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Research about stiffened panel applications in ships has massively progressed with the amount of several methods
to analyze it. Various studies had been conducted on stiffened panels using Finite Element Method (FEM). However,
none have thoroughly explored the most optimal and efficient analysis methods and settings. Given the growing
importance of FEM in reliability analysis for ship structures, particularly stiffened panels, a comprehensive study
comparing different approaches is of paramount significance. Such research would not only streamline time-
consuming procedures but also offer invaluable recommendations to advance the field's understanding and practical
applications. In this paper, a finite element analysis study was done to analyze the influence of several parameter
modeling of stiffened panels not only to achieve the models' ultimate strength value and collapse behavior but also
to offer practical recommendations on the most optimal and efficient methods for analyzing stiffened panels through
FEM. Conducting modification of three variations of the model configuration, four variations of boundary condition,
and four variations of transverse stiffener modeling to compare each other. Running time consumed when simulations
are calculated in ANSYS APDL was also being considered. The results showed a significant difference in modifying
the model configuration's case, while in contrast, the modification of boundary conditions and transverse stiffener
modeling only showed a slight difference in ultimate strength value. In addition, modification of transverse stiffener
geometry only gave the difference by around 0.5 MPa. The model configuration case (Al v A2) showed the most
remarkable running time difference, which reached six times difference.

Keywords: stiffened panel, model configuration, boundary condition, transverse stiffener modelling, finite element
method

NOMENCLATURES
Symbols/Name Units Description
a mm Span length
Bo m Amplitude for column and torsional imperfection mode
b mm Bay length
Co mm Amplitude for local imperfection mode
E N/mm?2 Young's Modulus
hs Highest z coordinate of stiffened panel
m Critical half-wave number at span
tp mm Plate thickness
U mm Displacement
X, ¥, 2 Element coordinate
w, mm Maximum value of the local imperfection mode
W, mm Maximum value of the torsional imperfection mode
W, mm Maximum value of the column imperfection mode
Bp Plate slenderness
€ Strain
&y Yield strain
o MPa Strength
Oyieldr Oy MPa Yield strength
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1 INTRODUCTION

The stiffened panel is one part of a bulk carrier ship that plays an essential role in supporting the strength of the
structure. The structure can increase strength by using stiffened panels without significantly increasing weight [1].
Structural reinforcement was carried out due to several accidents caused by structural failure to impinge on bulk
carriers [2-3]. In Wei's research [2], for bulk carriers, there have been several major accidents occur on bulk carrier
recorded during the 1970s to 1990. About a decade ago, from 2011 to 2020, a study by Nwigwe [3] noted that there
was a total of 34 accidents that happened to bulk carriers and one of which was caused by structural failure. Roberts
[4] noted that in 2001, a bulk carrier experienced structural failure causing death in 10 lives. Prior to a previous one,
data from Kaddour [5] mentioned that in the six-year period between 1991 and 1996, there were a total of about 490
lives lost due to bulk carrier structural failures. Knowing the huge potential impact, therefore, strengthening the ship's
structure through stiffened panels is necessary to be carried out so that loss of lives due to structural failure accidents
can be prevented. Currently, in addition to analysis with experimental methods [6], approaches with Finite Element
(FE) analysis are also carried out [6-7] and empirical calculation [8-13] in evaluating the strength of stiffened panels.
IACS issued a rule that adopts the Ultimate Limit State (ULS) method in determining the safety of bulk carriers [14].

Finite Element Method (FEM) can be done without having to do complicated manufacturing and preparation, as is
done with experimental methods. However, some variations in modeling aspects in FEM, such as determining the
type of material, model material, meshing size, and setting boundary conditions, need to be considered because they
can provide differences in one method with another. Various approaches are carried out, one of which is the model's
configuration. Figure 1(a) shows simple modeling of stiffened panels with 1/2 + 1/2 bay — 1/2 + 1/2 span model
configuration [8]. More extensive modeling was carried out by [15] with one and two-half model configurations on bay
and span in comparing experimental and FE analysis methods, as seen in Figure 1(b). In 2018 with symmetric
boundary conditions, [16] found a difference in normalized strength values of 0.15 compared to the two models where
the most extensive configuration has the most significant value. However, in his research, the validity of the data
could not be ascertained because the number of models compared was only two.
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Figure 1: Previous model configuration, (a) ¥2 + %2 bay — % + %2 span [8], (b) ¥2 +1 + Y2 bay — %2 + 1 + % span [15].

