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Highly varying sloshing loads are a superposition of load components resulting from a sequence of
different physical phenomena. However, not all features of spatial and temporal variations of sloshing
loads and associated phenomena are equally important when failure of structure is considered. Therefore,
the prediction of sloshing loads should be focused on those load components which lead to failure. These
components can be found by employing a structural model, which should be fast computationally con-
sidering the huge number of possible sloshing loads. This paper presents a reduced order model based on
the beam-foundation model which is derived for the Mark-III cargo containment system. The model is
validated against a detailed finite element model and it conservatively predicts the stresses at failure loca-
tions. The calculation time using the model is approximately two orders smaller in comparison to a finite
element model computation, which allows the model to be applied for finding governing load components
and associated physical phenomena.

Keywords: LNG, cargo containment system, dynamic response, beam-foundation model, reduced order
model

1. Introduction

Safe and efficient marine storage and transportation of liquefied natural gas (LNG)
at —162°C requires cargo tanks providing sufficient strength and thermal insulation.
At these temperatures LNG can be transported as long as the vessel’s inner hull is
insulated from the low temperature with a Cargo Containment System (CCS), as
sketched in Fig. 1.

The CCS experiences sloshing loads that are mainly investigated in 1:40 scale
model tests, scaled up to full scale [12,21]. Due to sensor size, the scaled loaded
area is such that local flow features are lost. Scaled loads are then compared with
structural capacity, while taking correction factors for operational experience into
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Fig. 1. Cross section of an LNG carrier insulated with a Mark III cargo containment system.

account. This procedure has allowed for safe sailing with LNG carriers for the past
years.

While this method is safe, the physics are still not well understood [3], leading
to the Sloshel project. In this project sloshing impacts on a CCS were investigated
in model and full scale [5,17], which led to the identification of three Elementary
Loading Processes (ELP) [20]:

1. Direct impact of the fluid onto the wall
2. Jet formation after direct impact
3. Entrapped gas which pulsates

The physics governing these ELPs do not all follow the same scaling laws, and there-
fore the tuning of 1:40 scale pressures with operational experience is needed. Pres-
sures measured in Sloshel were applied to a nonlinear FE model in [29]. They found
that the stress in the foam contains less details than the temporal and spatial distri-
bution of the pressures (pressure map) has. Hence, the structure filters the loads and
therefore not all underlying ELPs may be relevant for the structure.

For new applications such as small scale LNG and liquid hydrogen, the same ELPs
are expected. However, they will have other magnitudes. Furthermore, without the
scaling factors from operational experience questions are raised about the importance
of phase transition, variability, and fluid-structure interaction. The SLING project
[3] investigates the importance of these factors by analyzing their influence on the
pressure map. A change in the pressure map does not necessarily mean that an effect
is important, as demonstrated in [4]. This is determined by looking at the predicted
structural damage. If omission of a factor does not change the predicted damage, then
it is not considered important. Ideally all pressure maps would be investigated, to
derive general conclusions and guidelines for model tests and numerical simulations,
but this would be too time consuming for an FE analysis. This research is part of
the SLING project and has as goal to efficiently quantify which part of the load is
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important for the structure. By knowing what loads are important the design of a
CCS can be done more efficiently.

In this paper we take the first step towards a fast load screening method, without
employing complex and time-consuming FE analysis for the large number of load
cases that can be imagined. We define screening as a selection process, which results
in a conservative prediction of structural damage by selecting the most damaging
load cases. Screening should help to answer the question: Which load influencing
factors are important for the damage prediction of a membrane CCS? The screening
method should conservatively predict failure while being simple to apply. This led
to the development of a reduced order model, which has three main advantages over
FE analysis:

1. Such a model gives a stress estimate before using FE models, similar to the
Euler beam theory which gives a first response estimate.

2. The model can be applied as a filter to determine which load parts are impor-
tant.

3. It could be applied as fast design tool, as it gives a relation between loading,
response and material parameters.

An additional use for such a screening method could be to investigate results of nu-
merical sloshing simulations, which can deliver higher resolution results compared to
model tests, such as [13,14]. Such simulations come at high computational cost, and
do not necessarily include all physics on all scales because modelling the pressure
peaks requires high spatial and temporal resolution [21]. Additionally, variability of
the flow is not accounted for when calculating a single impact, further increasing the
cost if statistics are required. There are methods to reduce the computational cost
of free surface simulations, such as advanced boundary conditions [30], but this is
beyond the scope of this article.

