carried out by separately investigating the pressure mag-
nitude, duration of the time history and the average over various areas. This is
necessary to relate the different parameters to each other for a given impact. Such a
relationship may then be represented by the velocity of the pressure profile along the
wall.

The short term statistics of the pressure magnitude is investigated in Paper I and
Paper IV of this thesis. Paper I is focused on the accuracy of the three-parameter
Weibull model and the generalized Pareto model. Parameters of the statistical models
are determined by fitting the models to the measured data samples. Estimates of the
extreme values are calculated based on the concept of order statistics.

The relationship between the shape parameter in the generalized Pareto model and
a resulting domain of attraction of various extreme value distributions is described
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in the Papers III and IV. It is found that the limiting lowest value for the shape
parameter is zero.

The peak-over-threshold method is applied to fit the generalized Pareto model.
The method is based on considering only the maxima exceeding a given, high thresh-
old. Hence, the results will be sensitive to the threshold level. A too high threshold
level limits the sample size and reduces the accuracy. In Paper IV the suitability of
the generalized Pareto model for describing sloshing induced pressures based on the
samples from 5h duration experimental tests is found to be questionable.

The largest values in each sample are very scarce, which results in a limited
reliability of estimates, regardless of the model used. In order to collect samples that
are more dense in the upper tail, longer runs are applied.

But even with a five-hour duration of the sample, a large variability of extreme
estimates is observed. In order to obtain reliable estimates the number of test repe-
titions in the chosen condition should be high.

Moreover, it is observed that the pressure estimates calculated for runs with the
same input (tank motion time history) and with different input (but for the same sea
state) have the same variability. This shows the significance of an inherent sloshing
variability.

The long-term statistics is related to additional sources of uncertainty, as described
in Section 2.3, and in Paper III of this thesis.

The distribution of the temporal parameters, duration and rise time, as well as
spatial distribution and the velocity of the pressure profile along the wall is investi-
gated in Paper IV of this thesis.

It is found that pressure time histories are usually of a near-triangular shape.
They include, however, small local distortions. As the load duration is similar to the
natural period of the structure, other details of the pressure time histories may be
important for the structural response. The studies in Paper IV, however show that
these effects are relatively small for the largest pressures.

A common approach is therefore to approximate the temporal pattern with a
triangle. An alternative analytical approximation by a trapezoid is introduced in Pa-
pers III and IV. This function describes time histories much more accurately. In order
to fully understand the effect of choosing various approximate analytical functions the
structural analysis is performed. The results are presented in Appendix B.

2.6 Structural response

The structural response does not only depend on the pressure peak magnitude, but
also temporal and spatial variation of the loading.

Fluid impacts may be classified as impulsive or non-impulsive depending on the
temporal characteristics of pressure in relation to the characteristic, typically the
highest natural period of the structure response, Tn.

For impact duration td shorter than approximately 0.25 of Tn the structural re-
sponse does not depend on pressure magnitude but rather on the total impulse. With
a gradually increasing duration the rise time and duration become the dominant pa-
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rameters. The magnitude is also important in this case. For the pressure duration td
significantly longer than the structural natural period Tn, the loading becomes quasi-
static. This means it is only the pressure magnitude which determines the maximum
response.

In effect, when the pressure duration td is much shorter than Tn, the response is
significantly lower than the response to a static loading of the same magnitude. This
is caused by the fact that the inertial forces of the structure balance the pressure
loads and maximum strains occur after the load has acted, in a free vibration phase.
When the pressure duration is of the order of Tn, the response can be amplified by
up to a factor 2, dependently on the pattern of the time history (Biggs, 1964). This
relationship is often expressed by means of the dynamic load factor (DLF) factor,
defined as

DLF =
Rmax
d

Rs

. (2.17)

Rmax
d and Rs are the maximum dynamic response and the static response to the same

loading, respectively.
The spatial variation of the sloshing pressure also affects the structural response.

As the pressure is concentrated on a given area, an average pressure is a more mean-
ingful parameter for a structural analysis. The average pressure over an area decreases
with increasing area.

Different response quantities associated with the tank wall are of interest. They
include local effects in structure of the insulation system, response of stiffened steel
plate supporting the insulation system as well as the whole tank wall. The global
ship response may also be affected by forces from the fluid. Different loading areas
would be representative for these responses.

The insulation system that covers the steel structure has a much lower strength
than steel. Therefore, the primary structural issue is the local response of the mem-
brane system and its potential damage. However, the response of the insulation
system cannot be decoupled from the response of the steel plate supporting it. A
common simplification is to assume that the steel structure does not respond to the
sloshing loads and hence, the insulation system is rigidly supported. This approach
may with sufficient accuracy be applied in cases in which the largest natural period
of the stiffened steel panel is much longer than the excitation duration. This approx-
imation facilitates a reasonable two-dimensional modeling of a flat tank wall section.
In a two-dimensional model the response is location-independent with respect to the
steel panel support. This may be observed from Figure 2.8 in conjunction with the
figures of the three-dimensional response in Paper V.

In reality, the insulation system is supported by a steel plate which is flexible. As
the insulation layers are mechanically joined to the steel plate, the eigenfrequencies
of the structure change. The loading may cause plate deflection in addition to the
response of the insulation system itself. The response pattern becomes then more
complex and location-dependent. In effect, the stresses are transmitted to the areas
where the steel support structure is most stiff and hence concentrate over stiffener
and girder supports. This issue is investigated in Paper V.
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Figure 2.8: A mode of response of a two-dimensional model of the Mark III insulation
system. The model represents a through-thickness cross section of the insulation
system resting on rigidly supported resin ropes (lowermost in the figure) and with a
fluid contact surface (membrane) on the top.

The main forms of response of the containment system are bending of the steel
plate between stiffeners and girders and a vertical compression of the foam. The bend-
ing of the steel plate implies that the insulation system above the steel is compressed
in the center of the panel and stretched near the edges. In addition, as the lower
plywood is kept distant from the steel plate by the resin ropes, the lower plywood
plate is subjected to bending between resin ropes.

In effect, the most relevant responses and failure modes include crushing of the
foam in the Mark III system, buckling and through-thickness crushing of plywood
plates in the No.96 system as well as shear and bending of plywood plates in both
concepts.

Within these forms of response many modes may be excited. Modal composition
of the response in a chosen load case is presented in Paper V. The eigenfrequency
analysis is also performed. The Fast Fourier Transform of the response time series
is performed and the spectra obtained are compared to the eigenfrequencies. This
enables an investigation of the contribution of particular modes to the response.

In general, the structural response should be investigated by a time domain dy-
namic approach with an account of spatial extent, pressure time history, and added
mass influence. Therefore, numerical tools are commonly applied, usually based on
the finite element method.

In the linear case, however, a simplified approach, such as modal analysis and
consideration of the dynamic load factor (DLF) for each mode can be applied. In
Paper V the suitability of the DLF approach is investigated. It is found that due to
a large number of contributing modes and local stress concentrations in rigid areas,
the approach is not suitable for analyzing the response of the containment system.

The pressure excited by a fluid in a tank generates a deformation of the structure.
The deformation is of an oscillatory nature and, if the structure is submerged in
the fluid, causes a hydrodynamic force. The term proportional to the acceleration
constitutes the added mass force. If the time scales of the excitation force and the
oscillatory motion are similar the interaction between the fluid and the structure
needs to be accounted for.
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The problem of fluid-structure interaction gained a lot of interest in aerospace
technology over many decades. Recently, due to a considerable progress in compu-
tational techniques and computer performance the problem has become investigated
with increasing attention. A wide review of fluid-structure coupling algorithms as
well as fluid and structure models is presented by Kamakoti and Shyy (2004) with a
specific attention to aeroelasticity. The degree of coupling between the fluid flow and
structural response may be classified as loosely-, closely- and fully coupled.

The fluid-structure interaction is also of concern in many ocean engineering appli-
cations. A review of hydroelastic problems associated with fluid impact is presented
by Faltinsen (2000). Theoretical and experimental studies are described with a special
attention to slamming on ship hulls.

Different approaches may be utilized to account for the hydroelasticity. A simple
method is to model the mass by the structural mass and an added mass. Two limiting
cases of added mass are determined. The upper limit corresponds to the asymptotic
value of the added mass for a plate reciprocating on the fluid surface with an infinite
frequency of oscillation and is expressed as (Faltinsen, 1990)

A = πρR2/2. (2.18)

The lower limit corresponds to the zero added mass. It is noted that these two limits
do not necessarily result in the respective limits for the structural response. Namely,
the added mass affects the eigenperiod of the structure and, as described above in this
section, the dynamic response changes nonlinearly with the ratio between duration
of excitation and eigenperiod.

This simple approach by using added mass is in common use as it is very cheap
in application. Also rules of the majority of the classification societies utilize this
concept. They are often limited to considering either dry response only or modeling
the fluid as an acoustic medium filling the whole domain, and thus imposing a fully
wetted length, accounting for wet response only.

For sloshing impact on the membrane structure a complex fluid flow in the impact
region is observed and a number of parameters influence the added mass. Thickness
of the fluid layer, its spatial extent as well as its density due to aeration can be very
different for various impacts and in addition they are non-stationary during a given
impact. There is a limited number of works describing influence of these parameters
on the value of added mass for a rectangular plate. Among them Cheung and Zhou
(2000) present a semi-analytical study dealing with vibrations of a thin plate which
is a part of a container bottom, rigid beyond the plate and filled with a fluid. Results
in terms of the frequency ratio of wet-to-dry oscillations are presented for different
fluid depths, plate dimensions, fluid-plate density ratio and boundary conditions.

Approaches capable of determining an instantaneous value of added mass enable
calculation of a coupled response. A number of approaches based on the Wagner
theory have been developed. The Wagner theory describes the initial stage of a water
entry problem and is valid when the penetration depth is much smaller then the
body width. Hence, the methods can be applied for elastic blunt bodies impacting
vertically on a fluid surface with a moderate velocity. Actually, it is not important
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which of the two surfaces is curved. An important feature of these approaches is
that the hydrodynamic coefficients can be calculated analytically, which makes the
calculations very time efficient.

Kv̊alsvold and Faltinsen (1995) present a study of the water impact on a horizontal
elastic plate. The authors use a two-dimensional normal mode decomposition method
that combines the boundary value problem for the fluid with the Euler beam formula-
tion for the structure of wet deck. The structural deflection is expressed in the modal
form (uncoupled from the fluid). The fluid-structure interaction is accounted for by
instantaneous hydrodynamic coefficients determined analytically by a decomposition
of the fluid force into added mass, damping and the remaining excitation force. The
method is validated by comparison to experiments by Faltinsen et al. (1997)

Korobkin et al. (2006) present a two-dimensional method for the fluid-structure
interaction with a coupling of the finite element (FE) method for the structural re-
sponse with a similar, Wagner theory-based approach for hydrodynamics. The bound-
ary value problem for the impacting rigid deformed wedge and the problem for the
oscillating wedge in a fixed position are solved in parallel for each time step. The
approach is presented for a wedge consisting of two beams. Since the FE method
is applied to model the structure the method in principle can be applied to more
complex problems. The method is validated by comparison with the modal method.
Malenica et al. (2006) show a possible application of this method to an analysis of
two-dimensional coupled response of the membrane structure to a simplified impact.

Rognebakke and Faltinsen (2006) use the normal mode decomposition method and
beam theory for determining the coupled response of a flexible wall in the tank with
a high filling level. A response to impact on the tank roof is investigated. Calculated
strains are compared to experiments with an elastic upper part of a wall.

An experimental and numerical investigation of the elastic response of the tank
wall under sloshing impact is also presented by Lee and Choi (1999). The authors
apply the normal mode decomposition method with the thin plate theory and combine
it with the boundary element method for the fluid solver. The results are compared
to experiments with the filling level of 25% and 75% of the tank height. The tank
model has one elastic wall. A qualitative agreement is observed for pressure due to
impacts occurring on the tank wall and roof.

In more general cases, e.g. when the structure is very flexible and hydroelasticity
becomes important also for impact with a relatively large deadrise angle, methods
based on the numerical solvers, both for fluid and structure need to be used.

Lee et al. (2004) present a simplified approach for the fluid-structure interaction
in the membrane LNG tank. A FE method is used for modeling both structure and
fluid. The free surface flow is not modeled. Instead, a prescribed pressure field is
assumed to move along the boundary while the whole structure is assumed to be wet.

Lu et al. (2000) investigate a two-dimensional problem of an impact of a wedge
with thin walls. The boundary element method and the FE method are used in the
fluid and the structure solvers, respectively. A fully coupled system is applied. This
means that the governing equations for hydrodynamic and structural analyses are
combined and are solved and integrated simultaneously in time. Fluid pressure is
calculated from a linearized Bernoulli equation, the nonlinear free surface boundary
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condition is satisfied and the jet formation is treated in an effective way. Linear elastic
theory governs the structural response. The method is validated by comparing results
for rigid body calculations to previous work and a good agreement is reported. Results
for an elastic wedge with different plate thickness and deadrise angle are presented.

Nam et al. (2005) make an attempt to solve a fluid-structure interaction problem
relevant for sloshing in LNG membrane tanks. The finite volume method for the fluid
is combined with the FE method for a structure. A closely coupled system is applied;
the fluid and structure equations are solved separately using two different solvers and
are coupled into one module. Interaction is ensured by a coupling surface, which
acts as a boundary for the flow and transfers the pressures. The analysis is stepwise.
First, an uncoupled fluid simulation is performed in order to find time instants for
sloshing impacts on the structure. Subsequently, the coupled analysis is carried out
for limited temporal and spatial extent. The time range covers the fluid impact on the
structure. Fluid state variables determined by the uncoupled fluid analysis constitute
the initial conditions. A small part of the layered insulation structure near the tank
upper corner is modeled.