Boundary conditions are the next aspect to be studied, such as in research conducted between [8] and [17] with
significant differences in imposed location. Successively, the provision of forced displacement in the first case is
carried out only at one end of the transverse edge. In contrast, in the second case, it is applied to one node at each
end of the transverse edge with uniform conditions given coupling on the edge. In 2023, Adiputra et al. [18] provided
the same imposed displacement as Anyfantis [8]. However, there are differences, where the transverse frame
modeling, he does is only represented by fixing constraints on displacement on the z-axis.

Research on the comparison of periodic boundary conditions with symmetric boundary conditions was conducted by
[19] on various loading conditions and their effects on the value of ultimate strength and collapse behavior.
Furthermore, the periodic boundary condition was found to be the most suitable method because it was able to obtain
appropriate results both in conditions with odd and even critical half-wave numbers. At the same time, symmetric
only achieved the appropriate result if the value was equal to three. Meanwhile, in many of the stiffened panel studies
mentioned earlier, the modeling of transverse stiffeners is often only represented in the form of constraints. Most are
translated only by giving fixed conditions to displacement in the vertical direction. Based on those cases, the
transverse stiffener did not experience column or local buckling when loaded. The provision of variations of the
transverse stiffener model carried out by Platypodis and Anyfantis [6] is only limited to analyzing the maximum
standard stress value, not to conducting parametric studies on the effect of the ultimate strength value. According to
the above-mentioned explanations, it can be seen that various studies on stiffened panels have been carried out.
However, none have studied the most optimal and efficient methods and settings for analyzing stiffened panels using
FEM. This matter is crucial considering the current development of FEM to assist in conducting reliability analysis on
ship structures, one of which is stiffened panels. Therefore, it is important to conduct a study that is able to provide
a comparison of the various setting and methods offered so that it can provide recommendations regarding the one
that represents the most optimal and efficient results so as to reduce the time consumption used.
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In brief, the stiffened panel constructing the ship’s hull girder has been widely studied. To investigate the effect of
modeling uncertainties and to be able to provide recommendations on the most optimal and efficient method in the
analysis of stiffened panels through FEM, in this research, modifications were made to Finite Element (FE) modeling
by varying the provision of boundary conditions, the configuration of the model used, and the way of defining the
transverse frame under the provision of uniform thrust. Four variations of boundary conditions, three variations of the
model configuration, and four variations on how transverse frames are defined. The limitations in comparing boundary
conditions and model configurations are imposed by assuming the application of fixed constraint conditions without
modeling the transverse stiffener in 3D. The provision of initial geometric imperfection is carried out with three types
of imperfection modes. Parametric studies were conducted to determine the effect on the value of ultimate strength
and collapse behavior on stiffened panels, especially in parts affected by transverse frames, and determine the
configuration and modeling suitable for analyzing stiffened panels numerically. In addition, parametric studies will
consider the efficiency of the time required, given the importance of applying FE analysis to analyze many models.

2 METHODOLOGY
2.1 Research flowchart

The variation of various parameters was conducted based on references from several previous studies, enabling a
comprehensive analysis. Figure 2 shows the flow of analysis in obtaining suitable analysis settings. Variance is done
by varying the model configuration, boundary conditions, and transverse stiffener modeling. In the model
configuration, several variations are used based on previous studies [8, 15, and 20]. The same thing was done in
modifying boundary conditions by adopting previous studies [8, 17, 18, and 19]. Meanwhile, in the last variation in
transverse stiffener modeling, the model without modeling the transverse stiffener was adopted from a study
conducted by [18] and compared with a model by modeling a stiffener with a variation value based on a study
conducted by [6]. The last step compared the value of ultimate strength, collapse behavior, and time efficiency when
conducting FE analysis. In addition, all analyses were performed with ANSYS Parametric Design Language (APDL).

