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This paper presents ExxonMobil’s evolution of a direct sloshing assessment methodology to resolve several challenging
technical issues that are essential for evaluating the integrity of LNG containment systems. Among the most significant
developments is the introduction of a probabilistic-based framework that facilitates modeling of the high variability of
sloshing impact pressures due to sloshing physics and insulation materials that is inherent in products from natural sources
(e.g. plywood, etc.). This probabilistic-based framework also provides the basis for a reliability-based assessment of structural
integrity. In addition, this methodology furthered the technical basis of the Scaling Law that supports the use of the
sloshing test as the method for prediction of design sloshing loads; addressed tank sloshing and ship motion coupling effects
in deriving inputs to drive the sloshing test rig; demonstrated the influence of membrane surface structures on sloshing
pressures; and developed limit state structural capacities as a function of a loaded area. The authors are hopeful that this
methodology enhances the foundation for achieving continuous safe operation of LNG carriers and enables sound design of
offshore LNG loading and receiving terminals.

INTRODUCTION

Over the past 4 decades, the LNG industry has experienced
2 step-changes that produced significant cost savings in deliver-
ing LNG. As shown in Fig. 1, the first step-change occurred in
the 1970s when scientists and engineers succeeded in increasing
capacity of LNG carriers from ∼75,000 m3 to ∼130,000 m3. Jean
et al. (1998) reported that sloshing of LNG inside the LNG car-
rier’s insulated tanks was one of the key technical challenges for
the step-change. Directionally, with the same number of tanks on
an LNG ship, the larger the ship size, the larger the sloshing pres-
sures impacting its tank insulation structures. Thus, maintaining
the integrity of the insulated LNG tanks subjected to increased
sloshing loads was the primary focus that challenged engineers
to realize the step-change. Jean et al. (1998) also reported that,
although performance of those LNG carriers has been excellent,
some ships’ insulation tanks incurred a few damages due to LNG
sloshing impacts under both high-fill and partial-fill conditions.

In the late 1970s, the Ship Structure Committee (SSC) of the
U.S. National Academy of Sciences initiated an effort by work-
ing with a team of experts from the Southwest Research Institute
(Cox, Bowles and Bass, 1980) to perform a comprehensive review
of worldwide scale-model sloshing loads, and use it to explain
what happened to those damaged carriers. Their goal was to use
those experiences to improve future LNG carrier designs.

As a part of that effort, the SSC also sponsored additional
sloshing tests in order to provide a complete picture of slosh-
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ing loads for assessing the integrity of LNG tanks. Along with
the developed pressure database presented as a function of the
amplitude and frequency of tank excitation, and relative fill range
to tank height, etc., the SSC report (SSC-297, 1980) outlined a
methodology and detailed analysis flow-chart for ease of applica-
tions. Among the contributors to the SSC efforts were the Amer-
ican Bureau of Shipping (ABS), Bureau Veritas (BV) and Det
Norske Veritas (DNV). As documented in the SSC-297 report,
when applying its proposed assessment methodology, the team
of experts succeeded in proving its explanations of those LNG
experiences where sloshing impact loads exceeded insulation tank
structural capacities. Table 1 is a highlight of the key techni-
cal elements from the then state-of-the-art sloshing assessment
methodology.

Development of sloshing methodologies in the industry
since 1980 has evolved primarily around a deterministic-based
framework. One area of improvement is that engineers have been
able to conduct sloshing tests of much longer duration (beyond
1,000 cycles) as a result of advancement in computing capabilities
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Fig. 1 Recent step-changes in LNG-delivery industry
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Technical
Elements

Methods Developed in 1970s as
Summarized in SSC-297 Report

Methodology
Framework

Deterministic approach by comparing
characteristic sloshing loads (the maximum
pressure from 1,000 cycles of sloshing)
against structural capacity

Pressure
Measurements

Pressures defined using single sensor for
1-m2 area

Scale-up Measured
Pressures

Froude-scaling Law, using air/water as test
media

Effects of
Membrane
Surface
Structures

Based on smooth tank testing, where
hydrodynamic effects from MKIII
corrugations or No.96 raised Invar edges
were not considered

Capacity
Definition

Capacity defined only for limit state
subjected to uniform pressure on 1-m2 area

Table 1 Key technical elements summarized in SSC-297 Report

that enhanced data acquisition and processing. Further, the indus-
try has moved toward a statistical method based on a 3-parameter
Weibull fitting of measured sloshing pressures, and uses it to pre-
dict the most probable maximum pressure during a 3-h exposure,
or P3−hr, for integrity assessment. The method published by Pas-
toor et al. (2005) is an example.

Recognizing the shortcomings of the above approach, Graczyk
and Moan (2008) developed an alternative statistical method based
on fitting of extreme pressures using the generalized Pareto dis-
tribution function. In keeping with the use of P3−hr for structural
assessment, Graczyk and Moan proposed a characteristic sloshing
pressure at the 90% non-exceedence level. In addition, they con-
cluded that the 3-parameter Weibull fitting of sloshing pressures
is not suitable for describing the extreme sloshing pressures, as
they believe that sloshing pressures are unbounded. One cautious
note from Graczyk and Moan is that the generalized Pareto distri-
bution fitting may not be adequate for data from a short test; they
did not, however, provide guidance on how confidence should be
established.

It is well understood in engineering practices that assessing the
integrity of structures requires an adequate design margin between
the predicted loads and structural capacities. A deterministic-
based assessment requires the predicted safety factor to be larger
than “1” using defined characteristic load and capacity. But is
achieving a larger than “1” safety factor guaranteed to be conser-
vative? Further, will 2 designs with the same safety factor have
the same level of reliability? For designs where variability exists,
as in the case of sloshing assessment, the answer may be a “No.”
This case is illustrated in Fig. 2 where 2 designs with normally
distributed loads/capacities, N(mean, stdev), may have the same
safety factor, but different reliability.

