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ABSTRACT
The subject of this paper is the behavior of MarkIII corrugated primary
membrane under breaking wave impacts. The study is based on the
database of the large scale impact tests from the Sloshel project.
Unidirectional breaking waves were generated in a flume tank in order
to break onto an instrumented wall covered by a corrugated surface
reproducing the MarkIII membrane at scale 1:6. Pressure sensors were
positioned in between the corrugations. A special sensor was designed
to measure the net force in the upward and downward direction on a
horizontal corrugation. Special care was taken to observe the
interaction between the wave impact and the corrugations by high
speed cameras synchronized with the data acquisition system.
Four sources of impact loads on the corrugations were observed: the
wave trough, the wave crest, the jet formed after wave impact or the
entrapped air. This observation gave evidence that more mechanisms
are involved during sloshing-corrugation interaction than those
indentified previously with wet drop tests. Moreover, the pressure
measured upstream and downstream of a horizontal corrugation is
correlated to the global vertical force, but this relation depends highly
on the sensor position with regards to the corrugation, and the source of
loading.
The paper describes the different kinds of corrugation loadings during
breaking wave impacts. It emphasizes the need to take into account the
sloshing corrugation interaction into a sloshing assessment
methodology but shows that applying scaled corrugations in small scale
tests (scale around 1:40 - 1:35) is not adequate.

KEY WORDS: sloshing, LNG carrier, membrane containment
system, MarkIII, corrugation, impact pressure, model test, flume tank,
breaking wave.
INTRODUCTION
MarkIII is one of the membrane Cargo Containment Systems (CCS)
designed by GTT for LNG carriers. It is mainly composed of 3 m x 1 m
panels of polyurethane foam covered by a stainless steel corrugated
membrane in contact with the LNG at -162°C (see Figure 1). The
panels are bonded to the double hull by resin ropes.
The membrane features large parallel corrugations crossing
perpendicularly small parallel corrugations. The large and small
corrugations are respectively 54 mm and 37.2 mm high. The distance
between two large or two small corrugations is 340 mm. On the

longitudinal walls of the MarkIII tanks the large corrugations are
vertical whilst they are horizontal on the transverse bulkheads.

Figure 1 – MarkIII containment system (left), sample of the
corrugated membrane (right)
In 2008, some deformations of the membrane corrugations were
observed for the first time on board several MarkIII ships during
routine dry dock inspections. These deformations, without any leakage
of the cargo, affected both large and small corrugations mainly in the
corners of the ceiling and less frequently in the region covering a few
meters above the chamfers of the longitudinal bulkheads. They had
clearly been caused by sloshing impacts. Some corrugations were
globally bent whereas some others were pinched almost symmetrically.
The design loads on the CCS of membrane ships are determined by
using a sloshing assessment methodology based on model tests with
tanks at scale 1:40 and flat walls (see Gervaise et al., 2009). After these
incidents some questions were raised:

How to determine the loads on the corrugations?

Could the presence of corrugations magnify the loads locally on
the polyurethane foam?

How to take this influence into account within the methodology?
Is it relevant to have scaled corrugations inside the model tanks?
After the incidents an investigation plan was launched by GTT. A
reverse engineering process permitted to evaluate the loads capable of
producing the different deformations observed. It was concluded that,
with a static pressure up to 20 bar, both the corrugations and the
insulation below remain sound, even though the corrugations may be
significantly deformed.
The analysis presented in this paper was carried out based on
experimental results from the Sloshel project (see Brosset et al., 2009).
So-called large scale tests were carried out by MARIN in the Scheldt
flume of Deltares (NL). Unidirectional breaking waves were generated
in the flume in order to impact an instrumented rigid vertical wall. Two
configurations of the wall were tested: a flat wall and a corrugated wall

reproducing at scale 1:6 the MarkIII membrane as arranged on
longitudinal bulkheads (large corrugations are set vertically).
The paper explains the main findings from these experiments and gives
partial answers to the above mentioned questions raised after the
incidents. The answers brought here are considered as partial for two
main reasons:

Wave impacts studied are much idealized compared to 3D
sloshing events and are only representative of sloshing impacts for
low and partial filling conditions. As they are unidirectional they
are not relevant to understand bending deformations of the vertical
corrugations.

The tests were performed at scale 1:6. Full scale wave impact tests
with the MarkIII containment system have been just completed in
April 2010 within Sloshel project. The conclusions from the large
scale tests will be up-dated as soon as the full scale data are
analysed.

