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FERRY RO-RO RAMP DOOR
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"Institut Teknologi Sepuluh Nopember, Kampus ITS Sukolilo, Department of Naval Architecture, Surabaya,
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2Institut Teknologi Sepuluh Nopember, Kampus ITS Sukolilo, Department of Civil Engineering, Surabaya,
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The implementation of a sandwich panel on the marine structure needs better knowledge of mechanical behaviour,
primarily static and dynamic response. The static and dynamic response is investigated due to the application of a
sandwich panel on the ferry ro-ro ramp door using finite element software ABAQUS. Five modification models using
different sandwich thickness and stiffener configuration were compared using static analysis to analyze a comparison
of structural strength and weight saving. Additionally, the dynamic response was also investigated due to debond-
ing problem. The influence of debonding ratio, geometry, number of debonding, debonding depth, debonding loca-
tion, and boundary condition was carried out. Debonding was estimated by using free vibration analysis where the
Lanczos method for eigen values extraction was applied. Result of the static analysis showed that Model C caused
an increase in strength to weight ratio compared to the existing model. Furthermore, the natural frequency was being
calculated as modal parameters to investigate the debonding problem. The natural frequency of the debonded model
decreased due to discontinuity in the damaged area. The dynamic response using natural frequency change can be

performed as a structural health monitoring technique.

Key words: structural strength, free vibration, debonding, sandwich panel, ramp door, ferry ro-ro

INTRODUCTION

The lightweight sandwich structure has been primarily
developed in the wide range of application engineering
fields, specifically in the shipbuilding industry. The aim
of structural design and optimization in the shipbuilding
industry is to increase cargo-carrying capability. Howev-
er, the applications of lightweight sandwich have so far
been limited to naval vessels and non-structural com-
ponents in commercial vessels. In most general cases,
the structural design and optimization are assessed ei-
ther through modifying the existing structural dimension
or assembling alternative lightweight material in which
the strength to weight ratio is a primary optimization pa-
rameter. Several investigations toward the application
of sandwich structure on various ship structural compo-
nents have shown advantages. It increases the strength
and weight ratio [1-3], has excellent damping characteris-
tics [4], leads manufacturing the structure less-complex,
and simplifies the construction process [5]. An exten-
sive range research study of the application of sand-
wich structure due to static and dynamic behaviour and
weight-saving analysis in the various ship structure was
also mentioned, such as in the ship deck [2, 6], car deck
[7-9], hull structure [3], and other various structures. The
mentioned result explains that the increase of strength to
weight ratio varied explicitly relied on the type of applied
structural component, sandwich-type and material, and
modification technique.

*zubaydi@na.its.ac.id

Although the application of the sandwich panel seems
easy in manufacturing, the rigidity issues and several
damage problems should also be taken into consider-
ation. The face-core interface layer is often the most vul-
nerable part [10]. The significant differences between the
thickness and material properties of constitutive features
make it susceptible to debonding [11]. It causes a large
deformation between the interface layer and the internal
failure in the outer core material [5], which can degrade
the integrity of the structure [12]. One of the reasons that
caused debonding is the difficulty in controlling the prop-
er bonding during manufacturing [13, 14]. Therefore, a
non-destructive structural health monitoring technique
(SHM) in the early stage is necessary.

The presence of the debonding can be recognized by
finite element modal analysis [11]. The result can be
proposed as an initial study to strengthen the efficiency
of SHM. This basic principle is to compare the modal
parameters between healthy and debonded models us-
ing dynamic properties such as natural frequencies [9,
15-19], mode shapes [20], frequency response functions
(FRF) [21, 22], and time or frequency domain data [8,
23]. Influence of debonding size, location, and type on
the modal parameter was investigated in [15]. Then, a
comparison of single and multiple debonding was also
evaluated in [16]. The review of debonding modelling
with a different type of analysis was mentioned in [11].
All mentioned summaries only analyze debonding in the
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simple structure. So, further study needs to be conduct-
ed in a complex structure such as the ramp door of the
ferry ro-ro ship structure.