The authors also perform a sensitivity study of the insulation system hydroelastic
response to different parameters of the fluid impact (Nam et al., 2006). However,
determining impact pressure by numerical methods is still problematic, as shown
e.g. by Landrini (2006). Therefore, fluid solvers need to be properly validated by
comparison with analytical or experimental results

Mutsuda et al. (2005) presents another approach. A method based on the finite
difference discretization and the Constrained Interpolation Profile (CIP) is used for
solving the fluid and is coupled with the particle based Extended Distinct Element
Method (EDEM) for structural modeling. The CIP method is a convective scheme
based on the idea that for a given quantity, not only the advection equation of this
quantity, but also the advection equation of its spatial gradient is calculated. The
method is a less diffusive and more stable algorithm than any other high order con-
vective schemes of finite difference method. The EDEM method describes the motion
of individual solid particles providing information about their shape, kinematics and
interactions between them. The continuity between the particles is maintained by so-
called pore-spring. The two formulations are solved simultaneously with a different
time step. Solution of various fluid-structure interaction problems between fluid and
elastic structures are shown, but the results are not compared to experiments.

Besides developing accurate, refined methods for determining the coupled sloshing
response of the containment system, it is important to establish simplified and robust
approaches for assessment of the hydroelastic effects.

The accuracy of a simplified method obtained by modifying the structural mass
by a given, constant value of added mass, is investigated in Paper V of this thesis.
The hydroelastic analysis is performed using a simplified two-dimensional method.
The structure is represented by a beam model and the Wagner theory is applied for
the hydrodynamic problem.

Representing the containment wall as a beam is not straightforward. In the hy-
droelastic analysis it is required that the model covers the fluid-structure contact
surface. It is equally important that the model allows investigating the structural
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response of a layer which is distant from this surface. The model is established based
on the observation that there is a linear relationship between the displacement of the
upper plywood and the bending stress in the lower plywood for the rigidly supported
insulation system.

For this simplified model and the range of structural and hydrodynamic properties
considered the effect of hydroelasticity is found to be insignificant.
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Chapter 3

Concluding remarks

3.1 Original contributions

The main findings of the thesis are listed below.

The variability of the sea environment is investigated and its implications on long-
term estimates of ship motion and sloshing response are demonstrated.

� By investigating ship motion characteristics, and specifically acceleration spec-
tra, the sloshing severity may be assessed. The tank natural frequency needs
to be introduced and nonlinearities in determining this frequency play an im-
portant role. This method may effectively be utilized to determine the critical
operational conditions. The critical operational conditions for a tank with a
high filling level may also be satisfactorily determined by the semi-analytical
multimodal method.

� The method established to investigate ship motion characteristics can effectively
be used to investigate a large number of conditions, hence, also to determine
the long-term estimates of sloshing response.

� Sloshing response in benign sea states may contribute much to the long-term re-
sponse when the excitation frequency is close to the fluid resonance in the tank.
Therefore, the suitability of the contour line approach, involving the significant
wave height and a typical period only, is questionable. This method is meant
to approximate the long-term response based on a chosen critical condition.

Measured sloshing pressure is investigated with regard to parameters that are crucial
for the structural response. Techniques for simplifying pressure time histories are
investigated and typical loading patterns are determined.

� Pressures excited in tanks with a low filling level are larger than those recorded
for a high filling level. Moreover, they last longer and have a larger spatial
extent. Quantitative comparison of sloshing response is presented for various
operational regimes and locations in tank.

45
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� A three-parameter Weibull model is suitable for describing magnitude of slosh-
ing pressure.

� Application of the generalized Pareto model is problematic. Less accurate es-
timates than by using the Weibull model are obtained when a low threshold
level is chosen, while for a high threshold level a large instability of estimates is
observed due to a limited sample size.

� Estimates from experiments have a large variability. To obtain reliable estimates
a large number of repetitions needs to be carried out.

� Hydrodynamic sloshing impacts and impacts with entrapped gas occur ran-
domly in a tank. Gas bubbles are also present in the impact region. The im-
portance of gas compressible effects makes the scaling of pressure time histories
not straightforward.

� The accuracy of modeling pressure time histories by linear functions may be low
for small pressures; however, a satisfactory accuracy is obtained for large pres-
sures. Three linear functions, resulting in a trapezoidal impact, model the real
time histories more accurately than a triangular impulse (two linear functions).
However, the inaccuracy of the structural response by using a triangular impulse
is not large and may be accounted for by introducing a correction factor.

The structural response of the membrane tank wall outfitted with the Mark III con-
tainment system is analyzed by the modal method and by the time-domain direct
integration scheme.

� Two forms of structural response in the containment-steel hull system are ob-
served in the static case. The first form is governed by the steel plate deflection
and consists of a two-plane bending of the steel plate together with the insu-
lation supported by the stiffeners and girders at the plate edges. It results in
compression of the containment system in the center of the plate and tension
near the edges. The other form is a vertical compression of the foam and, as
the insulation layers are kept distant from the steel plate by the resin ropes,
a span-wise bending of the lowest layer of insulation (plywood plate) between
resin ropes.

� The structural response pattern becomes even more complex when the response
is dynamic due to a lengthwise propagation of the steel plate bending as well
as a difference in oscillation frequency and in relative phase between modes of
plywood and steel plate response.

� These effects result in a very large amplification of the dynamic response related
to the static response. This makes simplified methods for dynamic structural
analysis unsuitable for the investigating the response of the LNG containment
system.
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� The structural response has a complex multi-modal composition, including
modes representing both forms. The composition depends on many factors
such as added mass, location relative to a steel plate supporting the insulation
system, load duration and its spatial extent. Therefore, modal methods are not
suitable for analyzing the response of the structure considered.

� For a limited model and the range of structural and hydrodynamic properties
considered in this study the effect of hydroelasticity is not significant. The
structural response obtained by a simple method based on modifying structural
mass by a constant value of added mass is conservative.

Global response of LNG membrane ship hull is investigated with respect to the effect
of hull flexibility on whipping-induced tank pressures.

� Hull elasticity and nonlinear effects are important for an LNG carrier. Due
to these effects, the bending moment in sagging increases by up to 60% and
the hogging moment, which is dominant, by 20%. The vertical acceleration
increases by up to 20%.

� When systems capable of forecasting wave climate expected by a ship are uti-
lized, scatter diagram needs to be modified, which reduces the long-term esti-
mate of vertical acceleration and eliminates the whipping effect.

3.2 Recommendations for further work

Further work in this area may include the following issues:

� The simplified method for identifying important sea states for sloshing based
on ship motion characteristics appears to be an important tool in determining
the long-term sloshing response, but requires further validation by comparing
with experimental data and possibly by including nonlinearities in the response
characteristics.

� By using this method a contribution from response in particular sea states to the
long-term response may be assessed. A method based on considering a larger
number of conditions than in the contour line approach, possibly including also
more benign sea states seems to be the proper way of progressing.

� The variability of pressure estimates is large, even from tests with a 5-hour
duration. In order to determine this variability in terms of a minimum required
number of repetitions resulting in stable estimates, more experimental data
needs to be collected.

� This variability may also be addressed by utilizing the asymptotic extreme
value theory by taking advantage of samples of the largest maxima. In this
approach either the Gumbel or Fréchet distribution may be used. Determin-
ing long enough samples of the largest maxima requires an extensive testing
campaign.
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� In order to resolve the scaling problem experiments with varying physical pa-
rameters of gas and fluid need to be performed. Another, very costly approach
is to perform full-scale experiments.

� Investigations of the structural response of the containment system is still rela-
tively limited. More sensitivity studies of structural response to varying spatial
and temporal parameters are needed.

� The analytical method applied for the hydroelastic response calculations of the
containment system is based on a set of assumptions. In order to obtain fully
reliable estimates of hydroelastic effects a coupled numerical approach for fluid
and structure needs to be developed and validated.
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Appendix A

Sloshing experiments

Sloshing rig and tank set-up

The experiments were performed with a model that represents a cargo tank of an
LNG carrier in a seaway. Pressures that are induced on a tank by the fluid were
measured. The experimental set-up consists of the tank and rig as schematically
shown in Figure A.1 and A.2.

The tank is filled with water and the ullage is air in atmospheric pressure and
room temperature. The tank is outfitted with sensors that measure the pressure
inside the tank. The tank is placed in a rig performing irregular motions in 4 degrees
of freedom: surge, sway, roll and pitch.

The rig is mechanically driven with a payload of up to 1300kg. Surge and sway
are excited by ball screws, while roll and pitch are excited by a custom gear system.
The lowest oscillation frequency is approximately 7Hz for the roll frame, and 12Hz
for the pitch frame.

Experimental procedure

Based on experiences described by Lee et al. (2004), Pastoor et al. (2004), Tveitnes
et al. (2004), Gavory (2005), Pastoor et al. (2005), Zalar et al. (2005) and Rognebakke
et al. (2006), the procedure for sloshing experiments is established. It includes the
following steps:

� specify tank location and geometry as well as ship operational parameters (filling
level, ship speed, wave heading and wave environment),

� specify tank instrumentation with regard to expected responses,

� determine ship motion to obtain irregular tank motion time histories as the
input for the sloshing testing,

� screen combinations of the sea state and ship operational parameters to identify
the most critical ones,

� carry out a set of experiments including a set of tests for identical conditions
to check repeatability.
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Figure A.1: Sketch of the sloshing rig.

Table A.1: LNG tank dimensions full scale for the tests with high filling level (series I)
and with low filling level (series II)

dimension series I series II
Length m 42.805 43.740
Breadth m 37.400 37.898
Height m 26.860 26.758
Upper chamfer height m 8.289 8.638
Upper chamfer angle deg 45 45
Lower chamfer height m 3.869 3.778
Lower chamfer angle deg 45 45

Tank model and ship operational parameters

Tanks used for experiments represent the second forward tank of the typical 4-tank
138000m3 LNG tanker. The models in scale of 1:50 are made of Plexiglass. The walls
are 20mm thick while the top plate is 30mm thick. The natural frequencies of vibra-
tion are sufficiently high that the tank can be assumed to be rigid in sloshing tests.
The geometry and dimensions of the tanks are given in Figure A.3 and Table A.1,
respectively.

Ship operational parameters are chosen to represent a real vessel behavior at the
sea in two different conditions. Hence, two series of experiments are performed.

The first series simulates the tank with a high filling level. Based on literature
survey of sloshing pressures occurring in tanks with filling levels of around 90%H
(where H is the tank height) a 92.5%H is chosen. The conditions reflect a ship
advancing in a 40-years storm with low speed (5kn) in head sea (0◦ wave heading
angle) or in oblique sea (30◦ wave heading angle).

The second series of tests are conducted for a tank with filling levels of 30%H.
25%H filling level is also tested as a part of screening. This condition reflect a
damaged ship (with no manoeuvering ability), hence with no forward speed and in
beam seas as the most unfavorable condition. A one-year storm is assumed.
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Figure A.2: Picture of the sloshing rig with the tank.

The sea environment is represented by the Pierson-Moskowitz spectrum and the
scatter diagram recommended by IACS (2000). In accordance with a simplified long-
term analysis based on the contour line approach (for details see Section 2.3) sea
states along the 40-year contour line and the 1-year contour line are investigated for
the high and low filling level, respectively.

A full scale duration is set to five-hours. A ramp of 200s is also applied. In model
scale each run takes approximately 43 minutes.

Tank instrumentation

Pressure sensors are installed in the critical locations in the tank. The pressure sensors
for high filling level tests (series I) are located in the upper port forward tank corner
and in the middle of the edge between the tank ceiling and the forward bulkhead,
Figure A.3a.

32 piezo-resistive pressure sensors of Kulite type with a round sensitive area of a
2mm diameter are arranged in two arrays of 4×4 sensors, Figure A.3b. The sensors in
the outermost rows are located 2.5mm away from the wall and/or the chamfer edge,
measured from the center of the sensor in model scale.

The pressure sensors for low filling level (series II) are located along the edge
between the starboard wall and the aft bulkhead, Figure A.3a. Kulite pressure sensors
with a 5mm diameter are arranged with a coarser spatial resolution, Figure A.3c.
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a)

b) c)

Figure A.3: Tank model and sensor panels, dimensions in model scale.

A number of sensor sockets exceeds the expected number of sensors to be used,
hence the set-up allows for rearrangement of sensors in the course of experiments. In
the 8 first runs (screening for the critical sea states) a 2×7 sensor array is applied on
the wall and a 2×7 array on the bulkhead. After studying the results from the first
8 runs, the sensors are rearranged in order to capture the highest pressures. A 2×6
sensor array is applied on the bulkhead and a 3×6 array on the wall.

The sensors in the outermost rows are located 3.5mm away from the wall/bulkhead,
measured from the center of the sensor in model scale. The lowest row of sensors is
located 150mm above the bottom, i.e. 10.5mm below the mean water level.

The position of the rig is controlled by four potentiometer position gauges and
four accelerometers. The signal for each degree of freedom is saved. This enables
comparing the motion performed with the input signal. Video recording from two
video cameras is also taken.