SLOSHEL LARGE SCALE TEST SET-UP
At the time of testing, the Scheldt flume was 55 m long, 1.5 m high and
1 m wide. The flume could be filled up to 1.0 m. The flume walls were
transparent. A piston wave maker was installed at an end of the flume.
A rigid test wall was installed at 23.7 m from the paddle. The test wall
and the whole set-up is detailed by Bogaert and Kaminski (2010). The
test set-up is shown in Figure 2. The main components were the cover
plate, the front plate, the back plate and the supporting frame.

respect to the corrugations within each rigid block are shown in
Figure 7 (right).
Each rigid block was mounted on a 6-component load cell.
A special corrugation sensor was designed by MARIN in order to
measure the net vertical force on a horizontal corrugation segment in
between two vertical corrugations (see Figure 4) at the top of the right
test block.

Figure 4 – Corrugation sensor alone (left) and as installed on the
right rigid block (right)
The data acquisition was sampling at 50 kHz.
Five high speed cameras synchronized with the data acquisition
system completed the measurement system. Figure 2 (right) shows the
shelters mounted on both sides of the flume near the wall in order to
protect both the lighting system and the cameras from the splashes. The
shelters assured also a white background for the video recording.
All breaking waves presented in this paper were generated by a
focusing technique without any bathymetry (see Kimmoun et al., 2010
and Bogaert, Brosset, Léonard, Kaminski, 2010). Wave packets were
generated by the paddle in order to meet at a theoretical focal point.
The main parameter enabling to adjust the shape of the wave just before
the impact was the location of the focal point with regards to the wall.
Whatever the type of wave generated, the targeted location for the
impact is the horizontal line of pressure transducers at the top of the test
blocks (see Figure 3).

IMPACT TYPES
Figure 2 – Rigid test wall alone (left) and installed in the flume (right)
Two configurations of the cover plate were tested one after the other:
a flat cover plate and a cover plate with corrugations accurately
mimicking the MarkIII membrane corrugations at scale 1:6 with the
large corrugations set vertically (see Figure 3). This choice was
motivated by the fact that most of the deformed membrane corrugations
observed on board ships in the lower part of the tanks, were on the
longitudinal bulkheads.
Two instrumented rigid test blocks were embedded into the test wall.

First test campaign performed within Sloshel project at the turn of
2007, was dedicated to NO96 full scale tests. Four categories of wave
impacts were identified depending on the advancement of the breaking
process when hitting the wall (Brosset et al., 2009).
The Sloshel large scale tests allowed to reproduce these types of
impacts and to get high quality videos of them. Figure 5 shows
successive stages of each impact type.

Aerated (AE)

Air pocket (AP)

Flip-through (FT)

Slosh (SL)

Figure 3 – Flat cover plate (left) and corrugated cover plate (right) with
the two test blocks
Pressure transducers with a sensitive membrane of 1.2 mm diameter
were installed on the wall as shown in Figure 3 along two vertical lines
and a horizontal line. The pressure transducers are described by Bogaert
and Kaminski (2010). Locations of the sensors on the vertical line, with

Figure 5 - Four impact types

The free water surface is represented at different times with a constant
time step of 5 ms. The shape of the free surface was contoured from the
video recordings of the large scale tests with the flat cover plate.
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In a flume tank, the generation of these different impact types depends
on the position of the focal point with respect to the wall. The waves
breaking before hitting the wall (focal point located ahead of the wall)
create a lot of bubbles before the impact. This kind of impact is called
aerated impact (AE). Whatever the adjustment of the paddle signal, the
aerated impacts always lead to moderate impact pressures. Their
interest is thus limited from a design point of view and they will rarely
be mentioned in this paper.
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The air-pocket impact (AP), flip-through impact (FT) and slosh impact
(SL) correspond to locations of the focal point moving progressively
towards the wall and even beyond the wall for slosh impacts. They are
the three most important types of wave impacts, inducing significant
pressures on a flat wall.
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These three impact types remain the same whatever the configuration
of the impacted wall (flat or corrugated) is. Figure 6, 8 and 10 show
respectively characteristic examples of AP, FT and SL impacts for both
a flat wall and a corrugated wall. Figures 7, 9 and 11 give the respective
pressure time traces recorded by the different pressure transducers,
vertically aligned on one of the test blocks shown in Figure 3.
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Figure 7 – Pressure profiles for an Air Pocket (AP) impact on flat
(left) and corrugated (right) walls. The locations of the pressure
sensors are given on the right side. Instants τa, τb, τc refer to the
pictures in Figure 6

Statistically, the air pocket and the slosh impacts are more likely to
occur because they correspond to a large range of possible focal point
locations. Flip-through impacts correspond to a narrow band just in
between these two large ranges for AP and SL impacts. Practically a
flip-through impact is always a limit case of either a slosh or an air
pocket impact.