In this paper, the potential implementation of sandwich
panels on the ramp door model toward static and dynam-
ic behaviour using ABAQUS software is investigated. A
total of five different configuration models based on the
configuration of sandwich thickness and stiffener config-
uration are analyzed using the static analysis to obtain
a comparison of structural strength to weight ratio. To
gain more observation, the influence over a wide range
of debonding ratio, geometry, number of debonding,
debonding depth, location, and boundary condition will
be analyzed.

MODELLING DESCRIPTION OF APPLICATION OF
SANDWICH PANEL

Application of sandwich panel on ramp door model

The reference model used is a ramp door of Ferry Ro-Ro
300 GT. The existing model is entirely constructed by two
stiffened steel plates connected by stiffeners. The config-
uration detail of sandwich panel application is illustrated
in Fig. 1. The change was calculated based on DNV-GL
rules using strength index criteria to meet the equivalent
strength, see in [24]. The dimension of top and bottom
stiffened plates of the existing ramp door is 8m in length,
8.6m in width. Five modification models are modelled by
varying top and bottom sandwich thickness, eliminating

longitudinal and transverse stiffeners, and changing stiff-
ener profile. The sandwich panels use steel material as
the faceplate and resin/clamshell as core material. The
material properties used in this analysis was noticed in
[9]. The proposed model modifications with complete
configuration are adequately presented in Table 1.

Weight comparison between existing and modification
models is illustrated in Table 1. From the diagram, it can
be reviewed that the usage of the sandwich panel con-
siderably decreases the weight of the structure. Howev-
er, the proposed Model A without changing existing stiff-
ener results in marginally weight increase by about 0.3%.
Model B, Model C, and Model D produce the weight-sav-
ing about 10.3%, 14.1%, and 21.2%, serially. Moreover,
proposed Model E achieves the highest weight saving
about 28.3%. Compared with similar research regarding
the application of sandwich panel with the same materi-
al properties in different ship structure was stated in [2].
It noted that the implementation of a sandwich panel in
ferry ro-ro car deck comprehensively reduced the struc-
tural deck about 12%. Another research in [7] showed
that the weight savings could be obtained in the range of
8.87% - 11.6% in the car deck model. The application of
a sandwich panel in the side hull structure was also stat-
ed in [3]. The weight saving can be reached up to 17%.
However, even though this application offers promising
benefits, the weight saving of the hybrid sandwich ap-
plication more significant than 50% can be rarely found.
Finite element structural strength analysis

Table 1: Model variations due to the application of sandwich on the ramp door

Top thickness | Bottom thickness Longitudinal Transverse Weight
Model ; :
(mm) (mm) stiffener stiffener (tons)
Existing 10 12 11 (T profile) 16 (T profile) 22.9
Model A 5-15-5 5-15-5 11 16 23.06
Model B 5-15-3 5-15-3 11 16 20.63
Model C 5-15-3 5-15-3 12 12 19.76
Model D 5-15-3 5-15-3 9 9 18.11
Model E 5-15-3 5-15-3 6 6 16.47
Transverse stiffener A Longitudinal stiffener
Top sandwich I N ™ I N N NN s A N N e
| Panel dimension 8600 x 8000 mm :
A - E-., B
23 mm S mm
1300x 14 mm

1300 x 14 mm \
I~
c

Top sandwich 15 mm

3 mm

=—=| 300 mm
C
EE 2 [5mm
Longitudinal/ transverse BO[IOJ]‘I Bottom sandwich 15 mm
stiffener sandwich Damage location
23 mm Er s e I mm

Figure 1: Configuration detail of application of sandwich panel on ramp door
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The purpose of the application of the sandwich panel on
the ramp door model is to achieve the optimum config-
uration model, which has the highest strength to weight
ratio. In the finite element model discretization of the
models, the sandwich panel can be modelled using the
layer-wise solid/shell element. Both faceplate and stiffen-
er were modelled using the eight-node quadrilateral shell
element (SC8R), and core material was modelled using
the eight-node hexahedral element (3D8I). Contact mod-
elling between parts of the structure was modelled by tie
constraints. Meanwhile, the boundary condition should
be organized in such a way that it could be the same as
the real condition. Clamped in the rear and front ramp
door and free in the side ramp door (CFCF) was applied.