This paper consists of two main parts. First, the reduced order CCS model is devel-
oped, starting with the assumptions used to reduce the model order and proceeding
with the structural model. Second, the reduced order model response is compared
to FE analysis results for a number of static load cases and a dynamic wave impact
(from [20]). The paper finishes with conclusions and recommendations.

2. Reduced order cargo containment system model

There are multiple CCS types on the market. In this paper we choose the often
used Mark IIT CCS designed by Gaztransport & Technigaz. [8,10,15] explain the
working principles behind the CCS, as shown in Fig. 2. The insulation is made of
prefabricated panels of 3 by 1 m, which rest on the inner hull using mastic ropes.
The foam core insulates the tank, while the top and bottom plywood prevent local
indentation either due to the impact loads at the top, or due to the supporting mastic
ropes at the bottom. The primary and secondary membrane ensure gas and liquid
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Fig. 2. The Mark III cargo containment system as designed by GTT similar to [19].

tightness. Relaxation grooves in plywood and foam, as well as corrugations in the
primary membrane, are used to reduce thermal stresses. After fixing the panels to the
hull with studs, the top is made flat using insets called the ‘top bridge pad’, creating
a flat inner tank. The primary membrane is welded to a stainless steel anchoring strip
which is fixed to the top plywood. For convenience we will hereafter call the area
between two corrugations a ‘subpanel’.

Accurate response estimates have been obtained using idealized triangular loads
and FE analysis, reconstructing the load from these idealized loads [18]. In early de-
sign it can be impractical to determine the response to idealized loads using an FE
model. Here the reduced order model comes in. It gives an estimate of the structural
stress, and therefore failure can be investigated. Two main failure modes are identi-
fied [6,15]: indentation failure with maximum permanent deformation of the foam
due to crushing, and shear failure of the bottom plywood.

From here on we will develop a reduced order model specifically for the indenta-
tion failure mode. The focus of the reduced order model is on the subpanel represent-
ing most of the tank wall. We decided to disregard the insets, studs and anchoring
strips, assuming they can later be added using a stress concentration factor. Addition-
ally, shear failure of the bottom plywood can later be added based on the deformation
of the top plywood. Also, we will only investigate the linear response of the CCS.
The presented model will be valid on the entire CCS excluding the corners, where
the structure is different. For plastic deformation of the foam, the model of [7] can
be chosen [15]. This model combines the square of the hydrostatic and Von Mises
(mean and deviatoric) stress linearly to a failure locus. However, other failure laws
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can also be considered [16], and show a large influence on the capacity, which is why
this choice is not made here.

A first idea for a reduced order model is a higher order sandwich model [9], with
the plywood as face plates and foam as core. Such sandwich models are however still
quite complex and do not lend themselves for a quick estimate without considerable
effort. Looking at the failure mode allows further simplification as demonstrated in
[11,23,26]. A beam-foundation models, such as the Vlasov model [28], is used to
predict the combined behavior of the face plate (top plywood) and foam core. This
method requires the displacement field over the height of the foundation, which can
be determined with an energy minimization under static loading [27].

For highly dynamic impact loads such a minimization is impractical, as the dis-
placement field of the foam changes in time. Instead of obtaining the displacement
field of the foam by energy minimization, it is given by the first vibration mode of
the CCS: the top plywood going up and down. This mode can be imagined as the
top plywood moving up and down without bending. The following assumptions are
made for the reduced order model:

e The displacement field over the height of the foam is similar to the displacement
field of the first vibration mode, only scaled in magnitude.

e Only a short part of the bottom plywood between the mastic ropes can bend,
hence the bottom plywood and mastic ropes are considered rigid.

e The primary membrane is not included, following [2,15]. It could be added to
the bending stiffness of the beam.

e The secondary membrane of 1 mm thick is disregarded as done in [2,15].

e The subpanel is isolated from other subpanels (relaxation groove goes all the
way to the bottom).

e Anisotropic material properties and plasticity are not taken into account.