Following the above deterministic-based framework and based
on the industry’s understanding of the fundamentals of LNG
sloshing physics, sloshing assessment methodologies have evolved
toward various forms of a comparative method (American Bureau
of Shipping, 2006; Det Norske Veritas, 2004; Lloyd’s Register of
Shipping, 2008; etc.) for the evaluation of structural integrity.

Under the comparative framework, designers used the pre-
dicted sloshing loads/capacities for new designs and compared
them against the performance of an existing 138,000-m3 (or
138 kcm) LNG ship. An example of a comparative form is:
(Load/Capacity)New Design < (Load/Capacity)Reference138 kcm Ship. The
challenge in identifying a reference 138 kcm LNG ship as the
basis to support the comparative method is apparent. Further,
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Fig. 2 Concept of reliability of structural design; pdf in vertical
axis= probability density function of loads or capacities

although the comparative approach can provide a sound basis for
a certain type of LNG carrier designs, it offers little flexibility
for setting design requirements of step-out applications. This is
demonstrated in Fig. 1 where, during the 30-year period between
the LNG industry’s 2 step-changes, the improvements and asso-
ciated cost-savings to the consumers are relatively incremental.

Physics-based technologies developed at ExxonMobil since the
early 2000s that enabled the second step-change in large LNG
ship designs (Richardson et al., 2005; Sandström et al., 2007)
and the recent research efforts to support partial-fill applications
(Huang et al., 2009; Yung et al., 2009; He et al., 2009; and Issa
et al., 2009) highlight the following fundamentals of LNG slosh-
ing that have challenged the comparative-based methodologies:

• Sloshing is highly stochastic, so that maximum pressures
obtained from a 1,000-cycle or longer test are not repeatable.

• Sloshing pressure is highly nonuniform on a 1-m2 area, so
the assumption of using a sensor of an area much less than 1 m2

to represent the pressure distribution may be incomplete.
• Applying Froude scaling to measured sloshing pressures from

model-scale tests while using air/water as the test media in lieu
of NG/LNG is nonrepresentative. The ullage gas (natural gas/NG)
plays an important role in LNG tank sloshing.

• Ignoring the influence of hydrodynamic effects caused by
raised structures, such as MKIII corrugations and No.96 raised
invar edges, on otherwise smooth membrane surfaces may be
nonconservative.

• Assuming uniform pressure acts on an insulation box based
on single-sensor pressure measurement is not adequate. Designers
should define the limit states of insulation structures and associ-
ated capacities as a function of loaded area.

This paper presents ExxonMobil’s continuing development of a
direct assessment methodology, EMPACT (Fig. 3), which evaluates
membrane integrity by demonstrating that the capacities of the
insulation structures exceed predicted extreme sloshing loads by
appropriate margins, using a probabilistic-based framework.

Fig. 3 EMPACT sloshing assessment methodology
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Fig. 4 Prediction of design reliability

In general, LNG membrane ships deliver LNG with their cargo
tanks filled to levels above 70% (also known as high-fill range)
and below 10% of tank height for departure and return voyages.
With the emerging development of offshore LNG terminal con-
cepts, the industry needs to ensure that ships and floating termi-
nals can safely transfer LNG cargo through the partial-fill range,
i.e. between 70% and 10% of tank height. Compared to the high-
fill sloshing conditions, the partial-fill loading and offloading oper-
ations introduce much more difficult engineering challenges. From
an integrity assessment viewpoint, a sloshing assessment method-
ology should be able to handle the above-mentioned operational
scenarios.

PROBABILISTIC ASSESSMENT FRAMEWORK

Under a probabilistic-based assessment framework, probability
of failure is expressed as the probability that the applied loads
exceed the defined structural capacities:

Pf =
∫∫
p>c

fP�CP�C�dP dC (1)

where fP�C is the joint probability density of the applied loads,
P , and the defined structural capacities, C.

Variability of Sloshing Pressures

Sloshing events are highly stochastic when their pressures are
characterized using temporal and spatial resolutions that are rel-
evant for assessing membrane LNG tanks. The required tempo-
ral resolution is determined based on the dynamic characteristics
of the LNG tank’s insulation structures, and are typically around
1 millisecond. A spatial resolution of 4 × 4 sensors on a 1-m2

area is needed to capture nonuniformity of pressures. For exam-
ple, Abramson, Bass, Faltinsen and Olsen (1974) reported in their
2-D experiments that even under harmonic oscillations in a 2-D
tank, the pressure variation is neither harmonic nor periodic.
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Fig. 5 Example of long-duration sloshing test
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Fig. 6 Randomness of 5-h measured pressures

To further demonstrate the variability of sloshing pressures,
ExxonMobil performed a 1:35-scale long-duration (320-h full-
scale equivalent) partial-fill sloshing test using a 3-D tank. Note
that the 320-h database was generated by running 64 five-h indi-
vidual tests. In that test campaign, a 3× 3 m2 area on the tank’s
side wall near the forward end of the tank was instrumented using
152 five-mm PCB sensors. Fig. 5 shows the time history of the
pressure for the largest pressure measured by a single-sensor for
the 320-h test.