1

1

0.95

0.95

0.9

0.9

0.85

0.85

0.8

0.8
0.75

Flat wall, τa

Flat wall, τb

Flat wall, τc

Flat wall, τa

Flat wall, τb

Flat wall, τc

1
0.95
0.9
0.85
0.8

Corrugated wall, τa

Corrugated wall, τb

Corrugated wall, τc

Figure 6 – Air Pocket (AP) impact on flat (top) and corrugated
(bottom) walls at three different instants noted τa, τb, τc. Pressure signals
given in Figure 7
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Figure 8 – Flip Through (FT) impact on flat (top) and corrugated
(bottom) walls at three different instants noted τa, τb, τc. Pressure signals
given in Figure 9.
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Figure 9 – Pressure profiles for a Flip Through (FT) impact on flat
(left) and corrugated (right) walls. Locations of pressure sensors are
given on the right side. Instants τa, τb, τc refer to the pictures in
Figure 8
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Figure 11 – Pressure profiles for a Slosh (SL) impact on flat (left)
and corrugated (right) walls. Locations of pressure sensors are given
on the right side. Instants τa, τb, τc refer to the pictures in Figure 10

WAVE – WALL INTERACTIONS
Some general phenomena occur when a travelling wave approaches a
wall. These phenomena are the same whatever the configuration of the
wall (flat or corrugated) although it is easier to capture them on the
videos or the pictures taken with the flat wall.
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Figure 10 – Slosh (SL) impact on flat (top) and corrugated (bottom)
walls at three different instants noted τa, τb, τc. Pressure signals given in
Figure 11

The most general physical phenomenon when a travelling wave is
approaching a wall is the run-up process: the wave trough rises
progressively along the wall, the free surface remaining perpendicular
to the wall. This process enables a transfer of momentum from the
horizontal to the vertical direction. It, thus, mitigates the impact. For
the slosh waves (see Figure 10 - top), this transfer is complete: all the
momentum of the wave is transferred vertically through the run-up
process. So, no real impact occurs.
The thickness of the trough is largely reduced when constrained or
restricted by the close presence of the wave front. It may become a
violent vertical jet fed by the remaining horizontal momentum of the
wave front (see Figure 8, top, right). Restricted troughs inducing
vertical jets occur for impacts very close to flip-through, including
small air-pocket impacts or sharp slosh impacts. When a jet is building,
there is always a sharp increase of the pressure at its root in the trough
area (see Figure 9 - left). For larger air pocket impacts, no vertical jet
from the trough is noticed. The trough is not restricted enough and the
transfer of momentum happens smoothly. Both the maximum velocity
and acceleration of the trough increase in the case of impacts with
decreasing sizes of air pockets.

The results in terms of loads on the corrugations or on the flat areas are
shown in the two next sections.

Pulsating Air pocket
For AP impacts, an air pocket is entrapped between the trough, the crest
and the wall (see Figure 6). The pocket closes when the crest hits the
wall. The air pocket is pressed by the wave front, which still keeps
some horizontal momentum, and the wave trough running up. The
pocket acts like a spring, the stiffness of which is given by the
compressibility modulus, compressed by water inertia. The volume of
the air pocket oscillates together with the pressure inside. All pressure
sensors within the gas pocket give exactly the same pressure signals
(see Figure 7 – left – 4 lowest sensors). The pocket main trajectory is
driven by the upward general motion starting from the trough run-up.

Crest impact and vertical jets building from the crest
For air pocket impacts, the horizontal momentum cannot be completely
transferred to the trough run-up process. A crest is building
progressively and hits the wall (see Figure 6 - top). Despite the
presence of the gas around the crest that will take a part of the crest
momentum when forced to escape, a real impact happens. A sharp peak
pressure is observed just in front of the crest that superimposes to the
low frequency oscillating pressure from the gas pocket (see Figure 7
left, sensor at 0.950 m). As already noticed during the full scale tests
(see Brosset et al., 2009), this sharp peak pressure is much localized.
The density of installed pressure sensors is not high enough to guaranty
an accurate capture of this peak for each crest impact. After contact a
vertical jet is ejected upward (see Figure 6 – top – middle). A vertical
jet may also be expulsed downward inside the air pocket but was not
detected from the videos.

