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Thin-walled stiffened panels are fundamental structural components that form the primary structure of the ship hull. The
effectiveness of the stiffener configuration design needs to be assessed because members are unavoidably subjected to various load
types during operations. In this situation, assessment is required to quantify the responses and determine the relationship between
the structural resistance and input parameters. The aim of this work was to obtain structural resistance data on the stiffened side
hull of a medium-sized tanker with various model configurations by using finite element analysis with different loading pa-
rameters, i.e., load type and angle, as the main inputs. The results indicate that stiffener configurations subjected to loads at the
center and random positions influence the effectiveness in reducing the deformation. The results show that the stiffener is more
effective when the location of the force is very close to the stiffener. Therefore, higher strength can be obtained with a design in
which the area that is not supported by the stiffener is minimized.

1. Introduction

The application of thin-walled steel structures in ships and
offshore construction fields has gained popularity in recent
decades. The primary designs of ship structures are usually
assemblies of plates/shells and stiffeners that are attached in
the longitudinal or transverse direction and equally spaced
over the plates to provide sufficient strength and stiffness to
carry in-plane and out-of-plane loads. The main benefit of
reinforcing a plate with stiffeners lies in the tremendous
increase in the strength and stability of the structure with a
minimum increase in the overall weight. Therefore, to reach
the goals of structural and cost efficiency, it is vital to initially
assess the structural stability of stiffened panels in the ship
structural design phase [1], which is a complex task, because
it includes a variety of aspects, including geometry config-
uration, physical materials, load combination.

The ultimate strength of stiffened plates has been
researched from various perspectives by employing different
approaches that aim to investigate the influence of

combinations of parameters on structural responses. For
instance, Paik et al. [2, 3] conducted some benchmark
studies on the strength assessment of the bottom part of an
AFRAMAX-class oil tanker under combined biaxial com-
pression and lateral pressure. Several factors, including the
load types and dimensions, were further analyzed. In 2013,
numerical investigations were conducted by Xu et al. [4] to
examine the influence of boundary conditions and geometry
on the ultimate strength of rectangular stiffened plates of
bulk carriers under combined loads. Strength assessment
under combined load actions, i.e., longitudinal and lateral
loads in stiffened panels, was performed both numerically
and experimentally in detail by Shanmugam et al. [5]. Their
results indicate that lateral load-carrying capacity drops with
an increase in axial load and vice versa. Experimental and
numerical investigations on the ultimate strength of stiff-
ened plates subjected to combined biaxial compression and
lateral loads showed that lateral pressure enhanced the load-
carrying capacity when the lateral force restrained defor-
mation, as investigated by Ma et al. [6]. Further, the ultimate
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and residual strength of a hull girder based on IACS CSR-
H,CSR-OT, and CSR-BC were compared in detail by Shi
et al. [7]. In a series of recent studies, more advanced an-
alyses of stiffened ship structures subjected to impact phe-
nomena were performed to identify structural damage
caused by striking and stranding, including ship-ship col-
lision accidents [8-12], ship grounding [13-17], and other
forms of ship hull damage [18-22].

For many years, investigating the influence of the
stiffener type and configuration on strength behavior has
been a topic of interest. A novel Y-stiffener profile for the
ship structure was analyzed by Leheta et al. [23] to assess
the ultimate strength of the proposed design using
IACSCSR for a double-hull oil tanker. Using a similar
scenario, the influence of using novel Y-stiffeners on the
load-carrying capacity of ship deck panels under the ver-
tical hull-girder bending moment was further studied
numerically by Leheta et al. [24]. By conducting a series of
experimental tests, Gordo and Soares [25-27] compared U
stiffeners with a new shape with panels reinforced by
stiffeners with typical shapes to use in high-speed ships. The
effect of stiffener geometry on the ultimate strength of the
stiffened panels under compression was analyzed. Further,
the effects of various configurations of the stiffener cross
section were numerically investigated by Ren et al. [28] to
determine the most suitable type to replace the original
steel stiffener in the upper deck of a warship. The con-
figuration of the stiffener/girder cross section has also been
investigated in other structural parts of different kinds of
ships, such as the side hull [29], car deck [30], stern ramp
door [31], unsymmetrical plate girder [32], and hull girder
of a very large crude oil carrier (VLCC) [33]. The design
that achieves the highest strength-to-weight ratio is iden-
tified as the best.

The influence of the structural assessment of stiffened
panels of the ship structure under different loading scenarios
has been well studied. However, limited studies are available
regarding structural evaluations of stiffened panels subjected
to a centralized load, especially when the side hull hits
something with a sharp tip. To address these issues, addi-
tional studies are required to provide deeper insights into the
effects of those parameters. In particular, a numerical in-
vestigation using finite element analysis is needed to study
the mechanical reaction of the side hull of a ship with
different stiffener designs under concentrated loads applied
to the center of the plate and to random positions. The
present study aimed to further investigate the relationship
between the behavior of a stiffened side hull with various
stiffener configurations and variations in uncertain load
types and angles. In this regard, the geometry and cross
section of the side hull structure of a medium-sized tanker
were used as a reference model. This work describes the
finite element results of both contour descriptions and data
descriptions.