Model Parameter Setting Variations
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Figure 2: Research flowchart
2.2 Stiffened panel model size and properties

The ISSC (International Ship and Offshore Structures Congress) constitutes a globally recognized certification and
pertinent report issued by the International Maritime Organization (IMO), encompassing 175 member countries and
3 associate members. As an active participant in maritime affairs, the ISSC strives to enhance safety in shipping
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activities. The ISSC-2000 certification and report play a vital role in regulating safety and evaluating the structural
integrity of vessels. Given the prevailing conditions, numerous cargo vessels, including Very Large Crude Carriers
(VLCCs), oil tankers, and bulk carriers, face vulnerability to accidents, primarily attributed to structural failures. This
research focused specifically on bulk carriers, seeking to investigate and address the findings and investigations
mentioned earlier. Figure 3 shows the cross-sectional intersection of the hull bulk carrier taken from ISSC-2000 [21].
One of the studies analyzed by [22] showed a significant effect of double bottom bending strength of bulk carrier on
the ultimate strength value, which had a correlation with the bottom plate. Because of its vital role, in this study, the
analysis used the bottom plate, as shown by the red arrow.
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Figure 3: Hull girder cross-section and stiffened panel size of the ISSC-2000 bulk carrier

In this research, limitations were imposed on the type of stiffened panel model to be used, focusing on the tee-bar
stiffened panel, as it constitutes a predominant structural element in the hull girder of bulk carriers. This selection
allowed for a more representative analysis, considering that tee bars were extensively employed in the construction
of bulk carrier hull structures. Details of the geometric of "Tee-bar" type stiffened panel in the double bottom are
shown in Figure 4. The material properties used in modeling were high-strength steel with characteristics written in
Table 1, which refers to [21].

Table 1. Material Properties of stiffened panel model

Properties Value
Yield Strength [MPa] 352.8
Young’s Modulus [MPa] 206,000
Poisson’s Ratio 0.3
Plastic Tangent Modulus 0
0 - 100 _
m—
™)
@
4 uz
M =
|spc:n: 2610 mm |—1
. 880 |t

Figure 4: Stiffened panel dimensions (all units in mm)
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2.3 Model configuration

The first variation will be done by modifying the range configuration model, as seen in Figure 5. Model modifications
were made based on studies conducted by several previous researchers as described before using models 1/2 + 1/2
bay —1/2 + 1/2 span, 1/2+ 1+ 1/2bay—-1/2+ 1+ 1/2 span,and 1/2+ 1+ 1+ 1/2bay —1/2+ 1+ 1 + 1/2 span. The
1/2 + 1/2 bay - 1/2 + 1/2 span model was used in the Anyfantis study [8] because it was able to present the initial
imperfection geometrics in the form of buckling modes under simply supported conditions. This was also performed
in this paper by providing three imperfection modes in the form of column, torsional, and local imperfection modes.
Yu, in other cases, used a model with 1/2 + 1 + 1/2 bay - 1/2 + 1 + 1/2 span because it has been widely used in
determining the ultimate strength value influenced by plate and column slenderness. Meanwhile, the triple bay-triple
spanwith 1/2 + 1 +1 + 1/2 bay - 1/2 + 1 + 1 + 1/2 span configuration was modelled by Yao [20] because it yielded
more rational deflection mode results. In addition, stiffened tee-bar panels with the mentioned configuration are
applicable for buckling and plastic collapse behavior. Bay is the distance between two longitudinal bulkheads, while
span is the distance between two bulkheads in the transverse direction. Longitudinal and transverse stiffeners are
structural arrangements used as reinforcements in the hull of a ship, particularly in bulk carriers. The key distinction
lies in the orientation, where longitudinal stiffeners run parallel to the keel of the ship, while transverse stiffeners are
perpendicular to the keel. A more detailed depiction of the model range configuration for each model is presented in
a 3D model view, as illustrated in Figure 6.