Wave trough - corrugation interaction (I)
During the run-up of the trough along the corrugated wall, the trough
hits each horizontal corrugation, separates from the wall and reattaches
downstream of the corrugation afterwards, before hitting the next
corrugation. When the trough is restricted, a jet may surge and hit the
corrugation above.
A trough located in cell n between corrugation n and corrugation n-1
loads: (1) corrugation n, (2) cell n and/or (3) cell n+1. When a cell is
loaded, the polyurethane foam below the membrane would be loaded in
the reality. Corrugation and cell loadings are respectively referred to as
CRG and CCS loadings.
While entering into the liquid during the trough run-up, the lower side
of the horizontal corrugation n is loaded (I-1_CRG). The cell n
underneath the loaded corrugation n is loaded locally at the same time
(I-1_CCS), especially in the case of a restricted trough. This leads to an
enhancement of the pressure upstream of the corrugation. When
reattaching to the wall, the flow loads cell n+1 (I-2_CCS).
Figure 13 shows this process (I-1, I-2) for both an unrestricted trough
(top) and a restricted trough (bottom).

Summary
Depending on the impact type (AP, FT or SL), the wall (flat or
corrugated) can potentially be loaded by three different parts of the
wave: the trough, the crest and the pocket. Figure 12 summarizes the
different possibilities.
Flip
Through
(FT)
Air Pocket
(AP)

Slosh (SL)

Building jet from
the trough
Pulsating air
pocket
Impacting crest

Figure 12 – Different kinds of loads from the wave–wall interaction

WAVE – CORRUGATION LOCAL INTERACTIONS
The different sources of loading due to the wave-wall interaction
remain when the wall is corrugated. They load the containment system
in between the corrugations. However, each part of the wave (trough,
pocket and crest) interacts with the corrugations differently, which may
lead to local mitigation or enhancement of the loads in between the
corrugations compared to what would be obtained on a flat wall. This
wave-corrugation local interaction also leads to specific loading
mechanisms of the corrugations. The different types of local
interactions are sorted out by the part of the wave which is involved.
The study is focused on horizontal corrugations as the loads obtained
on vertical corrugations are of no interest when considering
unidirectional waves. In this section, only the phenomena are described.

Trough loading of a horizontal
corrugation (I-1_CRG+CCS)

Reattachment of the flow to the wall
(I-2_CCS)

Figure 13 – Wave trough – corrugation interactions. Loading
mechanisms I-1 (left) and I-2 (right) (see Table 1) - Unrestricted
(top) and restricted (bottom) troughs
It is apparent in Figure 13 that the trough remains horizontal in the area
close to the wall.
The velocity and the acceleration of the trough are much higher for the
impact conditions corresponding to a restricted trough. Therefore the
trough loading on horizontal corrugations is expected to be much
higher for a restricted trough obtained for focal point locations close to
the flip-trough conditions than for an unrestricted trough obtained with
large air-pocket impacts.
Furthermore, when the trough is restricted, the run-up along cell n may
feed a thin vertical jet with high vertical velocity. This jet hits the lower
side of the above horizontal corrugation n as shown in Figure 14. This
corrugation loading mechanism (I-3_CRG) is linked to an enhancement
of the pressure upstream of the corrugation (I-3_CCS). Figure 11 shows

such an enhancement of the pressure, measured upstream of a
horizontal corrugation by the sensor located at 0.867 m, for a jet
induced by a slosh impact.

pressure upstream of the corrugation may be magnified at the same
time (III-2_CCS). Figure 7 shows such an enhancement measured
upstream of a horizontal corrugation by the pressure sensor located at
0.971 m for an AP impact.

Summary
For a given impact type, the different parts of the wave interact with the
horizontal corrugations. Table 1 summarizes the different loading types
on corrugations (referred to as CRG) and on the flat membrane
(referred to as CCS for containment system) which were identified in
this section.

Figure 14 – Jet loading (I-3) of a horizontal corrugation induced by a
restricted trough

Air-pocket - corrugation interaction (II)
There is no special phenomenon induced by the presence of a
corrugation when located inside an air pocket of an AP impact
(Figure 6 – bottom – middle). The pressure inside the air pocket can be
considered as uniform. Any part of a corrugation inside the air pocket is
loaded with that pressure. Most of the time, both sides of the
corrugation inside an air pocket are loaded in the same way,
symmetrically (II-1_CRG). The net vertical force on a horizontal
corrugation is therefore negligible. The corrugation may be crushed but
not bent.
A corrugation at the boundary of an air pocket is loaded nonsymmetrically (II-2_CRG). This kind of loading tends to bend the
corrugation.
In both cases, the cell inside the gas pocket is loaded approximately by
the same pressure with or without corrugated membrane on the wall for
the same steering signal of the paddle, as illustrated by Figure 7 for the
four lowest pressure transducers located inside the air-pocket.