One way to highlight the observed variability is to compare the
largest pressures, Pmax, from the 64 individual 5-hour runs. First,
there are 64 distinctively different Pmax pressures, e.g. they are not
repeatable from one 5-hour test to the next. For example, when
normalized to the mean Pmax of the 64 largest pressures from the
64 five-h tests, the largest Pmax is 2.4 and the smallest Pmax is
0.7. Another way to demonstrate the variability of sloshing pres-
sures is to use exceedence plots. Shown in Fig. 6 are 3 continuous
5-hour runs. Although the smaller pressures follow very similar
distributions, the larger pressures are significantly different. For
example, P3−hr (at 1/10800 s or ∼10−4 non-exceedence) may dif-
fer by 100%. Note the variability of the 3 pressure time histories
plotted on the right.

When using P3−hr as the representative parameter, the results
of this dataset (Fig. 7) show that the P3−hr converges relatively
quickly. However, as illustrated in Fig. 4 on the reliability assess-
ment of structural design, convergence of pressure near the peak
of the pressure distribution (the most probable value) does not
provide any information on the tail part of the pressure distribu-
tion, and as a result it offers no information on the reliability of
the structural design.

From a design viewpoint, what matters most to assessing struc-
tural integrity is the largest sloshing pressure that a structure
would experience in a specified exposure time. In this paper, the
exposure time is defined as the period during which the LNG tank
is subjected to excitation due to ship motions in a seaway. For
example, for a traditional LNG-delivery voyage, 3 h of exposure
time are a reasonable assumption, as waves are normally charac-
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Fig. 8 Example of hourly maximum pressure time history

terized every 3 h using significant wave height and spectral peak
period.

Using this definition, a sloshing assessment for a 4-day voy-
age would consist of 32 three-h exposures. On the other hand,
the exposure time for an offshore offloading operation could be
different from 3 h. For example, if the offloading operation of
LNG cargo from a ∼140,000-m3 LNG ship takes 18 h to unload
from 95% to 5% fill levels, then 10 two-h exposures for 10% fill
change should be defined. Based on this definition, an engineer
can apply a 2-h exposure for a tank sloshing assessment to rep-
resent fill levels between 15% and 25%. The engineer may also
assume a 4-h exposure time to represent fill levels between 10%
and 30% for an assessment. Taking the 320-h pressure database
as an example, the hourly maximum pressure vs. time (Fig. 8)
provides the designer with a sense for the probability of seeing
the largest sloshing pressure in any 1-h exposure time. The chal-
lenge for engineers is to find an appropriate statistical model that
characterizes the observed variability, and to use it to predict the
design maximum pressure for a defined exposure time.

Statistical Modeling of Maximum Sloshing Pressures

It is well established from fundamental statistics that if the
underlying (or parent) distribution is known, the distribution of the
maximum of N events is readily computed using extreme value
theory. Let Fxx� represent the distribution of sloshing pressures
during a defined exposure time, then the maximum response Y
due to a given number of exposures N is obtained as:

Y =max
N
xi ⇒ Fyx�= �Fxx��

N (2)

However, in many cases it is impractical to know the parent distri-
bution, although it can be shown that the distribution of maximum
pressures of a reference exposure time converges to 1 of 3 limiting
distributions (e.g. Coles, 2001). These 3 types are widely known
as the Gumbel (Type I), Frechet (Type II) and Weibull (Type III)
distributions. All 3 distribution types have a location (�) and scale
(�) parameter; the Frechet and Weibull distribution also have a
shape parameter (c), where Frechet has c > 0 and Weibull has
c < 0. These 3 distribution types can all be represented using a
Generalized Extreme Value Distribution (GEVD):

FGEVDx�= exp
{
−
[
1+ c

x−�

�

]−1/c

+

}
� c �= 0 (3)

where+ denotes that the GEVD is defined only when the term
inside the square brackets is positive. When the parameter c is
zero, the Gumbel distribution is retrieved as a limiting case of the
GEVD:

FGumbelx�= exp
{
− exp

[
x−�

�

]}
� c= 0 (4)
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Fig. 9 Example of hourly maximum pressure distribution

An advantage of using the generalized extreme value distribu-
tion over the individual Gumbel, Frechet or Weibull distributions
is that the statistical confidence bounds (i.e. uncertainty) on the
shape parameter (c) reflect the relative likelihood that the data
follow either Gumbel, Frechet or Weibull distribution.

Several methods are available for parameter estimation in the
statistical literature: moment estimation, maximum likelihood esti-
mation, and minimum-variance best linear unbiased estimator,
among others. A practical, risk-based method of estimating the
parameters is described in Maes and Breitung (1993), where a
weighted least-square fit is performed on the empirical distribution
of the data in the Gumbel plot. Using this approach, the Gum-
bel distribution (c= 0) becomes a straight line, while Frechet and
Weibull distributions are concave and convex curves, respectively.

Given the estimated location parameter �, scale parameter �,
and shape parameters c, one can easily predict statistical max-
imum pressure distribution as a function of exposure time, or
N-h. Fig. 10 shows that, at the same probability level, the longer
the exposure time, the larger the predicted maximum sloshing
pressures.

Arguably the biggest drawback of extreme value analysis is that
only a single data point per reference period, such as 1 h, is used.
Such an approach severely limits the amount of data available for
estimating the distribution parameters, which may introduce sig-
nificant statistical uncertainty on the fitted distribution parameters.
In addition, the method discards some large peak pressure values
if several were to occur within the reference period. On the other
hand, this filtered dataset may include some smaller peak pres-
sures values, which are maximum pressures during a relatively
calm exposure.