Design load scenarios for strength calculation was cal-
culated based on DNV-GL [25]. The total static load is
the sum of local pressure represented vehicle load and
uniformly distributed load from the weight of the ramp
door itself. The vehicle load is the sum of chassis weight
and the cargo. The vehicle utilizes a single wheel con-
figuration in the front side and double-double axis in the
rear side with the same load print (1x0.3m). Both front
and rear wheel load are 60kN and 90kN, respectively.
The governing equation for the static analysis is shown
in Eq. (1), and the mentioned parameters are presented
in Eq. (2)

{F} = [K] {U} (1)
oc=PJ/A ,t= FJ/A ,e=346/L (2)

Where: {F} is loads; [K] is known (geometry, material
properties), {U} is displacements; o is the normal stress;
P is the force; A is the surface area perpendicular to the
force; 1 is the shear stress; F is the force; A is the surface
area parallel to the force; € is the strain; & is the deforma-
tion; L is the length.

Finite element development for free vibration
analysis

The free vibration analysis of Model C was performed using
a linear perturbation load step where Lanczos method for
extracting eigenvalues was applied in the first ten-mode.

Spring element

Debonding region

(@)

Figure 2: (a) Debonding modelling with spring element (b) the law of spring element contact
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The finite element discretization and material properties
are explained in Section 2.2. Debonding was modelled
as artificial damage at the face-core interface layer. The
debonding size is defined by a damage parameter (D,,)
designating the ratio of the debonded area (A,) to the en-
tire interface layer area of the sandwich (A ). During the
pre-processing, debonding is modelled by creating a gap
between two constitutive layers. In the present investiga-
tion, two different simplified with and without spring contact
modelling strategies will be investigated. To prevent the
overlapping, a spring contact element modelling is insert-
ed, as depicted in Fig. 2a. In ABAQUS [26], the spring el-
ement (SPRING2) is implemented to connect two nodes
between core and faceplate. To model spring element
behaviour, as shown in Fig. 2b, the constitutive spring
contact referred to previous research in [8]. The stiffness
of spring contact when in tension is set to zero (k=ONm-")
and is assigned to a high value (k=210x109Nm") when in
compression.

RESULT AND DISCUSSION
Convergence analysis

The mesh convergence in the existing ramp door model
was analyzed. The convergence analysis was carried out
by using static finite element analysis to get the relation
between static response and mesh size, as illustrated in
Fig. 3. The method of establishing mesh convergence
requires a curve of a critical parameter of von Mises
stress and displacement to be plotted against the num-
ber of elements. Mesh sizes between 0.1 m and 0.03
m were investigated to obtain accurate mesh sizes. The
mesh element size 0.05 m with the number of elements
and nodes 210,861 and 279,157, respectively, is chosen
as a reliable result.

Result of structural strength analysis

In this section, the finite element results are presented to
thoroughly observe the comparison of structural strength
between the existing ramp door and modified models. All
input of geometry, boundary condition, and the material
property is similar to convergence analysis. Fig. 4a pres-

K

—1210x 10'N/m

Small gap
between 2 nodes

(b)
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Figure 3: Convergence analysis of the existing model

ents in sequence the comparison between von Mises
stress and displacement. From the result, it shows that
the application of sandwich panel by reducing the stiffen-
er reduced the von Mises stress and displacement, ex-
cept in Model E. Comparing between the existing mod-
el and Model A which have similar weight, can reduce
both von Mises stress up to 32% and displacement up to
35.6%. It can be identified in Fig. 4a that the reduction of
stiffener for increasing weight-saving causes an increase
in stress and displacement. So, only Model E experienc-
es higher maximum stress and displacement than the

70 0.0030
..... G G e U
60 A 4 ooo0zs
50 |
< & 4 0.0020
Ta | ’ -
s e < { ooo1s E
230 =
X.
o x 1 0.0010
20 t _ ,
10 L { 0.0005
0 L 1 1 1 1 1 00000

Existing Model A Model B Model C Model D Model E
Model Variations

(@)

existing model.

The reduction of stress and displacement by application
of sandwich panel is affected by the difference in thick-
ness configuration and separation of the faceplate by
a core material that causes to the significant increase
in the sectional modulus and sectional area, which can
increase bending stiffness. Optimization of model con-
figuration leads to the searched result, which best fits
the optimization target under applied constraints. Fig.
4b presents the strength to weight ratio accumulated
from the average stress and weight reduction percent-
age. The highest strength to weight ratio is concluded
to be the optimal model configuration. It can be decided
that the new proposed ramp door model configuration
is Model C, with a total highest strength to weight ratio
of 0.192, as depicted in Fig. 4b. The comparison of von
Mises stress contour between the existing model and
model A is presented in Fig. 5.