Table 1. – Wave – horizontal corrugation local interaction.
CRG=corrugation loading – CCS=Flat membrane loading change
Wave
Loading description
Code CRG CCS
part
Run-up (water entry)
I-1
CRG
CCS
Flow Reattachment
I-2
CCS
Trough
Jet from restricted trough
I-3
CRG
CCS
Pocket not limited by a CRG
II-1
CRG
Pocket
Pocket limited by a CRG
II-2
CRG
Crest impact
III-1
CRG
CCS
Crest
Jet from crest
III-2
CRG
CCS
The main types of corrugation loading are the wave trough loading, the
crest loading and the jet loading. The jets are induced either from a
restricted trough or a crest impact.

CORRUGATION LOADING
Figure 16 shows the maximum vertical forces measured by the
corrugation sensor shown in Figure 4, for all Sloshel tests at scale 1:6.
The result of each test is classified according to the impact type (AE,
AP, FT, SL) and the local type of corrugation loading (trough, crest or
jet).
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The wave crest may hit directly a corrugation as shown in Figure 15
(left) and load more or less equally both sides (III-1_CRG). This
depends on the relative position between the crest and the corrugations.
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Figure 16 - Measured force on horizontal corrugation. Subdivision
made per aerated (AE), air pocket (AP), flip-through (FT) and slosh
(SL) impact.

Figure 15 – Crest loading of a horizontal corrugation (III-1) and
resulting jet loading of the next upper horizontal corrugation (III-2)
After that, the crest reaches both cells around the corrugation. The cell
is loaded at the shoulders of the corrugation (III-1_CCS).
Whatever the location of the crest in the cell n (including corrugation n1) when hitting the corrugated wall, a violent vertical jet starts upward
from the contact point and hits, thus loads (III-2_CRG), the next
horizontal corrugation above n as shown in Figure 15 (right). The

As already mentioned, the corrugation sensor is only able to measure a
net vertical force. So a pressure equal on both faces of the corrugation
leads to no force measured. As the crest loading type (III-1) of the
corrugations potentially loads both sides of the corrugations, the
corrugation sensor is not relevant for measuring it. On the contrary, as
jets (I-3 & III-2) or wave trough (I-1) load only the lower side of the
corrugations; the corrugation sensor is very relevant for capturing them.
The highest vertical force on the horizontal corrugation was obtained
for trough loading (I-1). Actually only troughs restricted by a close
wave front lead to significant vertical forces on the corrugation. This

Such a simplified vision of the wave trough loading by a water entry
problem of the corrugation into a flat free surface seems to be
inadequate, at least for a wave trough loading. Further investigations
are to be made for unrestricted trough loading.
Jets induced either by the wave crest (III-2) for AP impacts or by the
wave trough (I-3) for FT or SL impacts may also lead to high vertical
forces though smaller than for wave trough loading. The maximum
recorded force from a jet is 64 N (scale 1:6) obtained for FT impact.
Figure 18 shows this FT impact and the jet induced by the restricted
wave trough hitting the corrugation.
Actually, the test matrix was built so as to measure the maximum force
or pressure. It means that the parameters, including the relative location
of the point of impact versus the corrugation sensor, were adjusted
more carefully for restricted trough loading than for jet loading.
Consequently higher forces on the corrugation could have been
obtained for jet loading (either I-3 or III-2) with the same waves by
adjusting the impact location with respect to the horizontal
corrugations.
It can be noted that the only forces measured by the corrugation sensor
for AE impacts were jet impacts with low forces. This confirms that AE
impacts can be disregarded when corrugation loading is considered.

Figure 18 – Flip-through impact inducing the maximum jet loading
(64 N) on the corrugation sensor. 5 ms between the two pictures.
From the force measured by the corrugation sensor one can define a
mean pressure on the largest section of the corrugation. As the
cylindrical part of the horizontal corrugation has a width of (34070)/6 = 45 mm and a height of 7 mm (for technical reasons a little
higher than the actual scaled height 37.2/6 = 6.2 mm), the largest
section considered is 315 mm2. It is interesting to compare this mean
pressure to the pressure measured by the transducer upstream of the
corrugation sensor. The projected distance between the pressure
transducer and the corrugation apex is 15.4 mm. The apex is located at
a height of 986.4 mm.
Figure 19 presents the results with the same classification of
corrugation loadings and subdivisions of impact types as in Figure 17.
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Fig. 17 – Water
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The impact corresponding to the maximum
force of 203 N (scale 1:6) is a flip-through
shown in Figure 13 (bottom). It is tempting to
consider this kind of trough loading as a water
entry problem governed by the vertical trough
velocity (see Figure 17). The maximum trough
velocity in this case was evaluated from the
high speed video as 15 m/s. A generalized
Wagner theory as proposed by Zhao and
Faltinsen (1996) and implemented by Scolan
(Scolan, 2008) leads to an evaluation of the
maximum force around 20 N.