The peak-over-threshold (POT) analysis method uses only data
(xi� that exceed a given threshold value (�) in the distribu-
tion parameter estimation. Pickands (1975) identified the general-
ized Pareto distribution (GPD) as the limiting distribution for the
excesses (X–�) for a sufficiently large threshold value “�.” The
biggest challenge for the POT method is that the event for large
values that occurs during a defined reference period also follows
a stochastic process. Directionally, many more testing efforts are
required in order to appropriately define the stochastic behavior
of the arrival rate of sloshing events, and to use it to extrapolate
design pressures.
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Estimating Confidence Bounds Using Bootstrapping Method

In any statistical analysis, the estimates are the best guesses
that match the data from measurements. It is very likely that mea-
sured pressures for the same test condition performed on different
days may be different. Thus it is important that uncertainties be
estimated for this stochastic process. Based on a study of var-
ious methods, we adopted the Bootstrap Method (Davison and
Hinkley, 1997) in this probabilistic framework for estimating the
uncertainty inherent in measured sloshing pressures.

The Bootstrap Method is a simulation analysis that can be used
to compute estimates of the GEVD parameters’ (�, �, c) distri-
butions. In each Bootstrap replicate, a sample of size equal to
the original data sample size is generated by sampling from the
original dataset with replacement. In other words, if the origi-
nal dataset contains 320 hourly maximum pressure data points,
each Bootstrap sample will also contain 320 data points. Each of
the 320 data points in the Bootstrap sample is then obtained by
randomly selecting a data point from the original sample. Con-
sequently, it is possible for the Bootstrap sample to contain the
largest peak pressure several times, or perhaps not contain the
highest peak pressure at all. Hence bootstrapping simulates the
fact that, if the experiment had been repeated in real life, any
different sample may have been observed with equal probability.
In application, Bootstrap estimates of the GEVD parameters are
straightforward, using Monte Carlo sampling techniques.

It is our experience that the Bootstrap Method is ideally suited
to investigate the effect of the test duration on confidence bounds.
An example of particular practical interest to sloshing is the con-
fidence bound on the GEVD shape parameter c. Fig. 11 shows
the predicted Bootstrap results of the shape parameter by creating
2 different datasets, one based on the hourly maximum pressures,
the other on maximum pressure during every 5 h. In this exam-
ple, the analysis was performed using the full-, half- and quarter-
length of the 320-h pressure data.

The following observations can be drawn from this example:
• The uncertainty increases with decreasing length of test.
• The uncertainty is much less for 1-h-based maximum pres-

sure data than for 5-h-based maximum pressures.
• The results for 1-h maximum pressures continue to follow a

normal distribution, even when the test duration is cut to 25% of
the 320-h pressure dataset.

The last 2 observations are obviously a direct consequence of
the larger dataset. The use of 1-h maximum pressures instead of
5-h maximum pressures increases the sample size by a factor of 5.
Even a quarter-length set of this 320 1-h maximum pressure data
example contains enough information for fitting the GEVD. This
observation is confirmed by the result that the standard deviation
of quarter-length Bootstrap sequences of hourly maxima is similar
to that based on full-length Bootstrap sequences of 5-h exposure
maxima.

Fig. 11 Predicted confidence bounds vs. test duration

Fig. 12 Example of variability of material properties

In summary, using hourly maximum pressures for GEVD fit-
ting, FGEVDx�, and extrapolation of extreme values does not intro-
duce a bias in results. Because the hourly maximum pressures are
still independent of each other and the physical system has no
memory, these observations are justified on theoretical grounds as
well. Thus, the use of hourly maximum pressures leads to con-
siderable savings in the experimental program (e.g. shortened test
duration compared to use of 3-h maximum pressures) without
introducing bias or sacrificing accuracy.

Variability of Materials and Structural Designs

Variability is also present on the resistance side of a sloshing
integrity assessment, as part of the insulation structures used in
membrane LNG tanks are nontraditional, such as plywood and
reinforced Polyurethane (PU) Foam, etc. The plywood is made
by glueing plywood sheets where the strong and weak layers are
perpendicular to each other. The high-quality plywood sheet used
in the membrane LNG tank is made of birch wood. For example,
the 12-mm plywood is made of 9 layers of plywood sheet, result-
ing in strong and weak directions from a bending or compression
viewpoint.

To develop mechanical properties for analytical modeling of
the plywood, we have performed extensive material property test-
ing at both room and cryogenic temperature conditions. Shown
below are results of bending modulus and yield strength of the
plywood in its strong direction. In general, both bending modu-
lus and yield strength are normally distributed and increase from
the room to cryogenic temperature conditions. For this particular
batch of plywood, the coefficients of variation (CoV) are 0.05 and
0.18 for the bending modulus and yield strength, respectively.

A similar trend was observed for the PU Foam. For the batch
of foam tested by ExxonMobil, the CoV of its yield strength is
roughly 0.05 at the cryogenic temperature condition. Issa et al.
(2009) provide a detailed description of materials tests, and the
use of the test results to derive mechanical properties as inputs
for analytical modeling of the insulation structures.

In addition to materials variability, other sources of variability
are present in the membrane LNG tank structural designs, such as
geometric variability in terms of relative location of the insulation
box to the supporting hull structures. To simplify assessment, a
bounding approach by assuming a worst-case positioning can be
made. Similarly, the allowable fabrication tolerance, such as out-
of-straightness of the vertical bulkhead, is assumed for buckling
analysis.

Other sources of variability may be fairly small, either because
of the variability of materials or of sloshing pressures, and will
have a negligible impact on the overall probabilistic assessment.
An example is the plywood’s thickness, where nominal values are
used for analysis.
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Fig. 13 Example of in-service capacity distributions

Statistical Modeling of Structural Capacities

Due to the dynamic characteristics of the insulation structures,
their fundamental natural periods being close to 1 millisecond,
dynamic analysis using very small incremental time is required
for predicting structural capacities.

As an engineering simplification, we assumed that the normally
distributed mechanical properties would translate into normally
distributed capacities. The predicted mean and standard deviations
(stdev) of the capacities (Fig. 13) are predicted using materials at
the same exceedence levels through a series of structural analy-
ses. As mentioned above, the most unfavorable values for other
parameters were chosen for predicting conservative capacity dis-
tribution functions.