Pressure measurements are acquired with a sampling frequency of 19200Hz. A
separate system with 400Hz sampling frequency is used to log rig motions. Each run
with a 43min duration (corresponding to a 1:50 Froude scaled duration of 5 hours)
provides a binary output pressure data file of almost 0.5GB for each pressure sensor.

Ship motion analysis

The ship motion is analyzed in the frequency domain by a commercial software Veres
based on the linear potential strip theory (Fathi, 1997). Given sea state and ship
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operational parameters motion spectra are obtained. The tank motion realizations
are generated by the inverse Fourier transform of the motion spectra.

Worst case screening

Even when employing the contour line approach for determining the long-term re-
sponse, the number of critical conditions is large and needs to be further limited.
The choice of the critical sea states is performed by three methods: comparing short
term characteristics of tank acceleration with account of the sloshing natural period,
analytically-based multimodal approach (only for high filling level) and single runs of
experiments.

The first method is applied for the tests of both filling levels, as described in
Section 2.3 and in Papers I, II and III.

The second method is based on the adaptive multimodal approach presented by
Faltinsen et al. (2000) and Faltinsen and Timokha (2001) and combined with local
slamming analysis as presented by Rognebakke and Faltinsen (2000). Application of
this method is limited to relatively deep water (typical patterns for low filling level,
as hydraulic bores, are not represented). Thus the approach is only utilized for the
screening analysis in the high filling case.

In the third method single experimental runs are utilized. Within the first test
series 5 sea states along the contour line are tested with some repetitions for two
heading angles (0◦ and 30◦) while 4 sea states in two filling levels (25% and 30%) are
tested for the second series.

Testing design case

Experimental runs are repeated in the sea state that gives the largest pressures es-
timates. This is Hs=15.10m, Tz=10.5s for both headings for high filling level and
Hs=11.05m, Tz=9.5s for low filling level. Testing scheme within the first series (high
filling) includes 5 runs for each heading angle with different motion samples and 10
runs for each heading with identical samples. In the second series (low filling) 10 runs
are performed with different samples and 10 with identical ones.
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Appendix B

Post-processing of experimental
results

Pressure maxima are determined from the measured time histories. A threshold value
is imposed on the logged pressure time histories as the lower bound of the maxima
subject to analysis. The threshold is set to the level that efficiently reduces the
number of insignificant peaks and consequently limits the disc space requirements. A
threshold in the range of 150kPa to 250kPa full scale is applied.

A time window is applied in order to distinguish between pressure maxima caused
directly by the fluid impacts and maxima due to secondary oscillations. The latter are
caused by the compressible pressure oscillations of the gas entrapped in the impact
region. The size of the time window is set to 1.1s full scale.

In order to determine the parameters important for the structural response the
post-processing procedure provides also an information about spatial distribution and
temporal pattern of the pressures.

The maximum pressure among all the sensors in a given panel for each impact
are stored as well as the averages over different combinations of neighboring sensors.
Spatial pattern of the loading is simplified by a linear interpolation of pressure between
sensors.

The temporal pattern of pressure maxima is simplified. As the sloshing load
duration is similar to the longest natural periods of the structure, the details of
the pressure time history may be important. Commonly the temporal pattern is
approximated with a triangle. Two different methods of approximating the temporal
pattern of pressure time histories are applied herein: by 2 linear functions (as a
triangle) and by 3 linear functions (as a trapezoid). The methods are described in
the Paper IV of this thesis.

The accuracy of these two methods is investigated by comparing a response of the
membrane structure to the respective two approximations for a number of real time
histories with different duration.

The structure is modeled by finite elements as presented in Paper V of this thesis.
Representative time histories with the largest pressure measured for the filling level
equal 30%H and different durations are investigated, see Figure B.1.
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Figure B.1: Duration of the pressures time histories measured experimentally for
30%H filling level; the maxima investigated marked with a circle.

Structural response of the lowest fiber of the lower plywood plate is investigated.
Location above a mid-span of the girder is considered; this location is referred to as
location II in Paper V. In-plane stresses in the plywood plate (perpendicular to the
resin ropes) are calculated.

The ratio between the stresses obtained for the approximate time histories and for
the original time histories is presented in Table B.1. The maximum pressure is also
presented for reference but as the analysis is linear it does not influence the results.

The fitting of the triangular function is made by using a threshold that determines
the crossing of the original time series with the linear approximation, see Fig. 4 in
Paper IV. It is found that when the triangular approximation is applied results are
scattered depending on how the function is fitted. Seeking a consistent trend for the
estimates two or three triangular functions are fitted to each original time history.

Increase of this threshold increases the duration of the approximate time history.
It is found that for time histories with a short duration (below 4ms for dry model and
below 5-6ms for wet model) an increase of the threshold (and consequently increase
of duration) increases the response. For loading with a longer duration the response
decreases with increasing threshold. Hence, it is difficult to determine a fitting method
resulting in consistent estimates. Moreover the estimates are non-conservative in most
cases.

When applying the trapezoidal approximation a slight overestimation of the in-
plane stresses in the plywood plate (perpendicular to the resin ropes) is observed.
This method enables an accurate modeling of time histories of different durations.
However, it requires one additional parameter. Therefore it may be better to apply
the triangular impulse model together with a correction factor.
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Table B.1: The ratio of the maximum horizontal stress (lowest fiber of the lower
plywood above a girder) for time histories approximated by a triangle (

∧
) to the

original time history (
⋂

) and by a trapezoid (
∏

) to the original time history (
⋂

); td
is the approximate duration of the time history and pmax is the maximum pressure.

No td, pmax, Dry model Wet model
ms kPa

∧
/
⋂ ∏

/
⋂ ∧

/
⋂ ∏

/
⋂

1 2.25 6444 0.95 - 1.11 0.98 0.89 - 0.95 1.01
2 2.54 6958 0.92 - 0.96 1.02 0.93 - 0.95 1.02
3 2.75 8051 0.99 - 1.04 1.01 0.90 - 0.93 1.03
4 3.19 5561 0.90 - 0.98 1.06 0.95 - 0.97 1.03
5 3.45 6409 1.03 - 1.16 1.05 0.95 - 0.97 1.04
6 4.53 5548 0.84 - 0.85 0.92 0.96 0.99
7 6.34 3345 1.04 - 1.05 1.10 0.94 1.01
8 7.28 2429 0.86 - 0.90 1.05 0.88 - 0.90 1.03
9 9.78 3246 0.94 - 0.96 0.98 0.88 - 0.93 1.01

A uniform loading is applied in this analysis. The results may be sensitive to the
loading area because the eigenfrequencies of the structure change due to added mass
variation and the fact that the localized loading may excite higher modes.
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Appendix C

Frequency of compressible
oscillations of a gas pocket

One of the assumptions of the hydroelastic analysis is that the fluid is incompressible.
The speed of sound in LNG is so high that for events longer than a few milliseconds
the fluid may be assumed incompressible. The compressibility may become important
if responses with high frequencies, say above 1000Hz occur. For realistic loading
durations, the natural frequencies of modes contributing to the structural response
of a membrane containment system are in most cases well below this value.

The compressibility becomes important when a gas is present in the impact region,
either in form of bubbles or an entrapped pocket. This lowers significantly the speed
of sound.

Different gas cushioning effects may be observed in a tank. A primary effect is
related to a situation when a gas cushion is created during an impact of the fluid on
the tank wall. Gas pockets may have a large effect on excited pressures and structural
response; compressible effects of the entrapped gas limit the maximum pressure. This
problem is investigated e.g. by Rognebakke and Faltinsen (2006).

In order to ensure the tightness against the fluid and gas the containment system
is covered with a membrane. The membrane may be corrugated (as in the Mark
III system). A secondary cushioning effect is observed when during a fluid impact
small gas pockets are created in these corrugations. How the compressible effects
of the entrapped gas decrease the maximum pressure is investigated by Shin et al.
(2003) and Chung et al. (2006). Other effects of the gas compressible oscillations may
also be expected. The frequency of these oscillations may affect the significance of
particular modes of the structural response or, if the frequency is high enough, also
the importance of compressibility of the fluid in the impact area.

The natural frequency of the compressible oscillations is studied here in order to
estimate the time scale of this phenomenon. The effect of gas cushions creation on
the pressure magnitude is not investigated.

Faltinsen (2008) investigates a gas cavity created during the fluid impact on the
structure near a tank corner in a two-dimensional case. It is shown that the non-
dimensional eigenfrequency σ

√
Ω0ρl
λpa

for the compressible oscillations of the gas cavity
is dependent only on the pocket shape in the contact region and specifically on the
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ratio of wetted length to the extent of the gas pocket in the impact area. The non-
dimensional eigenfrequency is formulated as

σ

√
Ω0ρl
λpa

=


K
(
b
a

)
K

(√
1−

(
b
a

)2
)


0.5

(C.1)

where σ is the natural frequency, Ω0 is the two-dimensional volume of the gas cavity,
ρl is the density of the fluid, λ is the ratio of the specific heat and pa is the pressure
in the tank. K is the complete elliptic integral and a is the extent of the total wetted
length (including gas cavity) and b the extent of the gas cavity itself.

This formulation may be generalized to determine the natural frequency of com-
pressible oscillations of a number of local gas cushions created in the wall surface
corrugations. The total wetted length of the impacting fluid is much larger than the
extent of a single corrugation. Hence, a number of gas pockets may be created.

Compressible oscillations of the gas pockets may be analyzed in a simplified way
by studying an equivalent gas pocket with the volume equal to the total volume of all
gas pockets, cumulated wetted length 2a and cumulated gas cushion extent 2b = Σbi,
see Figure C.1.

The number of gas cushions created is dependent on the impact inflow conditions
and the membrane geometry. The fluid density is ρl=420kg/m3, ratio of the specific
heat λ=1.4, and pressure in the tank pa is equal to atmospheric pressure. The analysis
is performed for a range of values of the input parameters. In Figure C.2 the oscillation
frequency is presented for the total wetted length 2a in range 0.5-1.5m, the ratio b/a
in range 0.9-1.0 and the height of the corrugation profile h in range 3-5cm.

The natural frequency of gas compressible oscillations in the cushions varies be-
tween 10 and 50Hz and is much below the lowest eigenfrequencies for the structure.
No effect on structural dynamics is therefore expected. Moreover, the time scale of
gas oscillations on the order of a few milliseconds means that the fluid compressibility
does not matter.
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a)

b)

Figure C.1: Fluid impact on the corrugated surface of the Mark III containment
system; a) mechanism of creating n gas pockets, b) model for equivalent gas pocket
with an extent 2b = Σbi and total wetted length 2a.

2a = 0.5 m, h = 0.03 m
2a = 1.5 m, h = 0.03 m
2a = 0.5 m, h = 0.05 m
2a = 1.5 m, h = 0.05 m

 

15

20

25

30

35

40

45

fr
eq

ue
nc

y,
 H

z

0.9 0.92 0.94 0.96 0.98 1
b/a

Figure C.2: The natural frequency of gas cushions’ oscillation; 2a - total wetted
length, h - height of the corrugation profile, b/a - ratio of the integrated extent of the
gas pockets to the total wetted length.
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Abstract

The violent motion (sloshing) of liquefied natural gas (LNG) in cargo tanks has attracted significant attention. Transformations of the

LNG market have led to the increased transport of LNG in partially filled tanks, but established technology is mainly based on

engineering experience with completely filled containers. This paper investigates a large sample of sloshing pressure measurements. It

focuses on the magnitude of individual sloshing impact events, and their associated temporal and spatial patterns. The durations of these

impacts are comparable to the natural frequency of an LNG container wall, so the details of their time histories are important in

determining the structural response. Experiments are performed on tanks with high (92.5%) and low (30%) filling levels, for various

wave headings. The common post-processing approach of representing impact pressure histories by a triangular profile is studied, and an

alternative approach is presented. Two statistical models are used to describe the distribution of maximal pressures in sloshing impacts: a

three-parameter Weibull model and a generalized Pareto model. The latter is found to be of questionable utility due to small sample sizes.

It is observed that for low filling levels the sloshing impacts are of greater magnitude, having longer durations, smaller ratios of rise time

to duration, and larger spatial extents. All these factors should in principle increase the structural response.

r 2008 Elsevier Ltd. All rights reserved.

Keywords: Sloshing; Statistics; Pressure; Spatial distribution; Temporal distribution; LNG
1. Introduction

Liquefied natural gas (LNG) is often shipped in
membrane tanks. In this tank concept the hull structure
is utilized as boundaries for cargo holds. The tanks are thus
limited in length by transverse bulkheads and in breadth by
ship’s sides. Due to the extremely low temperature of the
cargo ð�163 �CÞ, the steel structure of the ship needs to be
protected by load-bearing insulation. Containment systems
cover all surfaces with either a layered, foam-based
insulation structure (the so-called Mark III system) or
mineral-filled wooden boxes (the ‘‘No. 96’’ system). The
insulation material is protected from direct contact with
the cargo by a tight membrane. In order to ensure the
reliability of the system, prevent the LNG from evaporat-
ing, and protect the inner hull from low temperatures, the
front matter r 2008 Elsevier Ltd. All rights reserved.

eaneng.2008.01.020
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insulation layer and membrane are doubled; the insulation
rests on resin ropes. When a few other non-continuous
elements are taken into account, we see that the contain-
ment system is a very complex structure indeed.
Sloshing is a violent motion of the fluid in partially filled

tanks. In LNG tankers, sloshing is currently an important
problem (RINA, 2006). It has been observed that LNG
carriers are needed for short-term charters, and that
offshore offloading becomes desirable. Both of these
applications imply operating with partially filled cargo
tanks. Today, shipping LNG in partially filled tanks is not
allowed. In this condition, hydraulic bores are created and
very high pressure is excited when fluid impacts on tank
walls. In high filling levels a standing wave pattern is
observed, which is more favorable in terms of excited
pressures.
The typical shipping routes have also been relocating to

new sea areas such as the North Sea or Alaskan coast
known for very rough conditions.

www.elsevier.com/locate/oceaneng
dx.doi.org/10.1016/j.oceaneng.2008.01.020
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Moreover, while LNG carriers have become larger for
economic reasons, they are still designed with only four (or
possibly five) tanks. This is due to the high cost of
fabricating complex structural solutions, including tank
insulation. Sloshing loads may significantly increase in
larger tanks.