This gives a similar model to [23]. Then we can determine the stress response and
boundary conditions. The effect of the first and second assumption can be asserted
using the results presented later.

2.1. Foam displacement field

First the vibrations of a subpanel of the CCS with undeformed top plywood are
determined. The foam is modelled as a bar along the subpanel thickness, with varying
temperature and therefore stiffness, satisfying:

3211),

32w;

with foam density p, cross sectional area A, elastic modulus c(z) and through
thickness displacement wy (z, t). The temperature distribution is assumed to be lin-
ear over the thickness (thermal conductivity is independent of temperature), hence
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Table 1

Input parameters similar to [25] (density, Poisson ratio), [16] (elastic modulus)

Bottom (20°C) Top (—163°C)

Plywood Ep 7,700 11,300 MPa
ob 680 680 kg/m3
vy (FEA) 0.3 0.3 -

Foam E 55 105 MPa
) 125 125 kg/m?
v 0.2 0.2 -

Mastic rope E 2,800 - MPa
) 960 - kg/m?
v 0.3 - -

c(z) = co + c1z, interpolating between the ‘cold’ and ‘warm’ elastic modulus from
Table 1.

No deformations are allowed at z = 0 (the bottom of the foam), at z = & (the top
of the foam) the mass of the top plywood is placed:

dw,(h, t 2w, (h,t
wilh. D) _ 4y, 200D 2

w0, 1) =0, e(A— =

where £ is the foam thickness and #; the thickness of the top plywood.

The solution w;(z, t) to Equation (1) is obtained using the Ritz method with a
ninth order polynomial. The same analysis with the same boundary conditions is
performed with an FE model. Figure 3 shows the mass normalized displacement
field, which is equal for the reduced order and FE model. The frequencies match at
636 Hz for both models. To make the following calculations more easy, w; will be
normalized to w; by:

w(z)

o) 3)

w;(2) =

hence, the displacement in the foam is interpolated from the top by w;.
2.2. Top plywood response

The foam displacement field can be used in the beam-support model of [28], which
is rewritten here:

92wy (x, 1) N % wp(x, 1) 92wy (x, 1)
Ye ax Hso ™02

_ Pb(g t)’ )

+ k- wp(x, 1)
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Fig. 3. Ritz (reduced order) vs FE mass normalized displacement through the thickness of the foam,
including thermal properties. Ritz (9 terms): 636 Hz, FE model: 636 Hz.

where a ‘unit’ width of the system in y direction is disregarded. The entire equation
is divided by the flexural stiffness of the top plywood in cylindrical bending, making
it behave like a beam with: D = E}, m The coefficients are:

L
)/'D=P/ w2 (z, 1) dz + pyly, &)
0
p= L (" rwirena ©6)
Ms * —m/o )w;Z, Z,
_ a-w ot 0w (2. 1)\
D= [ e @

with p and pp, as foam and top plywood density respectively and v as Poisson ratio
of the foam. Physically, y is the top plywood mass combined with weighed partic-
ipation of the foam. The shear stiffness of the foundation is represented by p, the
compressive resistance of the foam is given by u. The total displacement field in
the foam is described by w(x, z,t) = w;(z)wp(x, ¢): a product of the normalized
through thickness displacement and the deformation of the top plywood.

2.3. Stresses at top and bottom of foam

When the deformation is known, the vertical stresses o, can be determined. The
contact normal stress between the foam and plywood is obtained by subtracting the
beam from the foundation. The beam satisfies:

9wy
x4

=pp—oz(x,2=h), 8)
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where w, is the deformation of the beam, p;, the pressure at top of the beam and
0;(x,z = h) the stress at bottom of the beam. Combining this with Equation 4
yields:

82wb
o:(x,z=h)=D Wy = s 5 ©))

and the bottom stress is predicted by looking at the vertical strain €, at the bottom of
the foam. We know €, = dw,/dx, resulting in:

o,(x,z=0) = Duy - wp. (10)