Probability of Loads Exceeding Capacities, Pf

Given the GEVD maximum pressure distribution for a speci-
fied exposure time and normally distributed capacities for a limit
state of the insulation structures, the probability of the applied
pressures exceeding the structural capacities can be calculated. In
general, it is difficult to compute this integral equation analyti-
cally because fP�C is unknown and the region over which P >C
is not defined. In the field of reliability analysis, there are multiple
methods of approximating this integral, such as Monte Carlo Sam-
pling, the First-Order Reliability Method (FORM), the Second-
Order Reliability Method (SORM). It is worth pointing out that
neither FORM nor SORM works well when the shape parameter
of Frechet-distributed sloshing pressures exceeds certain values.

In this application, however, by taking advantage of the form
that the limit state capacity assumed to be normally distributed,
this conditional probability integral can be evaluated almost
exactly by applying the Gauss-Hermite Quadrature (Abramowitz
and Stegun, 1972) method:

Pf �
n∑
i=1

2n−1n!
n2H2

n−1xi�
�1− F N

GEVDxi�� (5)

where n is the number of quadrature points; xi, the i
th root of the

Hermite polynomial; and Hn, and N , the exposure h.
Example of compounding of probability. Assuming that the pre-

dicted monthly probability of sloshing loads exceeding structural
capacities for an LNG carrier offloading at a floating LNG termi-
nal are (Pf �N , where N = 1�2� � � � �12—e.g. (Pf �3 is the predicted
probability of failure for the month of March—then the yearly
probability (Pf �YEARLY can be estimated as:

Pf �YEARLY = 1− �1−Pf �1 ∗ 1−Pf �2 ∗ � � � ∗ 1−Pf �12� (6)

Another example is to predict the probability of sloshing
loads exceeding structural capacities for 25 years of operation,
Pf �25−YEAR:

Pf �25−YEAR = 1− �1−Pf �YEARLY �
25 (7)
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Fig. 14 EMPACT prediction of sloshing loads

EMPACT PREDICTION OF DESIGN SLOSHING LOADS

Applying the probability framework discussed above, the fol-
lowing flow chart illustrates a detailed process of how EMPACT

predicts GEVD maximum pressures for comparison against struc-
tural capacities. It is worth pointing out that EMPACT trans-
forms the temporal contents of the sloshing impact pressures into
effective (or quasi-static) pressures by considering the dynamic
response of the insulation structures. Here we highlight areas
that represent the state-of-the-art test technology for conducting
the sloshing test, required QA efforts, and technical basis and
approaches for scaling the measured pressures to prototype scale
for integrity assessment.

Predict Motion RAO and Time Histories to Drive Test Rig

The complexity of predicting LNG ship motions increases sig-
nificantly for certain applications when compared to that of an
LNG carrier sailing in an open sea. This is highlighted in Table 2:
Because LNG tanks are relatively large when compared to the
ship’s displacement and lack centerline bulkheads, a key techni-
cal challenge is to include the influence of tank sloshing effects
on ship motions and vice versa. Huang et al. (2009) provide a
detailed technical basis for EMPACT motions prediction, where the
motions input to drive the sloshing test rig is based on a Fourier
transform of the predicted motion RAO and specified wave energy
spectrum.

Conducting Sloshing Tests

The EMPACT engineering basis is that model-scale testing is
currently the only viable option for predicting sloshing pressures
with sufficient spatial and temporal resolution needed for struc-
tural integrity assessment. Over the years we have developed
advanced technologies that enable us to confidently and effec-
tively measure sloshing impact events as input to the probabilistic-
based framework. The following provides a brief description of
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Table 2 Seakeeping analysis for various operational scenarios
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EMPACT test methodologies, including qualification of test facil-
ity, hardware design and fabrication, QA efforts prior to and
throughout the test campaign, and data convergence versus test
duration:

• Test Facility Qualification
Qualification of a test facility focuses on its test rig, data acqui-
sition system, and safety of overall laboratory environments. For
test rig qualification, the emphasis is on the measurement accu-
racy of the rig’s motions and position-control under the target
design loads. It is our experience that an independent laser track-
ing system should be used to check the rig’s accuracy. EMPACT

acceptance criteria of the maximum allowable errors are less
than 0.1 mm in translational modes and 0.1 degrees in rota-
tional modes. For the data acquisition system, EMPACT checks
the system’s logic of event gathering and through-put using sim-
ulated signals. ExxonMobil’s commitment to safety requires the
test facility’s safety practices to be the first priority, including the
capability of handling different types of heavy gas (such as a mix-
ture of SF6 and N2� as the ullage gas for testing.

• Design of Model-Scale Tank and Sensor Modules
Aside from the scaling requirement that the model-scale tank be
geometrically similar to the prototype design, it needs to have
adequate rigidity (with RMS uni-axial acceleration below 0.1 g);
to be gas tight; and to have a proper pressure relief mechanism,
as the tank is slightly over-pressured when we use heavy gas
as ullage gas. The model-scale tank design (Fig. 15) shall also
consider flexible sensor module designs for easy instrumentation
at various locations, and it shall be transparent for visualization
purposes. Finally, it is important that the weight of the tank be
designed within the test rig’s capacity. Note that the current state
of sloshing test technology can accommodate roughly 250 sen-
sors.