Numerical result of free vibration analysis
Effect of debonding ratio

This section analyzes the effect of the debonding ratio
on Model C in the first ten-mode. The ramp door con-
taining a square debonded at the centre with a damage
ratio of 2.5%, 5%, 7.5%, and 10% have been analyzed.

45%

35% 0.159 0.027

0.189

25% 0.124
B kg r
*g‘ o 0 [ &
g 5% 2 ﬁj |2
a T L T

w

= Stress Reduction
-15% [/ Weight Reduction

-------- - Strength to weight ratio
-25%
Model A Madel B Model C Model D Model E
Model variations
(b)

Figure 4: a) von Mises stress and displacement value b) strength to weight ration
and reduction percentage between existing and varied models

5, Misas
LHEG, (fraction = -1.8)
[Avg: 75%]

4. TTea07
! 44 ¥Twa0?

- AR 1Ba407

#3. M0 +07
=2 1e+07
a1 Fead7
#1 T9a407
#1. 19m+07
& 7. Gkal o O

(@)

Figure 5: Comparison of von Mises stress contour between a) existing model b) Model A
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Both debonding modelling techniques: with spring ele-
ment and without spring element, have been evaluated.
Comparing natural frequencies between the existing and
debonded models with two different debonding model-
lings can be discovered in Fig. 6. Fig. 6a presents the
comparison of natural frequency as a function of debond-
ing ratio modelling with the spring contact element. It can
be observed that the natural frequencies predominantly
decrease with the increase of the debonded ratio, while
the first three-mode is practically insensitive. It is notice-
able that the frequency changes in the higher modes are
more significant than in lower modes. The trend of fre-
quency change is violated due to local thickening phe-
nomenon caused by debonding, that for the first mode
and second mode in 2.5% debonding ratio have the
frequency of the debonded model higher than the initial
model.

The frequency changes of the debonded models in-
crease due to a loss in stiffness and strength of the mod-
el, and the mode shapes contain local deformation in the
discontinuity area [9]. Besides, it obviously can also be
seen that the debonding presence (D% < 5%) does not
almost change the lower natural frequencies, only de-
creases the higher natural frequencies. Another research
also noticed this phenomenon in [15]. It can also be seen

140

—&— Mode 1

120 —&— Mode 2

—A— Mode 3

100 Mode 4

—*— Mode 5
80

—#— Mode 6

60 | —+— Mode 7

Natural frequency (Hz)

P
S
3
o
£

—A— Mode 8

40 r —o—Mode 9

n

S8

—»— Maode 10

0% 2.5% 5% 7.
Damage parameter

% 10%

—6— Mode 1
—=—Mode 2
—A— Mode 3

Mode 4
——Mode 5
—#— Mode 6

—+—Mode 7

Natural frequency (Hz)

A | —A— Made 8
| | —o—Mode 9

—— Mode 10

0% 2.5% 5%
Damage parameter

(b)

7.5% 10%

Figure 6: Comparison of natural frequencies as a
function of damage parameter between a) with spring
element contact b) without spring element contact
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that the natural frequency changes do not exhibit a mo-
notonous trend as the mode number increases. Hence,
it can be summarised that the debonding can influence
natural frequencies and is mode dependent.

To obtain more insight, the model without spring contact
is also reviewed in Fig. 6b. Debonding causes a high
natural frequency change even in the lower mode. Com-
pared with debonding modelling with spring elements,
the frequency change in the model without spring con-
tact modelling is more significant in all evaluated modes.
Removing the contact might cause inaccurate results,
which significantly overestimates the result. Thereby,
using the spring contact model, the calculated respons-
es of the debonded model are dampened because con-
tact elements are used to prevent the detached models
from overlapping each other. Therefore, the model of the
spring contact element is necessary to accurately repre-
sent the dynamic response of the debonded model [27].