Pressures are given at model scale and at full scale considering a
Froude-scaling with LNG (430 kg/m3) instead of water (1000 kg/m3).
Froude-scaling is proposed here because often used and no better
suggestion is ready.
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happens for impact types that are very close to flip-through although
impacts some of them can still be labelled as slosh impacts or small air
pocket impacts.
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Figure 19 – Maximum mean pressure from the corrugation sensor (○)
and maximum pressure upstream of the corrugation (□). Subdivision
made per aerated (AE), air pocket (AP), flip-through (FT) and slosh
(SL) impact. Scale 1:1 pressures are Froude scaled with LNG instead
of water.
It is clear that the pressures measured upstream of the corrugation are
lower than the mean pressures on the corrugation for the most
significant impacts. The maximum pressure at the basis of the
corrugation is probably not captured by the closest lower sensor due to
its being too far from the corrugation. This result is further developed
in the next section concerning the containment system loading.
After the incidents with the MarkIII membrane in LNG carriers in
2008, GTT carried out investigations which concluded that up to a
static pressure of 20 bar, both the corrugations and the insulation below
remain sound even though the corrugations may be significantly
deformed. For a first visible deformation of the small corrugation, a
static pressure of 5 bar is required.
These two pressure thresholds are represented on Figure 19 by a black
(5 bar) and a red (20 bar) lines. It is to be noticed that no impact was
generated, despite our good will, leading to a corrugation loading above
the damaging limit established by GTT. On the contrary many would
have led to a permanent visible deflection of the horizontal
corrugations. It is unfortunately not possible to determine what the
probability of occurrence of such impacts is from the data base. The
large number of high pressure impacts obtained only reflects the will of
the Sloshel partners to focus on these kinds of impacts. Nevertheless
most of these high pressure impacts were obtained for flip through
impacts which can be considered as a condition being difficult to adjust
in a lab and unlikely to happen with 3D real excitations.
These high loads of the horizontal corrugation are obtained by trough
or jet loadings of the lower side of the corrugation. They would lead to
asymmetric deflection (local or global bending) of the corrugation.
Crest and air-pocket loadings are the only kinds that could explain
pinching deflection of the horizontal corrugations that were observed
on board MarkIII ships. The highest pressure measured upstream of the
horizontal corrugation sensor for crest loading is much lower than the
threshold for a visible permanent deflection. This may only be due to
the fact that the sensor was too far from the corrugation to capture the
maximum pressure. An improved corrugation sensor was developed for
the Sloshel full scale tests with the MarkIII membrane. These tests have
already been performed in April 2010. The new sensor is able to
measure both the upward and the downward vertical forces on the
horizontal corrugation.
The results of these full scale tests should answer the question whether
crest impacts are able to pinch permanently a horizontal corrugation.

The maximum pressure measured inside a gas pocket is 1.3 bar, which
is much below the threshold inducing a first visible deformation.
Studying unidirectional waves does not allow capturing high
asymmetric loads on the vertical corrugations. Nevertheless crest and
air-pocket loadings are potentially able to pinch as well a vertical
corrugation as a horizontal one. So, conclusions remain the same on the
vertical corrugations for this kind of symmetrical loadings.

CONTAINMENT SYSTEM LOADING
In the previous section the focus was on the loads on the corrugations
of the MarkIII membrane. Considering the excellent fatigue behaviour
of the membrane, even after strong deflections of the corrugations, this
part is not the most essential for the safety of the ship. The focus is now
on the loads on the flat areas of the membrane in between the
corrugations that would load directly the polyurethane foam of the
MarkIII containment system on board LNG carriers.
The analysis of the containment system loading is difficult for several
reasons:

The density of sensors on the test blocks was too low to capture
adequately the highest sharp peaks (Kimmoun et al., 2010). In
particular, as seen in the previous section (Figure 19), the
measured pressures just upstream of the corrugations in the impact
areas are likely to be underestimated.

The impact types inducing the highest local pressures (Figure 19)
are the flip-through impacts. These impacts are limit cases of airpocket impacts, for which the pocket volume tends towards zero.
They are very sensitive to the initial conditions. Consequently,
even when repeating carefully the same paddle steering signal
adjusted for the flip-through conditions, even if the wave had been
especially studied in order to give the best repeatable results, the
results in terms of measured pressures were largely spread (see
Kimmoun et al., 2010 and Bogaert, Brosset, Léonard, Kaminski,
2010).

The flip-through impacts are conditions helping to understand the
physics of wave impacts, but considered as unlikely to occur in
real situation with 3D ship motions.