• QA Practices
QA is an essential part of conducting any sloshing test campaign.
As shown in Fig. 16, EMPACT requires that the site-team perform
QA tasks prior to, at the beginning of, and throughout the test
campaign. Before tests start, the sensors are statically calibrated
to their specification and qualified using the drop test. Yung et al.
(2008) provide a detailed description of the technical basis of
the drop test and its application to qualify sensors. ExxonMobil
has gathered quite a large high- and partial-fill pressure database
from tests performed to date. For any new test campaign, the
ExxonMobil site team is required to perform a tie-back test at the
beginning of tests and to compare the results against those from
the above database to ensure that overall performance of the test
system meets EMPACT requirements. Fig. 16 shows how a test
case based on harmonic motion is defined and performed every 1
to 2 days to check for system consistency.

• On-site Data Analysis and Decision-making
As localized sloshing pressures are a highly stochastic process, a
dynamic test execution strategy is required. It is our experience
that a team of engineers at a laboratory should conduct an efficient
on-site data processing of measurements and use these results for

Fig. 15 Example of model-scale tank and sensor modules

Fig. 16 Example of 3-step QA efforts to ensure quality of slosh-
ing test campaign

real-time decision-making based on the predicted Pf and accept-
able targets. A brief summary of the analysis and decision-making
process follows.

1. Conduct a pre-test engineering exercise to interpret the
project’s inputs, including operational scenarios and metocean
conditions, and use them to develop a preliminary test matrix.

2. Perform short-duration screening tests based on on-site
data analysis to determine statistical pressures and associated Pf .
Fig. 17 gives an example of screening analysis of 2 conditions.
For initial assessment, it is adequate for the test to be focused on
test condition #1, as it is the most relevant case from a capacity
viewpoint. Sloshing loads from test condition #2 are too large,
and operation in that condition should be prohibited.

3. Perform additional tests for the above-selected condition(s).
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Fig. 17 Example of screening of governing conditions
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Fig. 18 Convergence of Pf vs. test duration

4. Add more cases in the neighborhood of the envelope to
potentially expand or better quantify the confidence. Fig. 18 pro-
vides an example of Pf prediction versus test duration.

Scale-up of Measured Sloshing Impact Pressures

Dynamic similitude of 2 flows at different scales involves
the projection of dynamic quantities from one scale to another
through analytic relations of the scale ratio. For LNG tank slosh-
ing, the quantities of interest are pressure, time and the flow veloc-
ity components. Two conditions are necessary for the similitude
to hold true: The body geometries that constrain the flow must be
the same; and the relevant dimensionless numbers of the underly-
ing physics must be identical. Yung et al. (2009) point out that the
set of dimensionless numbers can either be obtained from percep-
tion, experience or dimensionless governing and boundary condi-
tions. The relevance and relative importance of each dimension-
less number affecting the quantity in question must be substan-
tiated by experimental measurements. Yung proposes 5 relevant
dimensionless numbers for LNG sloshing: The Euler and Froude
numbers, Interaction Index, and Reynolds and Weber numbers.
The Interaction Index consists of the product of mean ambient
vapor to liquid density ratio (!̄G and !̄L are the mean densities
of vapor and liquid, respectively), and a quotient involving the
ambient vapor’s polytropic index, #:

$ =
(
!̄G
!̄L

)(
#− 1
#

)
� (8)

The first 3 of the 5 dimensionless numbers were shown to be
dominant for LNG sloshing, while the last 2 were of secondary
importance. As the simultaneous scaling of the first 3 dimen-
sionless numbers is possible for a wide range of liquids and
gases, sloshing experiments can be conducted with a substantially
scaled-down model at convenient thermal condition. They coin-
cide with conventional Froude-scaling practice, with an additional
requirement for ullage vapor properties, except when a gas pocket
is formed. Fig. 19 shows that, if noncondensable vapor is used in
the ullage, trapped vapor pocket events characterized by unison

Fig. 19 Vapor pocket events observed using air-water vs. condi-
tion when ullage= steam at vapor pressure

oscillations of neighboring pressure signals must be identified and
removed. Such signals do not represent condensable vapor/liquid
(e.g. NG/LNG) interaction during impact.

Accounting for Effects of Membrane Surface Structures

Yung et al. (2008) and He et al. (2009) demonstrated the impor-
tance of MKIII corrugations and No.96 raised Invar edges on
local sloshing impact pressures. In general, when flow passes by
the raised invar edges or corrugations, the magnitude of pressures
increases due to Bernoulli effects; Fig. 20a provides a pressure
contour plot showing the enhanced pressures upstream of raised
invar edges.

Based on results from those studies, Yung and He et al. fur-
ther justify the feasibility of modeling such structures for sloshing
tests using model scales down to 1:35 (Fig. 20b). Hence, it is rec-
ommended that 3-D models with membrane surface structures be
included in sloshing tests. In application, however, detailed mod-
eling of the membrane surface structures is laborious, and reliable
miniature sensors are not readily available; in addition, such a

Fig. 20a Pressure contours showing pressure enhancement up-
stream of raised invar edges

Fig. 20b Example of 1:35-scale corrugated sensor module and
tank

Fig. 20c Pressure contours showing pressure enhancement at ran-
dom locations
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Fig. 21 Characterization of sloshing pressures

test campaign can be time consuming and expensive. As an alter-
native engineering approach, engineers may consider developing
conservative design factors to bound such hydrodynamic effects.
These design factors should be derived from a reasonably large
pressure database acquired from tests with and without membrane
surface structures, using different tank geometries and under var-
ious environmental conditions.

Using a similar experimental setup and test conditions, but
without modeling of the raised invar edges, e.g. a smooth tank,
the pressure contours (Fig. 20c) indicate that pressure peaks occur
randomly. The dotted lines represent raised invar edges, if present.