Table 2: Model range configuration's modification

Model Model Range Configuration

Al % + Y% bay — % + %2 span

A2 “+1+Y%bay—-%+1+%span
A3 “+1+1+%bay—-%+1+1+%span

All models with half-half types along longitudinal and transverse edges will be given loading with boundary conditions
referring to Figure 7(c) as done by [18]. The selection of boundary conditions is based on their relevance to actual
conditions in the form of stiffened panel loading with experimental methods, as carried out by Xu, M. C. and Soares,
C. G. [23]. In their study, the longitudinal edge was only given a supported condition so that it was still possible for
the edge of the plate to deform rotationally. In addition, the transverse stiffener is given a fix constrained in the lateral
direction to provide flexibility to experience deformation in the longitudinal direction.
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Figure 5: Model range configuration set-up

(a) (b) (c)
Figure 6: Stiffened panel isometric view, (a) %2 + Y2 bay — %2 + Y2 span, (b) 2+ 1 + Y2 bay — %2+ 1 + %2 span, (c) Y2 +
l1+1+%bay-%+1+1+%span
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2.4 Boundary condition

Differences in geometry, configuration, and standard guidelines can make the application of boundary conditions
diverse. Such a study by Anyfantis [8] considered the effect of non-uniform thrust variation. Alternatively, research
conducted by Lutfi, Y. M. et al. [17] analyzed the hull section of the OTEC seawater tank due to the effects of
compression and imposed displacement. Therefore, in this study, the influence of various boundary conditions will
be applied to the modeling 1/2 + 1/2 bay — 1/2 + 1/2 span and by using ANSYS APDL. The modification was done
by applying several boundary conditions illustrated in Figures 7(a) — 7(d).

The boundary condition variations in each test conducted by different researchers have their own approaches and
advantages. Figure 7(a) represents the use of boundary conditions by Anyfantis [8] using simply supported conditions
and allowing rotations at the connection edges to capture the conditions when the model experiences the worst
deformation conditions under compression, as happened in actual events. A different way is taken by Lutfi [17] by
setting a uniform condition on each connection edge, as shown in Figure 7(b). This condition makes each node on
both transverse and longitudinal edges move continuously when the model is loaded in the x-axis direction. In
addition, the study applied the load from two opposite directions so that the constraint fix is added to the nodes in the
center of the plate so that the deformation remains in accordance with the actual condition. In contrast, Figure 7(c)
illustrates the boundary condition used by Adiputra [18] to record the buckling deformation of the stiffened panel, as
the model is only loaded from one direction but uses the same approach on each edge in the form of uniform
condition. In Figure 7(d), Xu [19] conducted a different investigation by providing a symmetric boundary condition
because it increases the modeling uncertainty and provides the most reliable collapse mode and ultimate strength.
Imposed compressive displacement in the x-axis will be applied to all models to capture the buckling capability of
each stiffened panel. Models B1 and B3 are given a compressive displacement from one side, with the other side
being fixed constraint. Similar to these two models, model B4 is also assigned a displacement from one side, but the
compressive displacement is only exerted on the plate. While in model B2, as mentioned earlier, the imposed
displacement is induced at the nodes at the end of the plate on both sides since the uniform condition is applied on
all sides.

uniform

x

6,20

u,=6,= uniform
Tyield @

15(244)

By 2
6,
Uy

Nodes at
center of plate:
u,=u,=u,= 0

= uniform

€Y (b)

Oyield @
e s 15\7g
6,=0

u,=uniform

Along transverse edge : u,=8,= uniform
Along edges of web stiff. : u,=6,= uniform

6,=6,=0
u,=uniform

0,=6,=0
u,=uniform

©) (d)

Figure 7: Applied boundary conditions and given loading from reference studies. (a) Anyfantis (B1) [8], (b) Lutfi et
al. (B2) [17], (c) Adiputra et al. (B3) [18], (d) Xu et al. (B4) [19]

945


http://www.engineeringscience.rs/

Journal of Applied Engineering Science - : - Muhammad Imaduddin Hanif et al. - Effect of
Vol. 21, No. 3, 2023 design parameters on the ultimate strength and