In order to determine structural load effects to sloshing
excitation, an extensive, multistep approach such as that
outlined in Moan et al. (2006) must be used. One must
determine the long-term randomness of the sea state, the
ship motion in irregular waves, the motion of the fluid in
the tanks (which may couple with the ship motion), the
pressures induced in critical locations, and finally the
structural response. Only then is a capacity assessment
possible, according to the proper limit state criteria. The
focus of this work is the determination of sloshing pressure
time histories, given critical tank motion histories.

By the analytical multimodal method, the most impor-
tant sloshing modes along with their corresponding natural
frequency ranges, as well as free surface elevations, and
total hydrodynamic forces can be predicted with a fairly
good accuracy (Faltinsen et al., 2005). The pressure
distribution on a tank of arbitrary shape, however, still
cannot be determined.

Over the last decade, there have been a large number of
attempts to develop reliable numerical tools for determin-
ing the sloshing pressure in the tank. Pressure time histories
in given locations in the tank have recently been presented,
e.g., by Kim et al. (2004) who adopted the finite difference
method, Bulgarelli (2005) based their work on smoothed
particle hydrodynamics approach, Kishev et al. (2006)
adopted the constraint interpolation profile method and
Lee et al. (2007) used a commercial code based on the
volume of fluid method. These numerical models are of
course significantly cheaper than experimental methods.
Due to the complexity of sloshing motions, however, much
research is still required to gain a full understanding of the
hydrodynamic phenomena involved. Moreover, since
numerical calculations are inaccurate unless they have
fine spatial and temporal resolution, and a long duration
of the simulation and big spatial domain is required the
computational cost is rather high.

Thus, despite their expense experiments are presently the
most reliable method of determining the structural loading
due to sloshing.

In determining structural response, the maximum
pressure attained is not the only important factor. The
spatial and temporal patterns of the sloshing pressure must
also be considered. Both distributions are very complex,
and for practical use they have to be described by a
simplified model.

Extensive investigations of sloshing in LNG tanks have
been carried out independently by research organizations,
classification societies, and the maritime industry. Some
recent results are closely related to the work presented in
this paper. Graczyk et al. (2006) describe a procedure of
performing sloshing experiments. They study sloshing
pressures at a high filling level by fitting two statistical
models to samples of maximum and averaged pressure and
assess the models’ performance.
The suitability of simplified long-term approaches such

as the coefficient of contribution and the contour line
approach is investigated in Graczyk et al. (2007). This work
provides an analysis of the long-term response due to
sloshing, by a simplified method based on a comparison of
the linear hull acceleration and the tank’s natural period.
Valsgård et al. (2006) also discuss the long-term variability
of sloshing pressures.
A number of dedicated tools have been developed to

study the spatial and temporal pressure distributions of
sloshing impacts and their effects on the estimated extreme
values. These are discussed in Gavory (2005), Pastoor et al.
(2005), Rognebakke et al. (2005), and other works.
Rosén (2005) proposes an interpolation technique for the

reconstruction of pressure distributions from measure-
ments at discrete points, and applies it to the problem of
slamming on a ship’s hull. This approach is especially
suitable for analyses which require a complete information
regarding the pressure profile in the combined form
including its magnitude, spatial distribution, and temporal
pattern as well as the velocity of pressure profile passing
along the structure. This is contrary to, for instance, the
probabilistic assessment of each separate parameter of the
time history, as reported in this paper.
Sloshing pressure time histories are frequently modeled

by a triangular function. The duration of the fluid impacts
is close to one of the eigenfrequencies of the structure.
Hence, deviations in the pressure time history from a
triangular shape may have an important effect on the
structural response. Attention should be devoted to
determining the accuracy of such approximate models
and the possible effects of simplification on the structural
response.
This paper presents a probabilistic assessment of

pressure time histories with regard to the structural
response induced in an LNG membrane containment
system. The pressure time histories are obtained from
physical experiments.
In the post-processing of experimentally determined

pressure histories, the pressure rise and decay are
commonly represented by straight lines. This paper
investigates the accuracy of such simplification. Moreover,
as an alternative we propose an innovative approach to
post-processing based on a trapezoidal modeling of the
pressure histories.
Pressure time histories are analyzed based on the

assumption that the temporal and spatial characteristics
of impacts and the pressure maxima can be investigated
separately. We study distributions for the pressure
magnitude, duration td, rise time tr, ratio of rise time and
duration tr=td and also investigate the spatial profiles of the
impact events.
As the patterns of the fluid motion in a low and a high

tank filling level are so unlike, a difference between the
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characteristic parameters of the loading in these two
conditions is of interest.

2. Terminology and nomenclature

The analysis of pressure time histories and their local
effects on different timescales requires a specific nomen-
clature. To avoid confusion, some important expressions
are defined below.

In this paper, the expression sea state refers to a
combination of parameters that characterize the marine
environment for the duration in which they can be
considered as stationary (normally 3 h). The parameters
are the significant wave height Hs and the zero-crossing
period Tz.

Motion time history is a certain realization of the tank
motion in a given sea state and is applied as an input to
each experiment.

The pressure signals registered experimentally are of a
complex shape, consisting of pressure maxima lasting on
the order of a few milliseconds separated by zero pressure
intervals on the order of a few seconds. A sketch of a
typical long-term pressure signal is presented in Fig. 1. The
expression pressure time history will refer to a small portion
p

Fig. 1. A sketch of the pressure signal

Fig. 2. A pressure time history (solid line) and its approximation by a triangle

(or BC0) and DE. In an alternate time history, there is a secondary peak at C
of the signal which includes a particular pressure max-
imum, while the sample will refer to the collection of
pressure time histories from a given experiment.
One example of a pressure time history is presented in

Fig. 2. The points are experimental measurements, and
represent the real impact signal sampled at a given
frequency, f. The time history consists of rise range,
spreading out from the beginning of the time history to
the peak ðAEÞ, peak value E and decay range, from the peak
to the end of the time history ðEF Þ.
The rise range AE has the average slope favr ¼ qp=qt.

This value is referred to as the rise rate. The decay rate is
defined in an analogous way.
The ‘‘regularity’’ of the time histories is investigated

by observing local rise cycles and secondary peaks.
A local rise cycle is defined as a segment of the rise
range AE where the local rise rate fi is larger than the
average rise rate favr. Local rise cycles are therefore
separated by segments where the rise rate is less than
average. In the time history A–B–C–D–E–F depicted
in Fig. 2, for example, the local rise cycles BC and DE

have rise rates f14favr and f34favr, respectively. They
are separated by segment CD, which has a rise rate
f2ofavr.
t

due to sloshing in a prismatic tank.

ðA0EF 0Þ. Definition of local features: the local rise cycles are segments BC
0.
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Table 1

Parameters of sloshing experiments

The high filling The low filling

Tank dimensions L� B�H: 42:8� 37:4� 26:9m
Longitudinal eigenperiod 7.6 s 10.2 s

Transverse eigenperiod 5.5 s 9.0 s

Model scale 1:50

Speed 5 kn 0 kn

Wave heading 0�, 30� 90�

Contour line 40 yr 1 yr

Tank filling level 92.5% 30%

Sea state (Hs, Tz) 15.10m, 10.5 s 11.05m, 9.5 s

Sensors’ location Roof/fwd bulkhead Wall/aft bulkhead

Test duration 5 h

Logging frequency 19 200Hz

Fluid Water
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Secondary peaks can be recognized when a negative rise
rate is observed inside the rise range. In the alternate time
history A–B–C0–D–E–F , BC and DE are still rise cycles,
and C0D is found to have a rise rate f02o0. C0 is thus
recognized as a secondary peak.

Rise time, tr and duration, td are used to characterize a
shape of time histories and relate the loading to the
dynamic characteristics of the structure. These expressions
are defined in Fig. 2.

Different thresholds are applied in analyses reported in
the later sections. To avoid confusion, the various thresh-
olds are listed below.

A threshold is used to determine a simplified pressure
time histories (T in Fig. 2). This threshold is chosen as a
fraction of the maximum pressure of the given time history.

The other thresholds are expressed as a quantile of the
data set rather than in physical units. This format makes it
easier to compare results. Results of analyses on how
different impact characteristics change with pressure are
reported either for a threshold varying in range 0.9–1.0 or
for predefined set of strongest impacts. The strongest
impacts are chosen to be represented by time histories with
pressure maxima exceeding the 97% quantile.

Different threshold levels are applied in the peak over
threshold (POT) method for a short-term description of
pressure. Both stability of results and goodness of fit of a
statistical model are investigated for various threshold
levels. The threshold equal 87%, 92%, or 98% is often
used for reporting the results.

Simplified methods for estimating long-term extreme
response are applied. These methods imply that extreme
short-term response may be so modified that it becomes
representative for the long-term response. An important
issue is a selection of the proper quantile a of the short-
term pressure distribution. Based on results of Baarholm
and Moan (2001) the present work adopts the quantile
90%.

Moreover, the following symbols are used: h—tank
filling height, H—overall tank height, b—wave heading
angle, Hs—significant wave height, T z—zero-crossing
period, m—mean value, and s—standard deviation.

3. Sloshing experiments

3.1. Experimental setup and testing scheme

The experiments were based on a rigid Plexiglas model of
the second tank of a typical 138 000m3, four-tank
membrane-type LNG carrier. Classification societies per-
mit fillings below 10%L and above 70%H, where L and H

are the tank length and tank height, respectively. In this
work we investigate tanks at filling level of 92.5%H and
30%H.

The ship motion parameters are chosen to represent a
real vessel’s behavior at sea. In the high filling level tests,
these conditions reflect a ship advancing in a 40-year storm
at low speed (5 kn) in a head sea (0� wave heading) or an
oblique sea (30� wave heading). In the low filling level tests,
the conditions were designed to reflect a damaged ship
(with no maneuvering ability) in a one-year storm, in beam
seas (90� wave heading), the most unfavorable conditions.
The most important parameters of the sloshing analysis are
presented in Table 1.
Sloshing pressures were obtained by manipulating a test

rig with four degrees of freedom. Effect of incorporating
also heave and yaw motion is investigated in Gavory
(2005); both an increase and decrease of the pressure is
reported depending on the tank filling level. A more
detailed description of the sloshing rig may be found in
Graczyk (2008).
Irregular tank motion time histories were first simulated

from assumed ship response spectra in a given sea state and
input to the test rig. The testing scheme consists of (a) runs
at the sea states located along the appropriate contour line;
(b) repetitions at the critical sea state with varied motion
time histories; and (c) repetitions at the critical sea state
with identical motion time histories.
We perform eight runs with sea states along the 40-year

contour line at the high filling level for each of the wave
headings considered, and seven runs along the one-year
contour line at the low filling level. The purpose of these
test series is to determine the sea states resulting in the most
severe sloshing response.
Repeated runs of model tests were performed for the

critical sea state, for each filling level and wave heading
angle considered. The test series at 92.5% filling includes 5
runs for each heading angle with varied motion time
histories, and 10 runs for each heading with identical time
histories. Ten runs were performed for the 30% filling case
with different time histories, and 10 runs were performed
with identical time histories.
The experimental data consist of pressure levels mea-

sured at a sampling frequency of around 20 kHz, and thus
accurately reflect the real time histories of sloshing impacts.
The pressure level is measured inside the tank at the
locations given in Table 1 and in Fig. 3. Each location
listed is a critical area for the given combination of filling
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Fig. 3. Diagram of the tank, with the location of sensor panels and the arrangement of sensors indicated. The wall and bulkhead panels are located by the

aft bulkhead, and the roof panels are located by the forward bulkhead.
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level and wave heading, as described by Pastoor et al.
(2005), Zalar et al. (2005), and others. Two panels of
pressure sensors are installed for each test: two squares
of 4� 4 sensors for the high filling level (center of the
outermost sensors is distant from the wall and the chamfer
by 2.5mm, model scale), and two rectangular panels of
2� 7þ 2� 7 or 2� 6þ 3� 6 for the low filling level.
(Not all sensors in the bulkhead and wall panels are utilized
simultaneously.) Here, center of the outermost sensors is
distant from the wall/bulkhead by 3.5mm in model scale.
The lowest row of sensors is located 150mm above the
bottom, i.e. 10.5mm below the mean water level. The tank
and the sensor panels are presented in Fig. 3.

3.2. Post-processing of experimental data

As sloshing impacts may have a duration comparable to
the natural period of the structure, their temporal structure
must be taken into consideration. As the pressure may be
exerted on a different region of the tank each time, the
spatial characteristics of the signal are also important.