Effective Pressure Approach

To achieve acceptable confidence in measured sloshing pres-
sures, a long-duration test campaign is necessary, which often cre-
ates tera bytes of data for processing and interpretation. Perform-
ing a structural dynamic analysis for each of the sloshing events
would be an impossible task. The engineering approach described
below is one that is efficient to include structural dynamics in
interpreting sloshing pressures for integrity assessment.

• Characterized Sloshing Pressures As shown in Fig. 21,
sloshing impact pressures may be characterized by a rise time, tr ,
and an associated peak pressure, Pmax, and may be fitted using a
triangular pulse.
Based on this definition, the example of the 320-h sloshing pres-
sure database can be presented as a pressure scatter diagram
(Fig. 22) with the trend that, in general, the larger the pressure,
the shorter the rise time down to less than 1 millisecond.

• Predicting Effective Pressures (Method-1)
The Membrane Insulation Structures (MIS) dynamically respond
to applied sloshing loads. Conceptually shown in Fig. 23, the
effective pressure is the load that, when applied uniformly and
statically to the MIS panel, produces a static response of the same
magnitude as the peak dynamic response that resulted from appli-
cation of the actual dynamic load. A response could be an internal
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Fig. 22 Sloshing pressure scatter diagram

Fig. 23 Concept of dynamic amplification factor (DAF)

stress, internal load, or a displacement within the MIS, etc. As
EMPACT uses a 4× 4 sensor array to instrument ∼1-m2 area to
measure sloshing pressures; Fig. 24 shows how this method goes
through extensive searching of the maximum pressures for vari-
ous sensor combinations.
The effective pressures are predicted using the following equa-
tions for single-sensor and multiple-sensor loaded areas:
Single-sensor loaded areas

Peffective = Pmaxtr� ∗DAFtr� (9)

Multiple-sensor loaded areas:

Pmax−effective = Pmax−continued

N∑
i=1

Pmax� j ∗DAFi/
N∑
i=1

Pmax� j (10)

where Pmax−effective is the maximum effective pressure;
Pmax−combined, the maximum measured pressure; and Pmax� i ∗DAFi,
the maximum measured pressure and DAF for sensor “i” used
for sensor combination.

• Predicting Effective Pressure (Method-2)
Because sloshing pulses are irregular, their triangular fitting may
not be accurate for some events. An alternative approach using
the Impulse Response Function (IRF, Fig. 25) should mitigate
this engineering assumption as long as the dynamic response of
a limit state is linear. The following equation represents the pre-

Fig. 24 Example of sensor combinations to search for worst-
sloshing pressures
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Fig. 25 IRF approach for predicting effective pressures

dicted dynamic stresses induced using convolution of the applied
sloshing pressure, P11t�:

'At�=
∫ t

−�
hA/11t− )�P11)�d) (11)

where hA/11 = impulse response function relating pressure at loca-
tion 11 to stress at A. Using the IRF approach, the dynamic ampli-
fication factor is:

DAF=max�'a−dynamict��/'A−static (12)

where 'A−dynamict� is the dynamic stress history at location A
calculated by convolution of measured pressure, P11t�, with the
impulse response function, hA/11t�. 'A−static is the stress at loca-
tion A due to static pressure, P11−max.

Validation of Effective Pressure Method

As noted above, the effective pressure approach is an engineer-
ing method that facilitates efficient data processing and interpre-
tation of tera byte of a sloshing pressure database acquired during
a sloshing test campaign. To ensure that the predicted effective
pressures and quasi-static structural capacities are adequate for
integrity assessment, it is prudent that time domain dynamic anal-
yses be performed using selected time histories. Fig. 26 shows an
example of validation analysis for a set of No.96 insulation boxes
fastened to the ship hull structures using the ABAQUS-explicit
program. Results of the analysis form a basis for engineers when
evaluating whether or not this procedure is conservative.

EMPACT PREDICTION OF STRUCTURAL CAPACITIES

Figs. 27 and 28 represent 2 widely used Cargo Containment
Systems (CCS) on LNG carriers, the MKIII and No.96, respec-
tively. From a structural design viewpoint, both systems consist of
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Fig. 26 Validation of effective pressure method
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Fig. 28 No.96 CCS definition of limit states

standard interior insulation panels/boxes and perimeter nonstan-
dard insulation structures that transition from the interior zone to
the 90-degree or 135-degree dihedron where 2 surfaces intersect.
Different structures are designed for the corners where 3 surfaces
intersect.

Fig. 29 Example of LS under laboratory-controlled conditions for
MKIII CCS
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Fig. 30 Example of limit states under laboratory-controlled con-
ditions for No.96 CCS

The EMPACT definition of the Limit State (LS) for an insulation
structural component is when it loses its load-bearing capabili-
ties but without damaging the liquid-tightness of the membranes
or insulation effectiveness. Further, all limit states are defined as
a function of a loaded area consistent with a 4× 4 sensor array.
Based on this definition, except for the case when the loaded area
is the same as the size of an insulation panel/box, there are many
limit states for a given loaded area. The governing LS for each
loaded area is identified as that with the lowest capacity. Figs. 29
and 30 show the limit states for the MKIII and No.96 CCS. Note
that one tributary area corresponds to roughly 0�25 × 0�25 m2

based on a 4× 4 sensor array on a ∼1-m2 area, such as the size
of the No.96 insulation boxes. To demonstrate that the defined LS
would not result in the breaching of the membranes, ExxonMobil
has worked with GTT (Gaz Transport & Technigaz) to conduct
a full-scale test of the MKIII corrugated and No.96 Invar mem-
branes. Fig. 31 shows that neither membrane experienced tear-
ing or fracture when subjected to vertical displacements up to
100 mm.

Given the observed variability of the material properties of insu-
lation structures, EMPACT uses the following materials manage-
ment scheme for structural analysis:

• For predicting DAF or IRF→ use averaged material proper-
ties.