For the horizontal stress o, is determined using the stress-strain relation from [23],
who assumes the foam has no displacement field in horizontal direction, hence there
is no strain in this direction:

Ox 0z
ex=——v—=0 11
=z z (1D
and therefore the horizontal stress oy = vo,. The same procedure may be followed
to investigate horizontal stress at the bottom of the foam, and for the stress in the
thickness oy = oy.
Following our kinematics the following shear stresses are obtained [23]:

ow _ dwp
Vxz = EM = wt o’ (12)
1
=——  F 13
Txz 20+ v) (D) Vxz (13)

which vanishes at the bottom: 7,,(x, z = 0) = 0, due to the boundary condition at
the bottom w;(x, z = 0) = 0.

In the following the o, stress at the top is compared for the reduced order and FE
model. As seen here, the other stresses are derived from this stress and the displace-
ment. Also, the other stress components are expected to be much smaller.

2.4. Boundary conditions and solution

The relation between top and bottom normal stress and total shear force of the
foam can be determined, by requiring the total force equilibrium on the foam to be
zero, over a certain portion of the beam a < x < b:

b h
do. 9
0=/ / 9% 4 %% 4 dx (14)
a JO 0z ax

b
- [Q(x)]ZJr/ o(x,z=h) —o(x,z = 0)dx (15)
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which has to hold regardless of a, b. Therefore the shear force on a cross-section of
the foam is:

ow
Q(x) = —Dpy—. (16)
dax
By looking at the relaxation grooves in Fig. 2, the beam should be considered free,
whereas the foam is elastically restrained up to approximately halfway its thickness.
These boundary conditions can be realized by enforcing the sum of shear force in
the beam and the foam to be zero, hence:

Bw ow
Qend =D ﬁ - l'Lsa =0. (17)

Additionally, the moment at the end of the beam is zero:

32wh

Mend = DW

=0. (18)
The aforementioned boundary conditions can be thought of as a free beam with an
end spring, coupling rotation with shear. Hence there is a concentrated contact load
between the beam and foam at the free ends, comparable to free-edge effects in
laminates [22].

A static solution is obtained by setting wp(x, 1) = wp(x) and pp(x, t) = pp(x),
loosing the inertial part. A fourth order ordinary differential equation is the result of
which the roots can be found. The particular solution can for instance be found for
linear pressure distributions pp(x) = po + p1x:

1
wp = —— - (po + p1X). (19)
kD

Then coefficients of the exponential functions are used to match the boundary con-
ditions.

A modal solution is found by applying separation of variables. Substitute
w(x,t) = X(x)T(¢) into the partial differential equation, and bring all time de-
pendent parts to one side, space dependent to the other:

T X 9°X o= 20)
Vorz = gxf Mg TR

The aim is to solve the spatial ordinary differential equation:

X 92X
57 Mg X =0 2n
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which is most convenient if y; — o = 0, meaning X = co + c1x. These are the two
rigid body modes: up-down and rotation of the beam; the latter drops out because
of the boundary condition in Equation (17). The natural frequencies are found by
substituting @ = p into the time equation. Then we find that the natural frequency
of the rigid body mode of the beam is:

Mk
v

g = (22)

which is analogous to taking the foundation as spring, and the beam with part of the
foundation as mass. Hence, this results in the same natural frequency as described in
Section 2.1.

For higher modes a Wronskian matrix of the boundary conditions is used. The
zero values of the Wronksian determinant are determined, changing only «, which
can in turn be used for the natural frequencies w;.

3. Results and discussion

In this section static and dynamic results of the reduced order model are compared
with the FE calculations. A 2D model is made to represent the CCS, containing the
top and bottom plywood, foam and relaxation grooves. The structure is supported
from below by the mastic ropes. ANSYS© Academic Research Mechanical, Release
16.2 is used for the finite element calculations [1], with linear plane strain elements
(PLANE182) for the top and bottom plywood as well as the foam. All displacements
are measured at the interface between the top plywood and foam.