The spatial and temporal patterns of the sloshing
pressure are very complex and for any practical use they
have to be expressed quantitatively. It means that the time
histories have to be simplified both in space and time and a
‘‘typical’’ loading parameters have to be determined.
Moreover, the pressure data logged for a single 5-h run
occupy 20GB of disk space. Hence, the data need to be
efficiently compressed. In this analysis, only those pressure
time histories whose maxima exceed a threshold of 250 kPa
are registered. Each sensor is also treated separately.
Furthermore, in order to determine the typical loading, it
is assumed that the maximum pressure of a time history, its
temporal and spatial characteristics can be investigated
independently.

The first and most obvious characteristic of each time
history is the maximum pressure attained. This magnitude
is extracted from each time history and each sensor. To
characterize a given pressure surge, however, we consider
only the largest magnitude registered by all the sensors in
the panel. Based on statistical models that have been found
to provide a suitable description of the sloshing pressure
(Graczyk et al., 2006), we estimate the extreme pressure for
all experimentally tested combinations of filling level and
wave heading. The variability of the results is discussed in a
later section, where all relevant samples are included to
reduce the uncertainty in the tails of the distributions as
much as possible.
The temporal characteristics of each pressure history

must also be determined. A common approach is to
approximate each time history as a triangle, as depicted in
Fig. 4 by the dashed line. The measured time history passes
through points A–B–D–E (among others); point C will be
referred to later. Point A is the pressure measurement
immediately preceding the first data point crossing a given
threshold T1, and defines the beginning of the line
approximating the rise range. The other end of the line is
set to the peak value and time (D). In order to obtain the
lower corner of the triangle, this line is simply extrapolated
to zero pressure. The decay range is found by an analogous
procedure.
Real time histories, however, are often of a more

complex, non-triangular shape; small local irregularities
and/or oscillations are common. The ‘‘regularity’’ of the
time histories is characterized by the number of local rise
cycles and secondary peaks in the rise range, as well as the
number of local decay cycles and secondary peaks in the
decay range. The relationship between the regularity of
impact time histories and the magnitudes of their pressure
maxima is investigated in Section 3.3.
An alternative means of modeling the pressure time

history ðA2B2D2EÞ is presented in Fig. 4. In the
triangular method, the rise range is approximated simply
by the line AD. A much improved fit can be obtained by
fixing the upper end of the straight line to an earlier point.
That is, the second point of the rise range (B) can be set

to the point just preceding the peak (D) as long as two
conditions are met. First, the pressure at point B must
lie above a given (high) threshold T2. Second, the
extrapolated line AB must reach the peak pressure level
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Fig. 4. A pressure time history (points) and its triangular (dashed line) and trapezoidal (solid line) approximations.
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(point C) before the peak itself. If both these conditions are
met, then point C is inserted into the approximation and
the rise range now follows lines AC and CD.

An analogous procedure is applied to find the approx-
imate decay range. If either or both of the ranges are
modeled by two lines, the approximate time history has a
shape of a trapezoid. Otherwise, it is a triangle.

The structural response to both approximations is
investigated in Graczyk et al. (2007). More accurate results
were obtained for a few selected pressure time histories
approximated by a trapezoid than by a triangular function.
This issue needs to be investigated in more detail, however.

Approximating the pressure time histories by simple
functions such as these enables us to apply the dynamic
load factor (DLF) approach. The dynamic structural
response can be characterized by a static response multi-
plied by the DLF, which is dependent on the load history
and is a fuction of the ratio of the loading duration td to a
characteristic natural period of the structure Tn (Biggs,
1964).

The spatial pattern of the sloshing pressure is also
investigated in this paper. As previously described, the
pressure level is measured by a panel containing several
sensors in a grid. In Section 4.3 the sloshing loading during
a given fluid impact is averaged over an area of variable
size determined by the number of contributing sensors, and
compared to the highest pressure registered. The ratio of
average pressure to highest pressure gives information on
the shape of the pressure profile, which may depend on the
intensity of the impact.

As the temporal and spatial characteristics are investi-
gated separately, it is necessary to establish a relation
between the two distributions. This relation can be
represented by the velocity of the pressure profile along
the wall. The velocity is indirectly investigated by calculat-
ing the time lag between the time histories registered by
neighboring sensors. This time lag is calculated along two
perpendicular directions for all combinations of tank filling
level and wave heading.
The dependence of all these parameters on the magni-
tude of the pressure maxima is investigated in Section 4. All
results presented in subsequent sections are expressed in
full-scale quantities. This applies in particular to the
pressure magnitude, time history duration, and rise time
as well as the distance between pressure sensors and the
representative area of a group of sensors.

3.3. Accuracy of the post-processing

For an LNG tank structure consisting of steel plating
covered with insulation, the longest natural period of
lateral vibration, Tn, is similar to the duration of a typical
impact pressure surge. Hence, the details of the impact time
history may be important to the structural response. The
traditional approach of approximating pressure time
histories as triangular functions is based on experience
gained in the operation of oil tankers, where the impacts
have very small durations compared to the natural period
of the structure. In this case only the integrated impulse is
of interest, so it is sufficient to assign a triangular time
history to experimentally determined sloshing impacts as
described in Section 3.2.
It has been observed, however, that the time histories are

often more complex: there may be significant local
variations including multiple rise and decay cycles and/or
secondary peaks (for the definition of these expressions,
refer to Section 2). Such effects cannot be accurately
modeled by representing rise and decay ranges by linear
functions.
The dependence of impact time history regularity on the

maximum pressure is investigated by studying histograms
of the number of local rise cycles, decay cycles, and
secondary peaks. In Fig. 5a, the fraction of time histories
having the given number of local rise cycles is presented for
all data from the low filling level experiments, regardless of
the maximum pressure. To investigate the relationship
between regularity and pressure, the time histories are
first sorted from lowest to highest maximum pressure xm.
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Fig. 5. (a) Histogram plotting the fraction of time histories with the given

number of local rise cycles in the rise range for h=H ¼ 30% and b ¼ 90�.

All time histories for this experimental arrangement are included,

regardless of their maximum pressure. (b) The mean number of local

rise cycles in the rise range for time histories with maxima exceeding the

threshold xm; both panels (solid line), wall panel (dotted line), bulkhead

panel (dashed line). For terminology see Section 2.

Table 2

Mean and standard deviation of the number of local rise cycles in the rise

range, for all time histories and for those histories with maxima exceeding

the 97% quantile

Condition Panel location All maxima Max40:97q

m s m s

h=H ¼ 30%, Wall 5.56 9.31 1.52 1.10

b ¼ 90� Bulkhead 6.63 9.80 1.76 1.43

h=H ¼ 92:5%, Center 2.87 3.60 1.07 0.28

b ¼ 0� Corner 4.51 7.77 1.14 0.44

h=H ¼ 92:5%, Center 2.53 2.83 1.06 0.26

b ¼ 30� Corner 3.89 4.00 1.16 0.50

For terminology see Section 2.

M. Graczyk, T. Moan / Ocean Engineering 35 (2008) 834–855840
Fig. 5b plots the mean number of rise cycles for time
histories having maxima greater than or equal to a given
value of xm, which is expressed as a quantile of the data set
rather than in physical units. (The 97% quantile corre-
sponds to a cut in xm that includes only time histories with
maximum pressures in the top 3%.) This format will make
it easier to compare the three experimental situations.
Impacts registered on the wall and bulkhead panels are
plotted together in the solid curve, and separately in the
dotted and dashed curves. A relatively heavy tail is
observed in Fig. 5a when all the time histories are
considered. Fig. 5b shows that the mean number of local
rise cycles decreases steadily as the maximum pressure
threshold is increased; for the highest quantiles, the number
of cycles approaches 1. This indicates that the strongest
impacts have the least complex histories. The numerical
results of this analysis for both the low and high filling level
experiments are presented in Table 2.
Some instability in the average number of local rise

cycles is observed for the very highest quantiles (larger than
99%); this is an artifact caused by the limited sample size.
Time histories with pressure maxima exceeding the 97%
quantile are chosen to represent the characteristics of the
strongest impacts in Table 2.
Fig. 6 and Table 3 present data on the number of

secondary peaks in the same manner. A large fraction of
impacts have many secondary peaks when all the time
histories are considered, but in the highest quantiles a much
lower number is observed with the mean approaching zero.
The same analysis is applied to investigate local decay

cycles and secondary peaks in the decay range. Here too we
find that a large fraction of impacts have many local rise
cycles and secondary peaks when all the time histories are
considered, but also that the highest quantiles are much
more regular.
Judging from Tables 2 and 3, it appears that sloshing

impacts in the low filling level experiments have more
complex time histories than those in the high filling level
experiments. For both filling levels, however, the time
histories with a large maximum pressure can be accurately
approximated by linear rise and decay ranges.
In order to investigate the accuracy of the triangular

approximation in modeling time history of sloshing
impacts, the ratio between the pressure rise and rise time
is calculated as f ¼ qp=qt and referred to as the rise rate
(see Section 2).
This rise rate calculated for the triangular approximation

is compared with the rise rate calculated for the rise cycle of
the exact time history (this analysis is only performed for
‘‘regular’’ time histories having only one rise cycle). The
ratio between the exact and approximate rise rates observed
in the low filling level experiments is presented in Fig. 7.
Fig. 7a includes all time histories, regardless of their

maximum pressure. The mean value of this ratio among
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Fig. 6. (a) Histogram plotting the fraction of time histories with the given

number of secondary peaks in the rise range for h=H ¼ 30% and b ¼ 90�.

All time histories for this experimental arrangement are included,

regardless of their maximum pressure. (b) The mean number of secondary

peaks in the rise range for time histories with maxima exceeding the

threshold xm; both panels (solid line), wall panel (dotted line), bulkhead

panel (dashed line).

Table 3

Mean and standard deviation of the number of secondary peaks in the rise

range, for all time histories and for those histories with maxima exceeding

the 97% quantile

Condition Panel location All maxima Max40:97q

m s m s

h=H ¼ 30%, Wall 4.59 9.62 0.41 0.94

b ¼ 90� Bulkhead 5.89 10.43 0.62 1.33

h=H ¼ 92:5%, Center 1.67 3.53 0.07 0.30

b ¼ 0� Corner 3.20 7.91 0.10 0.42

h=H ¼ 92:5%, Center 1.34 2.75 0.05 0.25

b ¼ 30� Corner 2.55 4.00 0.14 0.53
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Fig. 7. (a) Histogram of the ratio of exact to approximate rise rate for

h=H ¼ 30% and b ¼ 90� (triangular approximation). All time histories for

this experimental arrangement are included, regardless of their maximum

pressure. (b) The mean ratio of rise rates for time histories with maxima

exceeding the threshold xm; both panels (solid line), wall panel (dotted

line), bulkhead panel (dashed line).
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time histories whose maximum pressure exceeds a given
threshold xm is presented in Fig. 7b. The solid line includes
time histories from both panels, while the dotted and
dashed lines consider the wall and bulkhead panels,
respectively.
The mean and standard deviation of the rise rate are

presented in Table 4, for all impacts and for those impacts
with pressure maxima exceeding the 97% quantile. The
relatively high value of this ratio in both categories
indicates that the triangular approximation is not a very
good fit to the pressure time history.
A similar analysis is performed for the new trapezoidal

approximation suggested earlier. Table 5 presents the
mean and standard deviation of the ratio between the
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Table 4

Mean and standard deviation of the ratio between the exact rise rate and

its triangular approximation, for all time histories and for those with

maxima exceeding the 97% quantile

Condition Panel location All maxima Max40:97q

m s m s

h=H ¼ 30%, Wall 1.44 0.32 1.46 0.32

b ¼ 90� Bulkhead 1.45 0.34 1.50 0.39

h=H ¼ 92:5%, Center 1.41 0.28 1.40 0.29

b ¼ 0� Corner 1.44 0.30 1.40 0.24

h=H ¼ 92:5%, Center 1.42 0.29 1.41 0.26

b ¼ 30� Corner 1.44 0.29 1.41 0.24

Table 5

Mean and standard deviation of the ratio between the exact rise rate and

its trapezoidal approximation, for all time histories and for those with

maxima exceeding the 97% quantile

Condition Panel location All maxima Max40:97q

m s m s

h=H ¼ 30%, Wall 1.29 0.32 1.30 0.34

b ¼ 90� Bulkhead 1.30 0.34 1.36 0.41

h=H ¼ 92:5%, Center 1.25 0.29 1.28 0.28

b ¼ 0� Corner 1.30 0.31 1.28 0.23

h=H ¼ 92:5%, Center 1.26 0.29 1.26 0.25

b ¼ 30� Corner 1.29 0.29 1.28 0.22
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exact and trapezoidal rise rates, in the same format as
Table 4.

The ratios observed are lower, so we may conclude that
the trapezoidal approach more accurately describes real
time histories. A similar tendency is observed for the decay
rates. Even better fit might be achieved by further tuning
the method.

4. Typical loading

4.1. Pressure magnitude

In this section, the magnitude of the sloshing impact
pressure is investigated by studying the expected extreme
values with a given return period. Graczyk et al. (2006)
investigated the relevance of two statistical models
describing sloshing-excited pressures.

The three-parameter Weibull distribution is given by

F ðxÞ ¼ 1� e�ððx�dÞ=aÞc , (1)

where c and a are the shape and scale parameters,
respectively (c40, a40). d is the location parameter, and
xXd.