• For predicting capacities → use material properties corre-
sponding to values at the mean (50 percentile) or at the n standard
deviation from the mean.

Applying the material definitions above, Issa et al. (2009) pro-
vide a detailed description of how EMPACT predicts governing
limit states of the insulation structures and associated capacity
distribution functions for comparison with the GEVD sloshing
pressures.

No96 Membrane Integrity TestMkIII Membrane Integrity Test No96 Membrane Integrity TestMkIII Membrane Integrity Test

Fig. 31 Membrane integrity tests
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Fig. 32 Example of pressure and limit state definition for assess-
ing MKIII corrugations

For governing limit states that are influenced by ship hull struc-
tural displacements when subjected to sloshing impact, such as
shearing of the MKIII back-plywood or buckling of the No.96
bulkheads, the most unfavorable arrangement of stiffeners and
web frames of the hull structures relative to the insulation struc-
tures are assumed for a conservative prediction of capacities.

For the MKIII CCS, the corrugated membranes experience the
first contact of sloshing impacts, and their strength should be
assessed. Fig. 32 provides an example of impact pressures acting
on the corrugations using the measured single sensor pressures. In
EMPACT , the worst of the 3 pressure patterns is used for defining
the structural capacities of the corrugations. Using this approach,
the LS of the corrugation is defined using n-mm permanent dis-
placement, where “n” is defined based on the project’s acceptance
criteria. Again, as demonstrated in the membrane integrity test,
this n-mm displacement should not cause fracturing and/or tear-
ing of the corrugation membrane.

INTEGRITY ASSESSMENT

Despite the state-of-the-art test technology of using ∼250 sen-
sors for a sloshing test campaign, the number of sensors is insuf-
ficient to cover the complete walls of a 3-D 1/35-scale tank under
partially filled conditions. However, applying this probabilistic-
based method, the engineers will be able to assess the tank
integrity conservatively by compounding the probability of fail-
ure from the known region (instrumented) to unknown regions
(not instrumented) of the tank. For example (Fig. 33), one can
compound the probability of loads exceeding capacities from the
instrumented half-tank, (Pf )wall, to the complete tank, (Pf )tank,
provided that (Pf )wall is the worst of the half-tank results based
on screening and sensitivity tests. Once the engineers repeat the
above exercise for different sea states and different operating sce-
narios relevant to an offshore offloading operation, they can sum-
marize the results and present them using contours of equal prob-

Fig. 33 Compounding of Pf using results from instrumented half-
tank to complete tank
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Fig. 34 Example of predicted contours of Pf

ability of failure. These results can then be used as inputs to the
project’s operability analysis and risk assessment. Fig. 34 shows
a Pf contour plot; it is worth noting that this would change sig-
nificantly with sloshing parameters such as tank fill level, wave
heading, and carrier motions influenced by offshore LNG loading
and receiving terminals.

CONCLUSIONS

Extending the success of the LNG-delivery industry’s first step-
change of increased capacity of LNG ships in the 1970s, Exxon-
Mobil’s research efforts took it a step further by focusing on the
following fundamentals of LNG sloshing, which have challenged
engineers:

• Variability of Sloshing Pressures
Long-duration sloshing tests showed that sloshing is a highly
stochastic process and will not repeat itself even under the same
drive motions. EMPACT adopted extreme value statistical model-
ing of the maximum pressures, thus demonstrating the robustness
of its application for assessing a variety of operational scenarios.

• Coupled Tank Sloshing and Ship Motions. As the mem-
brane LNG tank has no centerline bulkhead, the tank flow moment
of inertia due to large-volume LNG cargo under high-fill condi-
tions and global tank loads due to LNG sloshing under partial-
fill conditions can have a significant impact on the LNG carrier’s
motions. Based on research results, EMPACT can model the com-
plicated behavior using linear superposition and use them as input
to drive the test rig for sloshing tests.

• Characteristics of and Scaling Law for LNG Sloshing.
Through both a mathematical formulation and physical test data,
the vapor in liquid sloshing impact test results has been shown to
have profound effects on maximum impact pressures. The dimen-
sionless number (Interaction Index, $ ) proposed here provides a
means with which to scale impact pressures for model tests with
fluids readily available at convenient thermal conditions. With it,
dynamic similitude is possible regardless of length scale, pro-
vided that the boundary conditions and other relevant dimension-
less numbers are the same.

• Effects of Membrane Surfaces on Local Sloshing Pres-
sures. Physical tests at 1:35 scales show that the effect of a bound-
ary layer does not play a role on how MKIII corrugations and
No.96 Invar edges affect local sloshing impact pressures. Thus,
modeling of the corrugations and invar edges at small-scale (1:35
with current industry capabilities) 3-D sloshing tests is feasible
with the proper instrumentation of pressure sensors.

• Structural Capacities of Membrane Systems. Using the
physics-based modeling of the insulation structures, EMPACT can
predict their capacities at the in-service conditions, which include
high strain rate and low temperature effects. In addition to the
limit state defined for structures subjected to uniform pressure on
a ∼1-m2 area, the developed tool enables prediction of limit states
capacity as a function of loaded area.

Similarly to what the Ship Structure Committee of the U.S.
National Academy of Sciences accomplished in 1980 in apply-
ing the then state-of-the-art sloshing assessment methodology to
explain what happened to the LNG carriers damaged in the 1970s,
the industry shall work together to explain the cause(s) of the
recent industry experiences (Gavory and de Sèze, 2009) and to
gather the lessons learned to improve future LNG carrier designs
and offloading of LNG operations. The authors are hopeful that
this new-generation sloshing assessment methodology can serve
as a stepping stone toward achieving that milestone.
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