A narrow and a wide model are used. The narrow model has one subpanel, Fig. 2,
the wide model has three, with the middle one loaded. Elements of 3, 1.5, and 0.75
mm (static_s_lo3...12 respectively) are used for the convergence in the narrow
model, in the wide model 3 mm elements are used. The elements are as square as
possible, as is shown for the wide model in Fig. 4. The material model is isotropic
linear and properties are chosen after [16,25] and similar to [24], and displayed in
Table 1. The top plywood is free at both ends, and continuously supported by the
foam.

For all FE models the bottom of the mastic is constraint in vertical z direction.
The foam and bottom plywood are constraint in horizontal x direction, as shown in
Fig. 2. Only the stress and displacement at the top of the foam are compared, other
stress results can be obtained as described in Section 2.

3.1. Static response

Sloshing loads can be divided in three ELPs [20]: (1) direct impact, (2) building
jet and (3) compression of escaping or entrapped gas. The loads investigated in this
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Fig. 4. Finite element mesh of the wide model, with detailed view of the relaxation groove and mastic
rope.

section are based on these three ELPs, and one test case of measured loads. The small
corrugation starts at 53/2 mm from the center of the relaxation groove [24]. Any load
closer to the relaxation groove will be redistributed by the corrugation.

Five static load cases are proposed in Fig. 5. The peak loads (12 mm wide) repre-
sent direct impacts and building jets in the corner of the corrugation and at about one
third of the width. A wider peak (143.5 mm wide) is applied at one third of the panel.
Between the corrugations a triangular and uniform loading are applied, representing
a wide pressure caused by, for instance, entrapped gas or hydrostatic load. All loads
have a maximum of 1 MPa, to easily compare their effects. We believe that these
loads show clearly the advantages and limitations of this model regarding spatial ac-
curacy, even though they do not vary in time. In fact, it is easier to investigate the
spatial accuracy with a static model, because there is only one time step to compare.

After application of the loads in Fig. 5, the following figures are obtained. Figure 6
shows the static displacement at the top of the foam, and Fig. 7 compares the vertical
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Fig. 5. Static load cases, index corresponds to static load figures.

displacement field in the foam between the reduced order (line) and reference solu-
tion (colored). These can be compared by looking at the shape and closeness of the
lines: closer lines denote a larger strain.

With respect to the reference solution, the narrow model consequently overesti-
mates displacement, as the boundaries of the foam are free to move vertically rather
than resting on the next subpanel. All shown element sizes overlap and are con-
sidered sufficiently accurate to predict stress and displacement. The reduced order
model underestimates displacement for local loads, with increasing accuracy as the
load becomes more uniform. This can be explained using Fig. 7, where the FE model
has most deformation at the top of the foam. Compare this to the reduced order model
where the deformation is distributed over the entire height the foam. Therefore we
conclude that the FE model is softer for local loads.

It was assumed earlier that the deflection of the back plywood between the mastic
ropes does not affect the displacement at the top of the foam. This assumption is
confirmed by looking at the displacement contours which, except for the bottom one,
do not show where the mastic ropes are. At the bottom of the FE model there will
be displacement between the mastic ropes, but this is not predicted by the reduced
order model.

Failure of the CCS requires specific material knowledge, which is not widely avail-
able. The vertical o stress at the top of the foam is used instead and is plotted in
Fig. 8. First, note that the reduced order method overestimates the stress at the point
where the load is maximum. As mentioned before, the FE model is softer for local
loads than the reduced order model. Because it is softer the same total force at the
top of the foam is distributed over a larger area, leading to a lower maximum stress.
Loads near the edge add an additional stress peak, since there is a discontinuity in
stiffness between the foam and plywood. This is not taken into account in the re-
duced order model. It is beneficial for the screening procedure to overestimate the
response, because it makes the loads more important than what they really are.
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Fig. 6. Displacement for static loads, subplots correspond to the lines in Fig. 5.

For some of the reduced order results an increase of stress is found at the edge,
because of the end spring condition derived earlier. We could also say this stress

concentration indicates a peeling failure, which is not further explored here. For
loads that are applied further away this stress is distributed over a larger area. An a
priori error estimate is hard to define, because it strongly depends on the shape of
the load. However, the general trend of the deformation and stress is similar, and
therefore the reduced order model is considered a reasonable estimate.