www.engineeringscience.rs publishing collapse behaviour of stiffened panels

2.5 Transverse stiffener modelling

To determine the effect of the transverse stiffener, stiffened panel modeling was carried out by modeling it in 3D. A
parametric study compared the model with the transverse stiffener with the model without the transverse stiffener or
C1 and the dimensional variation of the transverse stiffener. To determine the effect of transverse stiffener modeling,
all geometries are assumed to be the same for the plate and longitudinal stiffener. The model with the first transverse
stiffener, or C2, as shown in Table 3, will have the exact dimensions of the longitudinal stiffener. Transverse stiffeners
in C3 and C4 models will have a more significant moment of inertia than longitudinal stiffeners, based on actual
conditions on the ship [6]. For the same reason, the model will also be given the same boundary conditions in model
configuration variations by modifying the transverse stiffener. However, there is a difference that does not provide a
fixed constraint on the displacement in the z-axis in the transverse stiffener except for the C1 model. This is because
transverse stiffeners have been modeled in 3D. The modeling of the transverse stiffener geometry on C2, C3, and
C4 is based on a study conducted by Platypodis and Anyfantis [6]. In this case, further research was conducted to
determine the most optimal and efficient use in determining the strength of the stiffened panel.

Table 3: Detailed dimensions of transverse stiffener modeling variations

Model Transverse stiffener dimensions (mm)
C1 N/A
C2 333 X9+ 100 X 16
C3 360 X 16 + 120 X 16
C4 400 X 17 + 140 X 17

2.6 Initial imperfection geometrics

The comparison of ultimate strength results is one of the analyses that will be carried out, so it is vital to provide the
effect of initial imperfection geometrics because it will significantly affect the ultimate value obtained [24-
25]. Imperfection buckling mode was given in this study to trigger the type of collapse(s) that will occur in stiffened
panels when subjected to uniform thrust loading. The form of collapse(s) mode that was varied this time was a
mathematical function and consisted of local and global buckling modes, as formulated in Egs. 1-3 and illustrated in
Figure 8.

(a) (b)

(©)

Figure 8: Typical imperfections buckling modes applied on all models, (a) Column imperfection mode, (b) Torsional
imperfection mode, (c) Local imperfection mode
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—  Column imperfection mode

Column imperfection buckling mode is a global buckling mode that explains that all parts on the stiffened panel, both
plate and stiffener, experience geometrical imperfection.

W, = Bysin % ()

— Torsional imperfection mode

Torsional, or can also be called stiffener local buckling, is one type of local imperfection buckling that will be applied
to the stiffener in the form of torsional distortion.

Zj . X
W, = B, h—;smT‘ (2)
— Local imperfection mode
The local imperfection mode referred to in this section is the local buckling mode that occurs on the plate as an

influence of geometric shapes on the x and y axes.
W, = Cosin%sin% 3)

The value of m in Eq. 3 defines the value of the critical half-wave number and is formulated by comparing the value
with the span/bay ratio, as in Eq. 4.

@, <VmZFm (4)

The amplitude value in the form of Bo and Co in each type of imperfection mode is a calculation that represents the
actual condition of the ship. This value is more deeply described in [8 & 26] studies. The value of By is a function of
the bay dimension, while Cqis a function of plate thickness and the square of the ratio plate slenderness, as written
in Eq. 7.

b
By =01 (=) (5)
Co = 0.1(B,°t,/10) (6)
Plate slenderness ratio = B, = tﬁ [% 7)
P
The division of the number of element divisions applied to the stiffened panel with a configuration of 1 bay — 1 span
is illustrated in Figure 9. The division of the number of elements and the meshing setting will increase with the size

<5,
l“,

of the range configuration model, as illustrated in Figure 5.

\
Figure 9: lllustration of the number of element divisions applied on stiffened panels

A large strain shell composed of four nodes was selected for the modeling. As shown in Figure 10 [27], where 1, S,
and t represent degrees of freedom in the form of translational motion, u, v, and w indicate that this type of shell can
move in the direction of rotation. Type "Shell-181", also used by [28-36] in evaluating stiffened panels and various
thin-walled and curved-layered structures, explained that the whole type of motion works on a 3-dimensional
scope. Therefore, a total of 6 DOF with the type of model material in the form of bilinear isotropic hardening compiles
a model to describe plastic deformation when subjected to an external force. Failure mechanism on the stiffened
panel was measured by recording the trend of the strain-stress graph with regard to the ultimate limit state for
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measuring the strength of each parametric study model. Besides the ultimate strength value, the failure mechanism
in each model was studied based on the contour pattern in each phase when the displacement was imposed.