The generalized Pareto distribution is the limiting
distribution of maxima X exceeding a threshold u, and its
application is related to the POT approach (Pickands,
1975). The generalized Pareto distribution of excesses X �
u is formulated

Gðx� uÞ ¼ 1� ð1þ cðx� uÞ=aÞ�1=c for ca0, (2)

Gðx� uÞ ¼ 1� e�ðx�uÞ=a for c ¼ 0, (3)

where c and a are the shape and scale parameters,
respectively, and a40. The allowed excesses are x� u 2

ð0;1Þ for cX0 and x� u 2 ð0;�a=cÞ for co0. The
distribution of individual maxima is given by

F ðxÞ ¼ Gðx� uÞð1� F ðuÞÞ þ F ðuÞ, (4)

where 1� F ðuÞ is the probability that X exceeds the
threshold u.
The value of the shape parameter (c) in the generalized

Pareto model should be commented on. Provided that the
number of maxima exceeding the threshold is Poisson
distributed, the probability distribution of the maximum of
generalized Pareto distributed variables becomes the
generalized extreme value distribution. The shape para-
meter of the generalized Pareto distribution determines the
domain of attraction and the particular extreme value
distribution. The cases c ¼ 0, c40, and co0 correspond to
the Gumbel (Type I), Fréchet (Type II) and Weibull (Type
III) domains of attraction, respectively.
The Type III extreme value distribution has a bounded

upper tail. Such a distinct upper limit on extreme values is
very unusual among natural phenomena; sloshing pres-
sures, for example, are believed to be unbounded. In a
number of experimental samples, however, the shape
parameter of the generalized Pareto distribution has been
found to be negative (perhaps due to limited sample sizes).
Naess (1998) showed that if the distribution F X belongs to
the domain of attraction of the Type III extreme value
distribution then, for a transformed process Y ¼ dðX Þ,
where d is a strictly increasing function, the domain of
attraction and the c parameter are both preserved. It was
shown by Graczyk et al. (2007) that the negative values of c

are not preserved for the samples of sloshing pressure.
Thus, in principle the Type III distribution is not suitable
for describing the extreme values of sloshing-excited
pressures. In the present analysis, we thus take c to be
zero when negative values are obtained from the sample of
time histories produced by a run. When c is found to be
positive, however, we retain the sample value.
Neves et al. (2006) investigate this issue in the context of

significant wave height. Three different test statistics
described in the literature are applied. The hypothesis that
the wave height distribution belongs to the domain of
attraction of the Type I distribution is tested against the
alternative Type II and Type III distributions.
The parameters of both models are estimated from

experimental samples by the method of moments, as
described in Graczyk et al. (2006). In all cases the full-
scale pressures are considered.
Long-term extreme response may be obtained as a

combination of short-term responses. For linear phenom-
ena, the response in short-term periods can be determined



ARTICLE IN PRESS
M. Graczyk, T. Moan / Ocean Engineering 35 (2008) 834–855 843
in the frequency domain. Consequently, the long-term
response distribution can very effectively be obtained by
summing up the conditional short-term distributions
multiplied by the probability of occurrence of the sea state
and distribution of operational parameters such as heading
and forward speed.

Long-term analysis is much more time consuming for
nonlinear responses, such as that due to slamming, green
water, or sloshing phenomena. Determining the variability of
the largest response during a given sea state is much more
challenging than the description of the randomness of the
slowly varying parameters that define the sea states and
which rests on the availability of a sufficient amount of data.
For complicated response problems, the determination of the
conditional distribution of the largest response given the sea
states characteristics requires an extensive number of time
domain simulations or, as in case of sloshing, experiments. In
such cases simplified methods need to be utilized. One
alternative is a contour line approach that decouples the
environmental problem and the response problem.

Contour lines are created as the combinations of
environmental characteristics (commonly Hs and T z) that
result in a constant probability of exceeding a given
response level. Extreme values may then be predicted by
investigating the response for sea states along the contour
with a given probability of exceedance (Haver, 1980).

The inherent randomness of the largest response during
a given short-term event cannot be neglected. In order to
not need to include the short-term extreme response as a
random variable in the analysis one may artificially
increase the values of the slowly varying parameters,
introduce a correction factor on the predicted response, or
select a high quantile of the extreme value distribution, see
for instance Baarholm and Moan (2001).

The approach may be extended by including other
variables that are important for the response. For a ship
this includes velocity or wave heading.

The contour lines may accurately be obtained by an
approach adopted from the reliability theory, the first
order reliability method (FORM), Madsen et al. (1986), or
more effectively by the inverse first order reliability method
(IFORM), Winterstein et al. (1994). The two-dimensional
ðHs2T zÞ contour lines created by IFORM with an
assumed deterministic relationship between ship speed
and Hs are used in this analysis.

Based on the order statistics concept the short-term
characteristic extreme value xa is calculated, as defined by
the cumulative distribution function

F ðxaÞ ¼ a1=n. (5)

The characteristic extreme value in 3-h duration is sought.
An important issue is a selection of the proper quantile a of
the sloshing pressure distribution to use in calculating the
extreme pressure xa. The literature provides little guidance
regarding the proper quantile for novel problems. Graczyk
et al. (2007) investigate the long-term sloshing response by
a simplified method based on the analysis of the linear hull
acceleration modified with respect to the natural period of
the tank, and found that quantiles in the range of 50–75%
were appropriate. The nonlinear effects of sloshing are
difficult to estimate, however, and more study is required
to determine a truly representative quantile. Baarholm and
Moan (2001) analyze the nonlinear bending moment due to
steady-state waves as well as slamming loading on ships,
concluding that a quantile in the range of 85–90% is more
appropriate. Based on these results, which may be taken as
representative of other nonlinear phenomena, the present
work adopts the conservative quantile a ¼ 90%.
The POT approach is meant to accurately model the tail

of a distribution. Hence, a better fit is to be expected than
that provided by common order statistics, as applied to fit
the three-parameter Weibull model is applied.
Pickand’s theorem implies that the distribution is valid

at high thresholds, but choosing a too high level limits the
sample size and reduces the accuracy of the fit. We
therefore investigate the sensitivity of the model fit to the
choice of threshold. In this analysis, the uncertainty due to
limited sample size is reduced by considering a large sample
consisting of the maxima collected from all test runs with a
given experimental setup.
The large sample for the low filling level experiment is

composed of all maxima from 19 runs, and hence, the runs
both with identical and different motion time histories.
This in principle violates the assumption of independence
of the maxima. However, it will be shown later, in relation
to Tables 7–9, that the inherent variability of the results is
comparable to the variability due to different input (tank
motion time history), and hence, for practical purpose the
maxima can be assumed independent.
The large sample composed of maxima from 14 samples

registered for each of the two wave heading angles in the
high filling level experiments is also investigated.
Fig. 8 presents the best-fit generalized Pareto model for

two different choices of the threshold. When the threshold
is relatively low (the 87% quantile), the generalized Pareto
model sometimes provides a worse fit than even the Weibull
model, e.g. in Fig. 8a, c, and f. Increasing the threshold to
98%, however, improves the fit greatly in most cases. It
should be noted that even for such a high threshold as 98%
the sample size is of an order of 100 or larger.
In Fig. 8 and in the following discussion, the expression

‘‘oblique sea’’ refers to experiments with the 30� wave
heading.
The sensitivity of the estimated extreme pressures to the

choice of threshold also needs to be investigated. In Fig. 9a,
3-h estimates of the extreme pressure xa are plotted against
the threshold for panels in tank with a low filling level. It is
apparent that the estimated xa is stable for very high
thresholds (up to 99%). In Fig. 9b the relative change in
consecutive estimates is plotted. The relative change is
defined as

DðxaÞ ¼
jxðiÞa � xði�1Þa j

x
ði�1Þ
a

. (6)
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Fig. 8. The generalized Pareto model is fit to the tail of the distribution for different threshold levels: (a) wall panel for the low filling level; (b) bulkhead

panel for the low filling level; (c) center panel for the high filling level in a head sea; (d) corner panel for the high filling level in a head sea; (e) center panel

for the high filling level in an oblique sea; (f) corner panel for the high filling level in an oblique sea. The three-parameter Weibull model is also plotted for

reference.
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(b) oblique sea.
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In other words, the threshold level i is discretized (with step
size 0.001) and the xa obtained for each value i is compared
to the previous estimate i � 1. The relative changes in
experiments with a low tank filling level are very small, even
at very high thresholds. DðxaÞ increases somewhat as the
threshold approaches the 99% quantile, reaching values of
1% for the bulkhead panel and 2.2% for the wall panel.

In Fig. 10a and b the relative changes DðxaÞ for
consecutive thresholds are presented for the high tank
filling level experiments, in head sea and oblique sea
conditions, respectively. Much higher values of DðxaÞ are
observed for the highest threshold levels in these data.
DðxaÞ is especially unstable at the head sea corner panel,
showing significant variations even at low quantiles.

These results agree well with the 98% threshold level
needed for a good model fit, as discussed in relation to Fig. 8.
As mentioned above, the uncertainty resulting from
limited sample sizes is reduced by collecting pressure data
from many runs. The influence of the threshold level on the
fit is also investigated in the smaller samples associated
with each individual experiment.
The relative change in consecutive pressure estimates

DðxaÞ is found to be significantly larger for separate runs
that for big samples of combined runs. DðxaÞ reaches
usually a few percent for thresholds in the 80–90% range.
Ideally, the threshold level adopted should keep the
variations DðxaÞ below the reasonable level. Here a range
of 2–3% is chosen. The results of this investigation are
presented in Table 6.
For the low filling level experiments the relative change

in consecutive estimates exceeds 2% at thresholds around
the 92% quantile. This threshold level will be utilized later
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Table 6

Maximum thresholds for which the relative change in consecutive pressure

estimates DðxaÞ does not exceed the range of 2–3%

DðxaÞ ¼ 0.02 0.03 0.02 0.03

h=H ¼ 30%, b ¼ 90� Wall panel Bulkhead panel

max 0.995 0.995 0.993 0.993

min 0.805 0.821 0.809 0.824

m 0.923 0.955 0.922 0.943

s 0.060 0.045 0.061 0.060

h=H ¼ 92:5%, b ¼ 0� Center panel Corner panel

max 0.950 0.992 0.877 0.942

min 0.807 0.807 0.802 0.802

m 0.851 0.874 0.823 0.858

s 0.045 0.062 0.025 0.043

h=H ¼ 92:5%, b ¼ 30� Center panel Corner panel

max 0.979 0.979 0.988 0.988

min 0.813 0.823 0.806 0.813

m 0.886 0.904 0.876 0.925

s 0.069 0.058 0.064 0.063

Maximum, minimum, average value, and standard deviation for all runs

of a given experiment.

Table 7

Estimated extreme values of the sloshing-induced pressure (MPa) for all

runs of the low filling experiment

Wall panel Bulkhead panel

Weibull Pareto Weibull Pareto

Identical sample

max 8.17 8.51 6.76 7.20

min 2.95 2.86 2.63 2.57

m 4.87 5.13 4.06 4.21

s 1.55 1.67 1.35 1.45

CoV 0.32 0.32 0.33 0.34

Various samples

max 8.17 8.51 8.00 8.72

min 3.89 4.31 2.44 1.76

m 5.10 5.48 4.53 4.70

s 1.28 1.33 1.79 2.11

CoV 0.25 0.24 0.40 0.45

Table 8

Estimated extreme values of the sloshing-induced pressure (MPa) for all

runs of the high filling level experiment, b ¼ 0�

Center panel Corner panel

Weibull Pareto Weibull Pareto

Identical sample sample

max 4.46 4.78 1.98 2.03

min 2.75 2.83 1.39 1.20

m 3.49 3.71 1.72 1.66

s 0.65 0.67 0.20 0.26

CoV 0.19 0.18 0.12 0.16

Various samples

max 4.18 4.49 1.99 2.03

min 2.90 2.42 1.52 1.34

m 3.24 3.30 1.76 1.71

s 0.54 0.81 0.25 0.33

CoV 0.17 0.25 0.14 0.20
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in this paper, in applying the POT method for assessment
of the sloshing extreme pressure for low filling levels.

For a vessel with high filling level, especially in the case
of a head sea, a large variability is evident. DðxaÞ in
consecutive center panel estimates exceed 2% for thresh-
olds around and above the 85% quantile. In the corner
panel high relative changes start even sooner, at a threshold
of around 82%. As these thresholds are very low, we
investigate the threshold at which the relative changes
begin to exceed 3% instead. For both panels in the head
sea experiments a reasonable cutoff seems to lie around
87%. This quantile also corresponds to the threshold where
relative changes begin to exceed 2% in oblique sea
conditions. We thus adopt a uniform 87% threshold in
applying the POT method for assessment of the sloshing
extreme pressure for the high filling level.

A higher threshold is more appropriate with regard to
improving the model fit, as discussed in relation to Fig. 8;
recall that the 87% threshold produces a generalized
Pareto model that does only as well as the Weibull model.
The stability limit of 87% thus calls into question the
suitability of generalized Pareto model for describing
sloshing induced pressures, at least in samples based on
experiments of 5-h duration.

The extreme values xa are estimated based on experi-
mental runs with a 5-h duration as the 90% quantile of the
maximum pressure in 3-h. All extreme values are calculated
based on samples including only the highest pressure
signals in a given sensor panel; i.e., for a given impact only
the sensor with the highest pressure signal in a given panel
is considered.