The large scale tests were done at scale 1:6 and scaling of the
corrugations influence is not mastered.
Nevertheless, after all these reminders, some interesting trends can be
derived from the large scale data base.
Four air-pocket, seven flip-through and four slosh impact conditions
were repeated with the same paddle steering signals for both the flat
and the corrugated walls. The results presented in this section compare
directly the couples (flat/corrugated) of maximum loads, namely local
pressures or mean force on the two test blocks (see Figure 3), for these
conditions in order to show the influence of the corrugations on the
CCS loading.
Figure 20 shows scatter plots of the maximum measured forces,
perpendicular to the wall, on the test blocks. The abscissa and ordinate
are respectively the values obtained on the flat wall (FW) and on the
corrugated wall (CW). The shapes and colours of the dots indicate the
kinds of wave impacts (AE, AP, FT, SL).
The results for flip-through impacts are significantly spread and do not
show a general trend. Indeed their high variability to the initial
conditions masks the phenomenon that one tries to analyse, even for
global force measurements supposed to be more stable than local
pressures. For slosh and air-pocket impacts, slightly higher loads can be
observed on the corrugated wall than on the flat wall. A closer look to
the local loads for these two impact types is necessary.

Figure 20 – Comparison of the max. forces on the test blocks, recorded
on the flat (FFW) and the corrugated (FCW) walls for the same wave
paddle signal. Aerated (◊), air pocket (○), flip-through (□) and slosh (+)
Figure 21 shows for SL and AP impacts, the ratio PCW/PFW of the
maximum pressure obtained on the corrugated wall (PCW) to the
maximum pressure obtained on the flat wall (PFW) for the same location
along the middle vertical of the test blocks and the same paddle
excitation. Locations of the corrugations are represented with red lines.
These plots are to be analysed carefully: a high ratio PCW/PFW may
correspond to a small reference value. So, the maximum value of PCW
and PFW are displayed on each sub-figure.
A general trend of higher local pressures is clearly observed for the
corrugated wall. Also, the details considering the part of the wave
involved and the location of each sensor with regards to the next
downstream corrugation, thus the kind of wave-corrugation local
interaction (see Table 1), make sense.
For the slosh type of impacts (Figure 21 – left) the lowest corrugation
within the test block interacts with the trough when it runs-up and the
jet is building up (instant τa in Figure 10 - bottom). The overpressures
observed on Figure 21 are thus of the same kind as those described on
Figure 11 for the sensor at 0.867 m from the bottom (I-1 or/and I-3 in
Table 1). The sensor upstream of the top corrugation captures also
significantly larger pressures due to the jet hitting this corrugation (I-3).

Slosh impacts

Air Pocket impacts

Figure 21 – Comparison of the max. pressure on corrugated and flat
walls at the same location for the same wave paddle signal
For the air-pocket type of impacts (Figure 21 – right), the crest is
most of the time hitting the wall between the corrugations at
respectively 0.929 m and 0.992 m above the bottom. The increase of
pressure for the corrugated wall at sensors at 0.950 m and 0.971 m
above the bottom are related to the jet-from-the-crest hitting the top
corrugation (III-1) as observed in detail for a particular air-pocket
impact in Figure 7.

DOES IT MAKE SENSE TO PERFORM MODEL TESTS
WITH CORRUGATIONS?
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The two previous sections have shown that the wave – corrugation
local interactions have a significant influence on both the corrugation
loads and the containment system loads. How can this influence be
taken into account within a sloshing assessment based on model tests?
Would it be an improvement, though technically challenging, to
perform small scale tests with scaled corrugated walls in the areas of
impacts?
Sloshing model tests as performed in GTT are based on the use of
model tanks at scale 1:40. Let us imagine a scale 1:34 in order the
distance between two consecutive parallel corrugations (large or small)
is 1 cm. Heights of large and small corrugations would thus become
respectively 1.6 mm and 1.1 mm at small scale. Assuming the
fabrication of the corrugations at scale technically possible, it may be
feasible after changing the sensor housings, to set-up four Sloshel
pressure sensors (these sensors have a particularly small sensitive
membrane area (1.3 mm diameter)) within one cell.
In order to derive reliable full scale loads at least on the containment
system two requirements are necessary to be fulfilled:

the wave – corrugation local interaction must be similar at both
scales

the measured pressures are representative of the maximum loads
The first condition is unlikely to be fulfilled because with such a small
size of the corrugations at small scale, viscous effects governed by
Reynolds number or tension surface effects governed by Weber number
are expected to have a strong influence.
Furthermore, according to Sloshel large scale tests, the second
requirement is not fulfilled. Indeed, the measured pressures depend
highly on the distance between the sensor upstream of the corrugation
and the corrugation itself. For example, the closest lower sensor to the
top corrugation within the test block was not able to capture the
maximum pressure at the root of the corrugation, which should be
larger than the mean pressure on the corrugation largest section,
derived from the force measurement on the corrugation (see Figure 19).
The projected distance between this sensor and the corresponding
corrugation was 21 mm at scale 1:6. Geometrically scaled at scale 1:34,
it would become 3.7 mm. So, the results of the model tests would
highly depend on the minimum distance the sensor could be positioned
with regards to the adjacent corrugation.
Figure 22 illustrates this influence of the distance between a sensor
upstream of an adjacent corrugation and the corrugation itself. The
maximum pressure measured upstream the corrugation (pmax,UC) is
compared to the average pressure derived from the force measured by
the corrugation sensor (pAVG). The two most significant types of
corrugation loadings (trough run-up loading (I-1) and jet loading (I-3
and III-3)) are displayed separately. Different impact types are
distinguished by using different colours and symbol shapes.
For a given distance (here 15.4 mm) between the sensor and the
corrugation, the underestimation of the maximum pressure at the root
of a corrugation is significant and depends on the impact type and the
wave-corrugation local interaction type.
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For both the slosh and the air-pocket impacts, a reduction of the
pressures is observed just above the top corrugation when using the
corrugated wall. This effect must be much localized, because the
sensors respectively at 0.950 m and 0.888 m just above other
corrugations but a little further do not show this effect.
The overpressures observed must be also much localized at a given
moment since the force magnification observed in Figure 20 remains
small.
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Figure 22 – Average pressure on corrugation (pAVG) and maximum
pressure upstream of corrugation (pmax,UC). Aerated (◊), air pocket (○),
flip-through (□) and slosh (+) impacts

CONCLUSIONS
After the NO96 full scale wave impact tests carried out at the turn of
2007, the Sloshel consortium performed large scale wave impact tests
in April 2009 at scale 1:6 in a smaller facility. The objectives of the
new tests were multiple:
 Study the scaling effects by mimicking at large scale the waves
generated first at full scale, when impacting a flat rigid wall.
Bogaert, Brosset, Léonard, Kaminski, (2010) present the findings.
 Prepare MarkIII full scale wave impact tests by tests on both a flat
and a corrugated wall in order to:
 improve the quality of the waves for better mastering the
repeatability of the waves developments and of the pressure
measurements (Kimmoun et al., 2010 and Bogaert, Brosset,
Léonard, Kaminski, 2010).
 obtain design loads for the MarkIII full scale set-up.
 obtain a data base with the corrugated wall and conditions to be
repeated at full scale during the Mark III tests in order to study
the scaling effects on the corrugated wall.
MarkIII full scale tests were performed in April 2010 but have not been
analysed yet. The present paper is limited to the findings from the large
scale tests and the comparison of results obtained with the corrugated
wall and with the flat wall. The three main categories of impacting
waves (air-pocket, flip-through and slosh impacts) already studied in
NO96 full scale tests were studied again.
High speed video recordings synchronized with the pressure acquisition
enabled an analysis of the phenomena when a wave interacts with a flat
wall. The wall is loaded by the impacting crest, the compressed air
pocket and the root of the jets building up either from the trough during
the run-up process or from the crest after its impact. The loading of the
jet is due to the local change of direction of the liquid momentum.
These general wave-wall interaction phenomena remain when the wall
is corrugated, but in addition, they interact with the corrugations
generating specific loadings of the corrugations and modifying locally
the loading in between the corrugations. Six different loading
mechanisms were observed involving either the corrugations or the
cells, thus the polyurethane foam in the reality on board ships.
The maximum loads were obtained with flip-through impacts, difficult
to adjust in laboratory and therefore not considered as likely with real
3D ship motions. However, maximum force recorded on a horizontal
corrugation during the whole test campaign would not have damaged
the corrugation nor the foam below at full scale, according to Froude
scaling.
Nevertheless, several air-pocket and slosh impacts, considered as more
likely to occur in the reality, induced a mean pressure which could have

led to permanent visible deformations at full scale.
Several mechanisms were observed inducing an enhancement of the
pressures locally just underneath the horizontal corrugations in the
impact areas. A too low density of pressure transducers in the impact
area was used to capture the highest pressure peaks.
In addition to the scaling difficulties, this high density of sensors
required in between two corrugations is the reason why the authors do
not recommend to model the corrugations during sloshing model tests.
All results obtained from the large scale tests, thus at scale 1:6, have to
be confirmed from the MarkIII full scale tests, whereby not only the
scale was changed, but the test conditions were improved. In particular,
a higher density of pressure sensors covered the two test blocks.
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