K

X y‘\

4 |
Figure 10: The number of DOF of "Shell 181" - Large strain shell

3 RESULTS AND DISCUSSION
3.1 Model configuration

The stress-relative strain curves of models Al, A2, and A3 under uniform thrust loading were depicted, showcasing
the influence of varying the model's range configuration, as presented in Figure 11. The graph also shows specific
points referenced in Table 4, which displays the contour of Von Misses. It can be seen that the greatest ultimate
value belonged to the most extensive range configuration model, the A3 model, with a value of 288.96 MPa. While
on the contrary, the model with the smallest configuration had the smallest ultimate value with a difference of about
37 MPa. This difference is more clearly illustrated in Table 4.
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Figure 11: Stress — relative strain curves of related model configuration parameters

The stiffened panel's response could affect the difference in stress-relative strain curves and ultimate strength values.
The effect of the initial imperfection geometric in the form of buckling mode also began to influence when the entire
stiffened panel was in the elastic region. Local plate buckling became the most dominant which was marked on the
Von Misses phase A contour. The imposed displacement in the x-axis direction also made the stiffener experience
torsion in the y-axis direction due to the influence of the torsional imperfection mode. Model Al only experienced a
slight deformation of about 6 mm, while models A2 and A3 are about 12 and 15 mm, respectively. Based on Table
4, the deformation of the longitudinal stiffener occurred in the portion that was not supported by the transverse
stiffener as shown when the models reached phase B (the ultimate point) and C (post-buckling). As shown in model
A1, the stiffener experienced the largest deformation at the end of the stiffener, while models A2 and A3 experienced
it in certain areas along the longitudinal stiffener. It is clearly shown in model A2 where the region started from the
center of the longitudinal stiffener to near the transverse stiffener experienced the largest deformation. It occurred
because of the constraints' effect on the center area of the longitudinal stiffener that represented the transverse
stiffener. Although it had the same end-to-end in the form of 1/2 + 1/2, the presence of 1 span intact on the A2 and
A3 models in the middle of the model causes torsional buckling to occur more significantly. In addition, the shape of
the critical half wave at the initial geometric imperfection due to the span length also affected the shape of the resulting
buckling mode. In phase B, column buckling also afflicted all models and became more visible in phase C, especially
in model Al.
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However, the failure mechanism and mode mentioned before in the local plate, stiffener torsion, and column buckling
indicated that one model had presented results in line with other models. It can be seen in phase B for model Al
where the contour shown was in agreement with the results in the model with a larger scope. The number of local
buckling modes shown current condition along the span of 3 also showed consistency with the results shown in the
same phase in model A2 and A3, which showed multiple of 6 and 9, respectively. The failure mechanism showed
that each model had similarities in producing contour patterns, and the smallest model configuration can produce
results that agreed with actual conditions in a simple form.

Table 4. Von Misses of related transverse stiffener modeling parameters

Model
Al A2 A3
Phase
Uz=-1.68493
Uy=.872451 Ux=-4.93725

{ Uk=-2.41937

A Uy=.739237
Uz=-3.06345
Uy=-6.02075 5 033
. Tx=-9,0387% :

TUx=-4.42904 13 8217

B
Uz=7 0817\
Uz=6.77702,
Ux=-5.43176
Ux=-12.2936
C
Uy=20.8984
Uz=-8.0036
0 92.1942 179.063 265.931 352.8
48.7599 135.628 222.497 309.366

3.2 Boundary condition

A variation in the ultimate strength value was observed among different models with varying boundary conditions, as
depicted in the results presented in Figure 12. However, the differences that occurred did not have a distance of
values that differred much. The most significant difference between the two models occurred in model B1 with model
B4 with a difference in value of only about 15 MPa. Each boundary condition applied to the model represented the
corresponding result.
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Figure 12: Stress — relative strain curves of related boundary condition parameters