Effect of debonding geometry

Comparative assessment of the modal characteristics of
the ramp door model to the debonding geometry is fur-
ther examined. Four types of debonding geometry corre-
sponding to the case of interfacial damage such as cir-
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.u
b

|
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|
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Figure 7: Comparison of natural frequencies
as a function of debonding geometry
a) 5% debonding ratio b) 10% debonding ratio
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cular, square, through-the-length, and through-the-width,
were previously investigated in [9]. Debonding geometry
was wholly illustrated in [9]. In a previous analysis [9],
the effect of debonding geometry was only analyzed in
5% debonding ratio. Hence, further study needs to be
conducted using various damage ratio. In this section,
the effect of the equally sized debonding geometry was
evaluated by both 5% and 10% debonding ratio. All the
model discretization is similar to the model in Section
3.3.1.

The comparison of natural frequencies as a function of
debonding geometry with two different debonding ratios
is depicted in Fig. 7. As observed in Fig. 7a, interfacial
debonding induces a decrease in natural frequency, es-
pecially in the square and circular debonding geometries.
In contrast, there is no significant natural frequency de-
crease in the through-the-length, and through-the-width
debonding geometry. In the lower mode, the natural fre-
quency is altered by small damage but not as significant
as in higher modes. Several researchers also mention
that debonding detection in the sandwich structure in
small damage is more sensitive in higher modes [8, 9,
16, 19]. Debonding decreases the shear stress transfer
area between the faceplate and core, which can reduce
the stiffness of the model.

Effect of number of debonding

In this section, the influence of the number of debond-
ing on the modal parameters in the first ten-mode is dis-
cussed. The model discretization is similar to Section
3.3.1. The comparison of natural frequency between
single debonding and multiple debonding with the same
damage ratio has been compared. Firstly, circle debond-
ing was modelled as a single debonding with 10% dam-
age ratio. Secondly, debonding was modelled by two
and three equally sized circulars debonding. The dam-
age inflicted by these two and three circular debonding
zones has equally 10% damage ratio. Models of two
and three debonding zones were symmetrically locat-
ed in the longitudinal midline of the model. As seen in
Fig. 8, the frequencies are more affected by the single

85

debonding than the two and three equally sized debond-
ing zones with the same debonding ratio. A model with
a single debonding has lower natural frequency than a
model with multiple debonding. It can be analyzed that
the higher the mode number increased, the more the fre-
quency change increased. However, there is no signifi-
cant frequency change in lower mode, as shown in mode
number 1 and mode number 2, as depicted in Fig. 8. The
natural frequencies are the most affected by debond-
ing zones located along the longitudinal midline of the
sandwich plate, as also stated in [16]. Further research
is needed to be addressed with various debonding ratio
and location. As mentioned in [16], using only the natural
frequency as a damage parameter is impossible to fore-
see the location of multiple debonding. To overcome this
issue, the associated mode shapes can provide more
reliable information. By contour changes in the mode
shapes, multiple debonding can be detected.

Effect of debonding depth

To study the influence of debonding depth on the free
vibration response, three circulars debonding containing
different debonding depth will be analyzed. The damage
was modelled by circular debonding located in the bot-
tom sandwich panel with 10% damage ratio. The mod-
el discretization is similar to Section 3.3.1. Debonding
depth was modelled by creating a gap in the interface
layers. The small gap was modelled by creating 10%
of core thickness, 20% of core thickness, and 30% of
core thickness. The finite element predictions for the first
ten-modes associated with various debonding depth are
compared in Fig. 9. It can be recognized from Fig. 9 that
increasing debonding depth will decrease the natural
frequency. Compared with the initial model, the effect
of debonding becomes more visible with the increase in
the debonding depth. One can see that the model with
debonding depth 30% core thickness has the lowest nat-
ural frequency compared to other models. Moreover, the
frequency changes more rapidly as the mode number
increases while the first bending mode practically has
no significant effect on the debonding presence. The fre-
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Figure 8: Natural frequencies of intact and debonding models with different number of debonding
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Figure 9: Natural frequencies of intact and debonding models with different debonding depth
(a) mode number 1-5 (b) mode number 6-10

quency change of the debonded model increases due to
a loss in stiffness caused by initial debonding, and the
mode shapes cause a local deformation in the debonded
area.