As described in Section 3.1, certain test runs within each
experimental condition are given identical tank motion
histories, while others are given different motion histories.
The estimated extreme pressures of samples in both groups
are reported for the low filling level in Table 7, and for the
high filling level in Tables 8 (head sea) and 9 (oblique sea).
The scatter in the extreme pressures can now be

investigated. The coefficient of variance (CoV) of a sample
is defined as s=m, where s and m are standard deviation and
mean, respectively. Tables 7–9 report the CoV for each
experiment. In order to obtain reliable pressure estimates
the number of test repetitions in each experimental
condition should be high. The sample runs with identical
and varied motion histories are characterized by similar
maximal pressure distributions, both in their mean and
their variability.
More reliable estimates of the pressure can be deter-

mined by combining the samples from all test runs with a
given experimental setup, as mentioned in the discussion
of Fig. 8.
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Table 9

Estimated extreme values of the sloshing-induced pressure (MPa) for all

runs of the high filling level experiment, b ¼ 30�

Center panel Corner panel

Weibull Pareto Weibull Pareto

Identical sample

max 2.72 2.99 2.81 3.21

min 1.56 1.52 1.45 1.39

m 2.24 2.32 1.95 2.04

s 0.38 0.50 0.39 0.52

CoV 0.17 0.21 0.20 0.25

Various samples

max 2.72 2.99 2.15 2.21

min 2.11 1.99 1.42 1.40

m 2.35 2.44 1.87 1.92

s 0.25 0.39 0.31 0.35

CoV 0.11 0.16 0.16 0.18

Table 10

Weibull model estimates of the extreme sloshing-induced pressures, and

the parameters of the model

Condition Panel location p (kPa) Parameters

c a d

h=H ¼ 30%, Wall 5149 0.576 128.1 140.8

b ¼ 90� Bulkhead 4769 0.531 93.6 145.6

h=H ¼ 92:5%, Center 3466 0.710 176.7 125.7

b ¼ 0� Corner 1740 0.827 143.9 100.7

h=H ¼ 92:5%, Center 2302 0.738 143.9 114.6

b ¼ 30� Corner 1999 0.714 108.0 118.4

All runs for a given experiment are combined.

Table 11

Generalized Pareto model estimates of the extreme sloshing-induced

pressures, and the parameters of the model

Condition Panel location p (kPa) Parameters

c a

h=H ¼ 30%, Wall 5153 0.051 762.9

b ¼ 90� Bulkhead 4858 0.198 575.8

h=H ¼ 92:5%, Center 3446 0.046 461.9

b ¼ 0� Corner 1731 0 238.7

h=H ¼ 92:5%, Center 2596 0 444.6

b ¼ 30� Corner 2061 0 330.1

All runs for a given experiment are combined.
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A large number of sloshing motion patterns may be
observed. This results in a chaotic fluid motion in the
tank; for an identical tank motion time history the fluid
motion does not appear to be the same. Occurrence of an
impact in a given location and time is dependent on an
instantaneous fluid position, velocity and acceleration field.
Therefore, inspection of samples obtained for the runs
repeated for a given motion time history show no
correlation in time; impact events do not only have very
different maximum pressure, but they also occur in
different time instants and often in other locations in the
tank. The two experimental groups described above (with
identical and different input) have also similar variability
of extreme estimates.

Therefore, maxima from runs with identical input (tank
motion time history) can practically be assumed to be
independent. All 95 h (19 samples) of runs registered during
the low filling level tests can be analyzed as a single sample.
Each data set of 70 h (14 samples) registered for each of the
two wave heading angles in the high filling level experi-
ments is also investigated.

Estimates of the extreme pressure 3-h values correspond-
ing to the 90% quantile and the parameters of the
stochastic models are presented in Table 10 for the three-
parameter Weibull model and in Table 11 for the general-
ized Pareto model with the threshold 98%.

Fig. 11 shows the probability of exceedance (POE) for
the combined set of 19 low filling samples and two
combined sets of 14 high filling samples for each of the
heading considered. It can immediately be seen that the
expected maximum pressure is higher in the low filling case.
Moreover, the POE curves are flatter for the lower filling
level. This means that if the extreme pressure with a longer
return period is of interest, the difference between the
estimates in investigated conditions may be even larger.
This is shown in Fig. 11 by indicating the POE
corresponding to a 3-h and a 30-h return period with two
horizontal lines.
4.2. Temporal characteristics

The dependence of the structural dynamic response on
the temporal pattern of a fluid impact can be characterized
by the ratio of an appropriate temporal parameter to the
natural period of the structure. For very short impacts, the
characteristic parameter is the impulse. For longer impacts
whose duration is comparable to the natural period of the
structure, additional details of the time history have to be
considered and in particular the rise time and duration. For
very long impacts, the structural response is quasi-static.
The first natural period of an LNG membrane contain-

ment system supported by steel plating is on the order of
5–10ms. A large number of vibration modes contribute to
the structural response.
Even if the triangular approximation does not seem to be

the most accurate approach in all cases, as indicated in
Section 3.3, this is still commonly applied due to its
simplicity and robustness. In this section the ‘‘typical’’
duration td, rise time tr, and ratio tr=td of a triangle-shaped
time history are investigated.
It is observed that the distribution of these temporal

parameters depends to a large extent on the pressure
magnitude. For this reason we have investigated the
dependence of these parameters on pressure. Restricting
the analysis to the data available from each run, however,



ARTICLE IN PRESS

0 2000 4000 6000 8000 10000

10−4

10−3

10−2

10−1

100
1−F(x)

x, kPa

3h

30h

0 2000 4000 6000 8000 10000

1−F(x)

x, kPa

0 2000 4000 6000 8000 10000
x, kPa

0 2000 4000 6000 8000 10000
x, kPa

0 2000 4000 6000 8000 10000
x, kPa

0 2000 4000 6000 8000 10000
x, kPa

3h

30h

10−4

10−3

10−2

10−1

100
1−F(x)

3h

30h

1−F(x)

3h

30h

10−4

10−3

10−2

10−1

100

10−4

10−3

10−2

10−1

100

10−4

10−3

10−2

10−1

100

10−4

10−3

10−2

10−1

100
1−F(x)

3h

30h

1−F(x)

3h

30h

Fig. 11. Probability of exceedance for various data samples: (a) 19 runs at the low filling level, wall panel; (b) 19 runs at the low filling level, bulkhead

panel; (c) 14 runs at the high filling level with b ¼ 0�, center panel; (d) 14 runs at the high filling level with b ¼ 0�, corner panel; (e) 14 runs at the high

filling level with b ¼ 30�, center panel; (f) 14 runs at the high filling level with b ¼ 30�, corner panel.
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might introduce a bias due to a small sample size. For this
reason, as previously, all the relevant samples registered
during the tests in each condition are analyzed as a single
sample.

Histograms of the impact duration are presented in Fig. 12.
The histograms in Fig. 12a and c include all impacts,
regardless of the maximum pressure attained, in both of the
sensor panels. Fig. 12a collects all impacts from the low
filling level experiment, and Fig. 12c collects all impacts
from one of the high filling level experiments (head sea).

Whenever all impacts are considered (Fig. 12a and c), a
very heavy tail of long-duration events is apparent. This
reflects the complex time histories of the smallest impacts and
the fact that such time histories are not accurately modeled
by the triangular function (see Sections 3.2 and 3.3).
To illustrate the distribution of durations for impacts

with high pressure maxima, Fig. 12b and d include only
events with maxima exceeding the 97% quantile. These two
distributions are clearly much narrower; a much larger
fraction of pressure time histories with short duration is
observed.
It is also apparent that the durations are significantly

shorter for the high filling level than for the low filling level.
This is a case both for all impacts, regardless of the
maximum pressure attained (compare Fig. 12a and c) as
well as for the strongest impacts (Fig. 12b and d).
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Fig. 12. Histograms of the sloshing impact duration, considering the time histories registered in both panels: (a) all time histories for h=H ¼ 30% and

b ¼ 90�; (b) time histories whose pressure maxima exceed the 97% quantile for h=H ¼ 30% and b ¼ 90�; (c) all time histories for h=H ¼ 92:5% and

b ¼ 0�; (d) time histories whose pressure maxima exceed the 97% quantile for h=H ¼ 92:5% and b ¼ 0�.

Table 12

Mean and standard deviation of the sloshing pressure durations (ms),

considering all time histories and those histories with pressure maxima

exceeding the 0.97 quantile

Condition All maxima Max40:97q

m s m s

h=H ¼ 30%, b ¼ 90� 27.4 41.0 10.1 7.4

h=H ¼ 92:5%, b ¼ 0� 12.4 15.7 4.3 2.7

h=H ¼ 92:5%, b ¼ 30� 11.7 10.8 4.4 2.7

M. Graczyk, T. Moan / Ocean Engineering 35 (2008) 834–855 849
The means and standard deviations of all four histo-
grams are presented in Table 12, along with data for the
high filling level in an oblique sea (for which no histogram
is given).

The mean and standard deviation of the rise time
is presented in Table 13 for all time histories and for
those whose pressure maxima exceed the 97% quantile.
The rise times follow a similar tendency: they are signi-
ficantly shorter in events exceeding the 97% quantile,
and longer rise times are observed for the low filling
level.

We now consider the ratio of rise time to duration, which
may be considered a parameter indicating the overall shape
of the time history. As certain differences are observed in
the time histories of sloshing impacts at different locations
in the tank, these results are presented as separate samples
for each sensor panel. Fig. 13 shows histograms of this
ratio for four different cases.
The means and standard deviations of this ratio for each

experiment and sensor panel are presented in Table 14. For
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the strongest impacts (above the 97% quantile), it can be
seen that the mean ratios of rise time to duration lie in the
approximate range 0.40–0.55. The mean ratio calculated
for the high quantile time histories always differs slightly
Table 13

Mean and standard deviation of the sloshing pressure rise time (ms),

considering all time histories and those histories with pressure maxima

exceeding the 0.97 quantile

Condition All maxima Max40:97q

m s m s

h=H ¼ 30%, b ¼ 90� 11.4 17.6 4.0 3.8

h=H ¼ 92:5%, b ¼ 0� 6.4 12.0 2.2 1.6

h=H ¼ 92:5%, b ¼ 30� 6.0 6.4 2.2 1.5

0 0.2 0.4 0.6 0.8 1
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

re
la

tiv
e 

fre
qu

en
cy

 o
f o

cc
ur

re
nc

e

rise time / duration

0 0.2 0.4 0.6 0.8 1
rise time / duration

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

re
la

tiv
e 

fre
qu

en
cy

 o
f o

cc
ur

re
nc

e

Fig. 13. Histograms of the ratio between rise time and duration for all time h

panel, h=H ¼ 30% and b ¼ 90�; (b) bulkhead panel for h=H ¼ 30% and b ¼
h=H ¼ 92:5% and b ¼ 0�.
from that calculated for all time histories. For the low
filling level, the ratio decreases with increasing magnitude;
the opposite trend occurs for the high filling level.
It is also apparent that the ratios are smaller for the low

filling level than for the high filling level.
For the very strongest sloshing impacts (e.g., when the

maximum pressure exceeds the 99% quantile) the ratio is
unstable for all cases due to limited sample size.

4.3. Spatial characteristics

Pressure variations are always measured by multiple
sensors in each of the locations considered (see Fig. 3). The
overall loading on the structure at one of these locations
can be obtained by combining the pressures registered by
relevant sensors. The general trend is that the spatially
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istories observed in the following sensor panels and experiments: (a) wall

90�; (c) center panel for h=H ¼ 92:5% and b ¼ 0�; (d) corner panel for
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Table 14

Mean and standard deviation of the ratio between rise time and duration,

considering all time histories and those histories with pressure maxima

exceeding the 0.97 quantile

Condition Panel location All maxima Max40:97q

m s m s

h=H ¼ 30%, Wall 0.43 0.21 0.39 0.18

b ¼ 90� Bulkhead 0.48 0.20 0.45 0.18

h=H ¼ 92:5%, Center 0.48 0.17 0.51 0.14

b ¼ 0� Corner 0.53 0.13 0.52 0.13

h=H ¼ 92:5%, Center 0.47 0.17 0.49 0.14

b ¼ 30� Corner 0.53 0.13 0.54 0.13
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averaged maximum pressure decreases as the area affected
increases.

When the layered structure of an LNG containment
system is supported by a conventional steel structure, there
are various regimes of the structural response that are of
interest. These include local effects on the containment
system itself, such as crushing of the foam in the foam-
based insulation system, buckling and indentation of the
plywood plates in a box-based insulation system, shear and
bending of plywood plates in both concepts, as well as
bending of steel plates and stiffened panels. Various
loading areas are representative for each of these responses.

In order to investigate the spatial distribution of sloshing
pressure, the sensor panels must have a reasonably fine
resolution. The 4� 4 square panels used for the high filling
tests are satisfactory in this respect, but a low filling
condition needs to be further tested. It may be that a finer
sensor arrangement than the rectangular panels used herein
is necessary to properly discern the spatial structure of
impacts in this experiment.

The spatially averaged pressure of an impact event is the
arithmetic mean of the maximum pressure values obtained
by all contributing sensors. Pressure measured by each
sensor is assumed to be representative for an area d2, where
d is the distance between neighboring sensors (0.75m in the
wall and bulkhead panels, and 0.25m in the center and
corner panels, full scale). In the following the pressure over
n ¼ 4, 9, and 16 sensors is investigated for the high filling
level and the average over four sensors for the low filling
level.

When the loading at a particular location is of interest
(e.g. in a tank corner), the pressure–area relationship is
typically established for a specific combination of sensors.
Then the relationship between average pressure and
maximum pressure is calculated based on varying area in
this predefined location.