Even so, the difference in boundary conditions would show a different response of the failure mechanism to the
stiffened panel shape when loaded, as shown in Table 5. Models B1, B2, and B3 showed significant torsional buckling
from phase B (ultimate point) to D (collapse). Nevertheless, in the B4 model, this did not happen because of the fixing
constraints on the rotational motion on the x-axis. It caused no deformation of the y-axis that occurred in the stiffener.
Not only torsional deflection but also local and column buckling occurred in the stiffened panel due to the influence
of local and column imperfection modes. Similar to the previous parameter, local plate buckling had an effect earlier
than column and torsional buckling, which was visible when the model reached the ultimate point or phase B. In the
C and D phases, the B2 model's plate showed different deformation that experienced significant deformation on the
z-axis, caused by displacement conditions on rotation on the x-axis only given uniform conditions. In addition, the
post-buckling and collapse phases indicated that allowing individual edges of the B2 model to experience rotational
deformation caused the effects of the column imperfection mode to be significant. Thus, based on the results shown
in Table 5, the model B2 approach showed a good agreement with the actual conditions because it allowed rotational
deformations, which might occur at every edge along the stiffener and the plate. Providing boundary conditions in
the form of uniform conditions on each edge allowed for the worst possible deformation, which resulted in the most
suitable boundary condition setting to analyze the stiffened panel.

Table 5. Von Misses of related transverse boundary condition parameters

Model
Bl B2 B3 B4
Phas
Uy=-1.84972 f#rUy=-1.22791
¥ Ux=-1.209689 - - §
Uz=-3.40096 ' Ux=-1.20369  Ue=-2.4193]Uz=-2.71853 Ux=-2.4193
Uy=.739237
A ! ! Uy=.651456
Uz=2.68873 Uz=-3.06345
Uy=-8.52974 Uy=-6.0207
g Ux="2.05109 Ux=-4.42504
Uz=-56.12179 '
B
Uz=7.0817
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Model
Bl B2 B3 B4
Phas
yJy=-57.5607 Uy=-57.2753 Uy=-28.6006——Fx=-5. 43174
Uz=-21.23 JeUx=-3.70999 R
Ux=-3.74693 Uze-21.4595 >
C
Uz=10.1399
Uy=-76.9925 Ux=6.45593 = Ux=-7.4458
Uz=-33. 1272 A Uy=-80.6432 T Uy=-45.241
/Uz=-49.8103 T Uz=-20.3134
Ux=5.52568
D
1,“
IS 2 2w
0 92.1942 179.063 265,931 352.8
48.7599 135.628 222.497 309.366

3.3 Transverse frame modeling

A comparison of transverse stiffener modeling and shape variation was carried out in this study, with a graph between
stress and relative strain presented in Figure 13. The difference in ultimate strength values of about 9 MPa occurred
between the C1 model and the model that models transverse stiffeners, namely C2, C3, and C4. The value indicated
that the graph and the resulting value did not make a significant difference even without modeling. In addition,
geometric variations of the transverse stiffener also showed a relatively small difference, where the most prominent
difference occurred between C2 and C4 models with a difference of less than 0.5 MPa. Both of these things showed
that a transverse stiffener did not have much effect on the stiffened panel when subjected to uniform thrust loads.
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Figure 13: Stress — relative strain curves of related transverse stiffener modeling parameters

As described earlier, there was no big difference in modifying the geometry of the transverse stiffener. Significant
differences occurred when comparing the C1 model with other models and this condition obviously showed when all
models reached phase B, C, and D which were described as ultimate point, post buckling condition, and collapse
condition, respectively. In the C1 model, the longitudinal stiffener underwent considerable deformation with respect
to the y-axis; in other models, this deformation did not occur. The most significant deformation in models C2, C3, and
C4 was seen on the plate or experiencing local plate buckling. It can be seen in the condition of reaching the ultimate
point until collapse from phase C to D that the greater the inertia area of the transverse stiffener made the failure
mechanism in the form of deformation of the plate greater even though the difference was relatively slight. It was
mainly due to the ability of the plate to continue the imposed displacement restrained by the transverse stiffener so
the local buckling dominantly occurred on one side of the stiffened panel separated by the transverse stiffener. The
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effect of the local imperfection mode also made the condition worse so that the local plate buckling became more
dominant. In contrast, C1 was able to transmit the load so that the buckling on the plate can be evenly distributed.
Another distinction was shown in the stiffener where C1 experienced the largest stiffener deformation at the edge
while the other three models experienced deformation in the region between one edge and the transverse stiffener.
Based on Table 6, modeling the transverse stiffener was not able to distribute the imposed displacement on the plate
and stiffener and reduced the effect due to the initial imperfection geometric influence.