Effect of boundary condition

The effect of boundary condition on the free oscillation be-
haviour of the damaged ramp door model is researched
by analyzing the natural frequency shift. Total of four dif-
ferent boundary conditions reflecting loading condition
that may occur on the ramp door was analyzed. They
were CCCC (clamped in all side), CFFF (clamped in the
rear side, free in other sides), CFCF (clamped in front and
rear side and free in other sides), and SFSF (supported
in front and rear side and free in other sides). The dam-
age was modelled by circular debonding located in the
bottom sandwich panel with 10% damage ratio. Spring
element contact was applied. The model discretization
is similar to Section 3.3.1. Fig. 10 displays the compari-
son of the frequency shift between initial and debonded
models with different boundary conditions. The highest
natural frequency shift is achieved by fully clamped in
all sides (CCCC). This trend remains constant for en-
tire analyzed mode numbers. Other result investigations
were also mentioned by [28]. It is well-known that a fully
clamped boundary condition in all sides produces high-
er stiffness compared to others with the same geometry

40

—o—Initial
0.25L

—A—0.51L

——0.75L

35 F

w
o

[}
w1

(@)

=
w

=
o

Natural frequency (Hz)
4
=]

0 ! !

1 2 3 4 5
Mode number

140

[ mCFFF 2 CFCF ESFSF mcccc |

N
o

o
(=]

5]
o

)
o

S
o

Natural Frequency shiﬁ (HZL

L T R

N
o

B O O P2 LD e PO D d LA P2 0)

o

7 9 10
Mode number
Figure 10: Natural frequencies shift with different
boundary conditions

parameters, as also mentioned in [19]. Moreover, the
CFCF and SFSF boundary conditions have a similar fre-
quency shift. In contrast, CFFF boundary condition has
the lowest natural frequency shift. Further study needs to
be handled to obtain the influence of different boundary
conditions analyzed on various debonding ratio. There-
by, the debonding corresponding to boundary conditions
can be diagnosed by creating damage ratio (D% > 5%),
as recommended in [15].

Effect of debonding location

In the final part, the effect of debonding location with the
same debonding geometry and ratio has been evaluat-
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ed. Debonding was modelled by circular debonding lo-
cated in the bottom sandwich panel with 10% damage
ratio. Spring element contact was applied in the debond-
ing area with clamped in the rear side and free on the
other sides boundary condition (CFFF) was applied. All
the model discretization is similar to Section 3.3.1. The
variation of three different debonding locations is 0.25L
(closest to the clamped edge), 0.5L (in the middle of the
structure), and 0.75L (far away from the clamped edge).

As can be seen in Fig. 11, it can be assumed that the
effect of debonding with different damage locations can
be seen in high mode. In contrast, there is no significant
frequency change in the low mode, particularly in mode
1 until mode 5. The farther the location of the damage
from the clamped edge, the higher the natural frequency
change. It is caused by the lowest stiffness of the front
ramp door because of removing the stiffener, which can
cause local deformation. Thus, the natural frequency can
be used as a parameter to detect debonding location on
the ramp door model.

CONCLUSION

In summary, the primary observations and obtained re-
sult due to the application of sandwich panel on the fer-
ry ro-ro ramp door on static and dynamic characteristic
using finite element software ABAQUS was presented.
Firstly, the preliminary study indicates promising results
in terms of structural strength and weight saving. lts ap-
plication contributes to the increase in strength to weight
ratio of about 20.75% in Model C. Secondly, the influence
of the face sheet-core debonding on the modal charac-
teristics of the damaged ramp door is studied by com-
paring natural frequency both for intact and debonded
models. It is found that higher natural frequency is more
sensitive. Thirdly, the sensitivity of natural frequencies is
affected by debonding ratio, debonding geometry, num-
ber of debonding, debonding depth, debonding location,
boundary condition of the models. Thus, using a change
resulting from the comparison of the modal parameter,
the debonding diagnostics over a wide range of debond-
ing parameters can be performed.

Although several studies on the dynamic characteristic
of the debonded sandwich are widely reported in the lit-
erature, numerical analysis of vibration-based damage
detection on ship structure with various debonding pa-
rameter analyzed using general dynamic analysis with
nonlinear debonding contact modelling further need to
be investigated.
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