This paper adopts another approach: the sloshing
pressures are measured over a region of variable size
assuming that the structure is continuous and ‘‘uniform’’,
i.e. there is no account to any special structural arrange-
ments due to tank corners and edges between walls. The
relationship between average pressure and maximum
pressure is investigated throughout the entire panel; the
pressure is averaged over several combinations of n

adjacent sensors. The number of adjacent sensors may be
4, 9, or 16 and the combination resulting in the highest

average pressure is investigated regardless of the location in
the panel where the highest pressure is measured.
Fig. 14a presents a histogram of the ratio between the

average pressure of four neighboring sensors and the
highest measured pressure, for all sloshing impacts on a
wall panel in the low filling level experiments. Fig. 14c
presents the mean ratio for all events with pressure maxima
exceeding the threshold xm (for quantiles above 90%),
providing an indication of how this ratio depends on the
peak pressure.
There is a strong peak at the ratio 0.25 in Fig. 14a, which

corresponds to impacts where the pressure was registered
only in one sensor. This can occur because pressures below
250 kPa are not registered by the sensors. The peaks at
ratios just below 0.5 and 0.75 are also caused by
untriggered sensors; they correspond to events where the
pressure is registered by only two or three sensors out of
four, respectively.
The histogram for high filling level events (head sea; Fig.

14b and d) displays similar features: a high peak at a ratio
of 0.25, and lower peaks at ratios of 0.5 and 0.75. The high
filling level histogram clearly has the heavier tail.
The results for different cases are summarized in Table

15 for all time histories, and in Table 16 for time histories
whose pressure maxima exceed the 97% quantile. It can be
observed that for a given number of sensors, the ratio
between spatially averaged pressure and highest measured
pressure increases significantly when only the strong
impacts are considered.
Although this ratio cannot be quantitatively compared

for the two filling levels considered, due to the different
arrangements and sizes of the sensor panels, it can still
be concluded that sloshing impacts in the high filling
level experiment are more concentrated in space. This
fact can be seen, for example by comparing case ‘‘a’’
for n ¼ 4 to cases ‘‘b’’ and ‘‘c’’ for n ¼ 16. The high filling
level ratios are nearly twice as small as the low filling level
ratios.

4.4. Combined temporal–spatial characteristics

So far our treatment of sloshing impacts has only
provided information about the distribution of pressure in
time and space individually. The temporal and spatial
characteristics need to be combined. By comparing the time
lag Dt between pressure time histories in neighboring
sensors, we can also indirectly measure the velocity V of the
pressure profile as it passes along the wall. The velocity
may be estimated as V ¼ d=Dt, where d is the known
distance between sensors (typically a few tens of centi-
meters). The time lag is measured in two perpendicular
directions simultaneously. This analysis is performed for all
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Fig. 14. Histograms of the ratio between the average pressure of four neighboring sensors and the highest measured pressure for all sloshing impacts: (a)

wall panel, h=H ¼ 30% and b ¼ 90�; (b) center panel, h=H ¼ 92:5% and b ¼ 0�. The mean ratio for time histories with maxima exceeding the threshold

xm: (c) wall panel, h=H ¼ 30% and b ¼ 90�; (d) center panel, h=H ¼ 92:5% and b ¼ 0�.

Table 15

Mean and standard deviation of the ratio between spatially averaged

pressure and the highest pressure measured, paver=pmax, considering all

impact events

Case Condition Panel location n ¼ 4 n ¼ 9 n ¼ 16

m s m s m s

a h=H ¼ 30%, Wall 0.46 0.21

b ¼ 90� Bulkhead 0.44 0.20

b h=H ¼ 92:5%, Center 0.55 0.23 0.37 0.24 0.27 0.22

b ¼ 0� Corner 0.56 0.25 0.38 0.26 0.28 0.25

c h=H ¼ 92:5%, Center 0.54 0.23 0.36 0.23 0.25 0.21

b ¼ 30� Corner 0.55 0.25 0.38 0.26 0.28 0.25
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experimental combinations of tank filling level and wave
heading angle.
As previously, the pressure maxima from repeated runs

are collected into a single sample in order to reduce the
uncertainty. Fig. 15 presents the time lag between the
occurrences of the peak pressure in neighboring sensors for
the wall panel in the low filling level experiment
(h=H ¼ 30%, b ¼ 90�; for the panel’s location and dimen-
sions, see Fig. 3). Fig. 15a reports the time lags collected for
all pairs of adjacent sensors along the vertical direction,
and Fig. 15b reports the time lags for horizontal pairs.
The dependence of the mean time lag on the maximum

pressure of the impact is also investigated, as usual by
comparing the entire sample to the sample of impacts



ARTICLE IN PRESS

Table 16

Mean and standard deviation of the ratio between spatially averaged

pressure and the highest measured pressure, paver=pmax, , considering only

pressure maxima exceeding the 0.97 quantile

Case Condition Panel location n ¼ 4 n ¼ 9 n ¼ 16

m s m s m s

a h=H ¼ 30%, Wall 0.59 0.14

b ¼ 90� Bulkhead 0.51 0.13

b h=H ¼ 92:5%, Center 0.66 0.13 0.49 0.15 0.36 0.14

b ¼ 0� Corner 0.63 0.15 0.44 0.16 0.32 0.15

c h=H ¼ 92:5%, Center 0.69 0.12 0.50 0.14 0.37 0.14

b ¼ 30� Corner 0.64 0.16 0.44 0.17 0.32 0.16
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Fig. 15. Histograms of the time lag between any pair of adjacent sensors

in the wall panel for h=H ¼ 30% and b ¼ 90�: (a) vertical direction; (b)

longitudinal direction. All time histories are considered, regardless of their

pressure maxima.
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whose pressure maxima exceed the 97% quantile. These
results are presented for the wall panel and bulkhead panel
of the low filling level experiment in Tables 17 and 18.
In the wall panel, positive values correspond to profiles

moving upwards and backwards. In the bulkhead panel,
positive values correspond to profiles moving upwards and
outwards (toward the starboard side).
Similar results for the high filling level experiments are

given for both wave headings in Tables 19 and 20 for the
center and the corner panel, respectively. In this case
positive values correspond to profiles passing backwards
and to starboard.
For the applied time histories of the tank motion and in

the investigated locations the dominant direction of
pressure profile propagation is vertical for low filling level
experiments, and longitudinal for high filling level experi-
ments in a head sea. For high filling level experiments in an
oblique sea, the pressure profile tends to move along a
diagonal.
As mentioned in previous sections, the distance between

adjacent sensors is 0.25m in the center and corner panels
Table 17

Mean and standard deviation of the time lag (ms) between any pair of

adjacent sensors along a vertical and longitudinal direction in wall panel

for h=H ¼ 30% and b ¼ 90�

Time histories Vertical Longitudinal

m s m s

All magnitudes 10.6 50.3 2.8 46.4

40:97 quantile 5.5 7.6 0.7 5.7

Table 18

Mean and standard deviation of the time lag (ms) between any pair of

adjacent sensors along a vertical and transverse direction in bulkhead

panel for h=H ¼ 30% and b ¼ 90�

Time histories Vertical Transverse

m s m s

All magnitudes 8.3 35.1 �6.0 37.4

40:97 quantile 5.3 8.4 �1.4 5.2

Table 19

Mean and standard deviation of the time lag (ms) between any pair of

adjacent sensors along a longitudinal and transverse direction in center

panel for the high filling level

Condition Panel location Longitudinal Transverse

m s m s

h=H ¼ 92:5%, All magnitudes 1.0 9.2 0.1 8.8

b ¼ 0� 40:97 quantile 0.6 7.9 0.0 1.6

h=H ¼ 92:5%, All magnitudes 1.1 5.3 0.2 6.5

b ¼ 30� 40:97 quantile 0.4 1.0 0.3 2.4
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Table 20

Mean and standard deviation of the time lag (ms) between any pair of

adjacent sensors along a longitudinal and transverse direction in corner

panel for the high filling level

Condition Panel location Longitudinal Transverse

m s m s

h=H ¼ 92:5%, All magnitudes 0.4 4.2 0.0 5.6

b ¼ 0� 40:97 quantile 0.7 1.4 0.1 1.4

h=H ¼ 92:5%, All magnitudes 0.3 7.2 0.2 8.0

b ¼ 30� 40:97 quantile 0.6 2.9 0.2 2.0
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used for the high filling level, and 0.75m in the wall and
bulkhead panels used for the low filling level. Examining
only those time histories with the largest pressure maxima,
we find that velocities are lowest in the low filling level
experiment. The mean velocity of these pressure maxima is
136m/s.

For the high filling level experiments in a head sea the
corresponding mean velocity is 357m/s in the longitudinal
direction and on the order of 10000m/s in the transverse
direction, which in practice is effectively infinite; the pressure
is exerted almost simultaneously over the entire sensor panel.

The effect of the pressure profile velocity on the
structural response remains to be investigated.

5. Conclusions

This work provides a probabilistic assessment of the
pressures due to sloshing in partially filled tanks. Several
features of the pressure time histories relevant to a
structural response analysis of the LNG membrane
containment system are characterized.

The data used in this paper were provided by sloshing
experiments in a movable tank. The most commonly
applied post-processing method consists of representing the
rise and decay of pressure by a triangular time history. The
accuracy of this method is investigated. It is found that
while weaker sloshing impacts may produce very complex
time histories, the number of local distortions (such as
secondary peaks) decreases significantly for those impacts
with the highest pressure maxima.

By comparing the slopes of real (measured) time
histories to the approximate (triangular) time histories, it
is shown that the rise time is often not modeled properly. A
more accurate alternative to post-processing based on a
trapezoidal profile is thus presented. How the alternative
approach affects predictions of the structural response has
yet to be investigated.

The pressure magnitude as well as the spatial and
temporal patterns of the sloshing pressure are important
factors for the structural response. Their statistical
distribution is investigated. It is assumed that the
characteristic pressure magnitudes, temporal profiles, and
spatial profiles of the sloshing impacts can be investigated
separately.
The Weibull and generalized Pareto models are used to
describe the distribution of sloshing pressure maxima.
Suitability of the latter is investigated with respect to
goodness of fit in the tail of the distribution, and the
stability of its estimated extreme value for various quantile
thresholds. When considering only those time histories
with a maximum pressure exceeding the 87% quantile, the
Pareto model’s fit to the tail is no more accurate than the
Weibull model. The fit improves significantly, however,
when the threshold is increased to the 98% quantile.
For a very large sample of pressure maxima combining

data from all relevant runs (19 for the low filling level
experiment, and 14 each for the two high filling level
experiments), the estimated extreme values are very stable
near such a high threshold level.
In reality, however, sample sizes are usually much

smaller. The stability of the estimated extreme value is
therefore also investigated separately for each run. The
threshold resulting in reasonable stability of the estimated
extreme value is much lower in this case, sometimes far
below the 90% quantile. The generalized Pareto model
may thus be unsuitable for describing the sloshing-induced
pressures in a sample drawn from only a 5-h experiment.
The uncertainty in determining extreme value estimates

from limited samples is also addressed. In order to obtain
reliable estimates the number of test repetitions in a given
experiment should be high. Moreover, it is found that
estimates obtained for samples with identical tank motion
time histories have approximately the same scatter as
estimates obtained for samples with varied tank motions.
The pressure maxima registered in the low filling level

experiment are significantly higher than those recorded for
a high filling level. Moreover, the slope of the POE curve is
flatter in the low filling level, which means that the extreme
pressure value will increase more when a longer return
period is examined.
The duration td, rise time tr, and ratio tr=td of triangular

impacts are investigated, and their dependence on the
maximum pressure of the impact is analyzed.
When all time histories are considered, regardless of their

magnitude, the duration and rise time distributions both
exhibit a pronounced upper tail. This tail is caused by the
many small impacts with more complex time histories, and
reflects an important shortcoming of applying the trian-
gular time history. When the sample is restricted to the
largest impacts, both the mean duration and the mean rise
time decrease significantly and the tail disappears. The
sloshing impacts at a low filling level have a longer
duration and smaller tr=td ratio, on average, than those
occurring at a high filling level.
The pressure is also averaged over adjacent sensors and

compared to the highest pressure. In the high filling level
experiments, blocks of 4, 9, and 16 sensors were
considered; for the low filling level experiments, only
blocks of 4 sensors were considered. It is found that
sloshing impacts in the high filling level experiments are
more concentrated in space than those found for a low
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filling level. Moreover, the ratio of spatially averaged
pressure to highest observed pressure increases significantly
as impacts with a higher maximum pressure are considered.

It can be concluded that sloshing impacts in tanks with a
low filling level generally have larger magnitudes, longer
durations, a smaller ratio of rise time to duration, and
greater spatial extent. All these factors should in principle
increase the structural response.

The information about the distribution of pressure in
time and space is combined by analyzing the velocity of the
pressure profiles. This velocity is estimated by measuring
the time lag between maximum pressure signals in
neighboring sensors in two perpendicular directions.

For the applied time histories of the tank motion and in
considered locations the dominant direction of the pressure
profile is vertical (upward) in the low filling level
experiments and longitudinal (backward) in the high filling
level experiments (head sea). For the high filling level in an
oblique sea, the pressure profile travels along the diagonal.

The mean profile velocity observed for the low filling
level is over 2.5 times smaller than the mean profile velocity
of the high filling level. The effect of profile velocity on the
structural response should be investigated in future
research.
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