Table 6. Von Misses of related transverse stiffener modeling parameters

Model
Phas
Uy=-1.84%72
i Ux=-1.20969 = -
Uz=-3.32791 { Ux=-2.419317 _ f Ux=-2.4193 Uz=-3.37559 A
| Uz=-3,40096 | Uz= Ux=-2.4193
A
Uy=1.06045 Uy=-1.0138¢
Uy=- 988665
Uy=-15.4916
-——-\Ux=-2.21347 .
\

Uz=-8.53909 Uz=-5.3285% S8

¥ Ux=-4.519317
B
Uy=-57.5607 N =-5.85236
~Uz=-21.23 Uy=14.7013 F y Uy=14.8361
Ux=-3.74693 |Uz=-16.9458 o Uz=-17.0062
c ,.
Uy=-76.9925 =-7.60243 ) / x=-7.595 Ux=-7.59149
~ Uz=-33.1272 Uy=23.4572_ | =] Uy=23.6237_/=g Uy=23.9301
{ z=-24.4048_] Uz=-24.4379 ' Uz=-24.832
Ux=5.52568 / J :
D
[ 22 I 02000090 2 NN 0 |
0 92,1942 179.063 265.931 352.8
48,7599 135.628 222.497 309.366

3.4 Running time

In conducting analysis using FEM, it is essential to determine the efficiency of the time used when running
simulations. It becomes vital when done with a large variety of modeling and requires extensive data, including when
analyzing stiffened panels. Time efficiency will be a consideration in addition to other parameters affecting the
calculation results. Figure 14 shows the time consumed when calculating the overall variation made in this study.
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In model configuration variations, the larger the range configuration model used, the greater the time needed to
perform the analysis. The time difference was significant from the A1l to A2 model, with an increase of about six times
more significant and 12 times greater than Al to A3. The time difference was relatively small in modifying boundary
conditions and transverse stiffeners. In boundary condition variations, the boundary conditions of Lutfi et al. [17] and
Xu et al. [19], respectively. Meanwhile, in the transverse stiffener variation, the graph showed that the larger the
geometry of the transverse stiffener consumes, the less time it would consume. The concept of reducing simulation
time while maintaining calculation accuracy may be extended to computationally simulate structures made of
sophisticated materials such as composites, graphene, and so on [37-42]. Furthermore, the effects of materials under
harsh environment [43-50], such as cold region and corrosive-prone water area are potentially to be used as material
properties to develop rapid-estimating mathematical forms of structural behaviors based on the potentially sailing
routes.

4 CONCLUSIONS

This study has represented a comprehensive parametric investigation to evaluate each parameter in analyzing
stiffened panels using the Finite Element Method (FEM). The parametric study was conducted by comparing several
variations of model configurations, boundary conditions, and transverse stiffener modeling that were currently
developed and used by researchers. In addition, an evaluation of the time efficiency used during numerical calculation
running was also conducted to determine the most efficient modeling arrangement. By focusing on numerical
methods that provide high accuracy, the study offerred a valuable guideline for researchers to determine the most
suitable and efficient method. As a result, the investigation provided several conclusions that led to further
development in the analysis of stiffened panels through FEM:

— The variation in the ultimate strength value resulted from differences in the range configuration model,
boundary conditions, and transverse stiffener modeling was relatively negligible, indicating the overall
appropriateness of the variations.

— The most significant difference in the ultimate strength value occurred in the modification of the range
configuration model due to the influence of the stiffened panel response when subjected to uniform thrust
and the effect of one bay-span structure in the middle of the model section on the stiffened panel with
configurationsof 1/2+ 1+ 1/2and 1/2+ 1+ 1 + 1/2.

— The configuration model with 1/2 + 1/2 bay and 1/2 + 1/2 span, employing boundary conditions with
uniform conditions on each side of the stiffened panel and assuming fixed constraint conditions for the
transverse stiffeners, is recommended as a valuable guideline for conducting FEM analysis due to its
capability in enabling actual deformation of the stiffened panel with minimal time consumption.

— Infuture studies, itis recommended to analyze the effect of one modeling variation with the other modeling
variations on each different parameter to determine the pattern of the ultimate strength value and the
contour shape formed on the stiffened panel when subjected to loading.
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