3.2. Dynamic response

In Fig. 9 the investigated load case is shown, a sloshing load from [20]. The three
known pressure sensors are denoted x = 17, 23, 29 mm (c, d, e) in Fig. 2. We scaled
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Fig. 7. Displacement contours for static loads, wide FE model vs reduced order. Cases are reduced order
(solid lines), and wide FE model (colored contour). Subplots correspond to the lines in Fig. 5.

the pressures at x = 2.65, 11, 31.35 mm (a, b, f) with a factor 0, 0.1, O from the
nearest ones. At other times and positions the pressures are interpolated in time and
space using third order splines.

The reduced order model uses the first eleven vibration modes to determine the
response, it is compared to the narrow FE model, which has a geometry closest to
the reduced order model. In Fig. 10 the dotted line denotes the narrow FE model
with an element size of 3 mm, and the solid line the reduced order model. The FE
model took about ten minutes to run, the reduced order model was finished within
seconds. In the idealized case, the reduced order model would be 90 times faster
than the FE model: the FE model has 90 elements over the height of the CCS, and
the reduced order model one. The same comparison holds for the static loads, but
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Fig. 8. Vertical stress for static loads, subplots correspond to the lines in Fig. 5.

there the difference is not as pronounced because only five loads are investigated.
Such a run time would not be a problem for one load case, but in order to investigate
many load cases the difference is significant.

Comparing the displacement shows that the FE model has higher displacement
than the reduced order model. By looking at the different graphs, the trend of the
displacement is quite similar, especially for the first impact. After that the load de-
creases again, going more towards free vibration. Any difference observed after the
initial impact is due to the free vibration and therefore denotes a difference in natural
frequency and mode shape between both models.

The stress in the FE model reaches its maximum earlier than the reduced order
model, even though the displacement has coinciding maxima. This indicates that
not all natural frequencies of the reduced order model are correct. The stresses are
overestimated by the reduced order model, as in the static load case, so this is not



310 R.W. Bos et al. / Reduced order model for Mark IlI CCS
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Fig. 9. Dynamic ‘slosh’ load from [20], interpolated with cubic b-splines. The known sensors are plotted
solid, the interpolated ones are dashed.

considered to be a problem. For a specific structure one could, if an FE model is also
available, tune the model parameters to maximize agreement for a load condition.

4. Conclusions and recommendations

This paper presents a reduced order model for a subpanel (panel between corruga-
tions) of the Mark III CCS, to efficiently assess sloshing loads. A beam-foundation
model is used, with a predefined displacement field over the thickness of the foam
tuned to the first vibration mode of the subpanel. The reduced order model is com-
pared to a FE analysis for five static load cases and one dynamic load case using the
same boundary conditions. Regarding the modelling assumptions, considering the
bottom plywood and mastic ropes as rigid is justified when top stress and displace-
ment are considered, as their effects cannot be seen at the top.

The reduced order model overestimates the maximum stress for the presented
cases, while being two orders of magnitude faster. We see a larger difference for
more localized loads, meaning the response to ELP 1 is predicted worse than for ELP
2 and 3. Because of its speed and conservativeness, the model is ideal for screening:
to identify the important features, and associated phenomena, of sloshing loads. In
addition the model can be used for defining maximum spatial distribution and size of
pressure sensors to be used in experimental sloshing tests. However, we still recom-
mend users of this model to double-check the most critical cases with an FE model.

In future work there should be a better estimate for added mass and damping,
because during the wave impact the structure is not completely wet or dry. The de-
veloped model should be extended with the ship inner hull, which can interact via its
stiffness, damping and mass with the CCS, and therefore affecting the stress. Finally,
other failure modes such as fracture of bottom plywood at supporting mastic ropes
should be taken into account. With the aforementioned improvements and a failure
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Fig. 10. Displacement and contact stress at top of the foam for slosh load. Cases are reduced order (solid
line) and FE narrow model (dotted line). The load is from [20]. The symbols at the subplots correspond
to the indications in Fig. 2.
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law of choice, this model can be included in a screening procedure which quickly
investigates many load cases. Then the user knows which cases are important and
can investigate those cases further with an expensive FE model.
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