2. State of the Art

In the ship structure, the force types acting on a stiffened
plate are in-plane compression or tension from the overall
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hull-girder bending moment or torsion, the shear force
resulting from the hull-girder shear force, and lateral
pressure from the external wave or shock loading [34].
However, the possibility that a ship structure will be
damaged by several types of accidents, including striking
and stranding with any other objects, is crucial to in-
vestigate [35]. In fact, the force that occurs during
stranding has an uncertain direction, and it will also cause
an uncertain force distribution on the stiffened hull plate.
To improve the stiffened plate design, one must determine
the structural response to a concentrated load with various
force directions. However, it would be challenging to
conduct experimental tests using these input parameters.
Using finite element analysis, the stiffened plate can be
subjected to loads with various force directions and angles
simultaneously to determine the structural response. The
finite element outputs of von Mises stress, strain, and
displacement were used to compare the behavior of all
developed models. The von Mises stress is the equivalent
or effective stress at which yielding is predicted to occur in
ductile materials. To analytically compute von Mises
stress, stress is derived using principal axes in terms of
principal stresses [36]. The relations between external
forces, which characterize stress, and the deformation of
the body, which describes strain, are called stress-strain
relations. In simple form, Hooke’s law for one dimension,
or the condition of stress and strain for elastic materials, is
given by

o = Ee, (D

where o is the stress, E is Young’s modulus, and ¢ is the
strain.

Then, the strain energy per unit volume for simple
tension is expressed as follows:

& & 1 2 l
u=\| ode=| Eede= —E¢ =-c¢o. (2)
0 0 2 2
For the state of stress, total strain energy per unit volume

is defined as

1
u=- (£,01 + &0, + &03). (3)
Using the principle of superposition, the generalized
Hooke’s law for a three-dimensional state of stress and strain
in a homogeneous and isotropic material can be expressed as
a matrix:

& 1 v 0 (g
! 1 0 (4)
& l==]-v o, |
2 E 2
& 0 0 2(1+v)llo;

This analysis can be readily extended to a triaxial state of
stress, expressed as follows:

&= = [oy—v(oy +03)], (5)
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[0, —v(0) +03)], (6)
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&= [0 v(0, + )] (7)

where v is Poisson’s ratio. Further, equations (5)-(7) are
substituted into equation (3), so that the equation of total
strain energy can be obtained:

1
u:ﬁ[0f+0§+0§—2v(0102+0203+0301)]. (8)

By letting o, = 0, = 03 = 0,,in equation (8), we obtain
the strain energy associated with hydrostatic loading, or only
volume change, as follows:

_1-2v

"= T6E

[af + 05+ 05 +2(0,0, + 0,05 + 0301)]. (9)

The distortion energy per unit volume assumes that
Uy =u-—1u, (10)

Then, distortion energy per unit volume can be written
as

1+ (o - 02)2 + (0, = 03)2 + (05— ‘71)2

= 11
Uy 3E > ( )

As it is assumed that u; =0 and 0, =S, 0, =03 =0,
equation (11) can be reduced to

1+v
ud:

SZ

where S, is the yield stress of the material. Yield is predicted
to occur if the value of u,; in equation (11) equals or exceeds
the value of u; in equation (12). Furthermore, yield occurs
whenever

[(‘71—02)2+(02—03)2+(‘73—01) > (13)
2 e

21172

The left side of equation (13) represents the equivalent or
effective stress at which yielding occurs. This stress is usually
denoted as o, and is known as von Mises stress:

I(O‘l—(72)"’(0'2_03)"'(03_01)' (14)

Gv:\f >

To solve the deformation in the plate, we can use the
Kirchhoftf assumption. The deformation function is
expressed as follows:

_ _82w
* ox*
o’w
Ky = _a_yz’ (15)
. Pw
¥ 0x 0y

where K is the curvature in a certain direction or plane; w is
the deflection; and (x, y) is the position in the Cartesian
coordinate systems.

The shell element is most well-known for its application in
plated structure analysis. Several of the mentioned pioneering
works used this element, the intention of which is to perform
time-effective calculations. However, the solid element in finite
element analysis has certain advantages compared to the shell
and has desirable characteristics in numerical calculations: i.e.,
the solid element has no geometric limitations, requires no
geometric preprocessing, and allows stress and strain to be
profiled through the thickness. Nevertheless, both the shell and
solid elements are equally superior in terms of the meshing
freedom. Considering that most of the recommended element
size configurations are intended for the shell-implemented
structure, an integrated study is necessary to calculate the
structure with solid elements. Therefore, the current work
aimed to assess the characteristics of idealized structural be-
havior based on a thin-walled structure, in which the geo-
metrical subject is implemented by solid elements. The current
findings were compared with the meshing configuration of
shell elements as part of developing reasonable meshing criteria
for geometries with solid elements. Subsequently, the acquired
criteria were applied to the geometry, which was designated as
the subject of finite element calculations.

3. Finite Element Analysis

3.1. Stiffened Side Hull Geometry and Discretization. In the
present study, a stiffened, thin-walled ship hull was investi-
gated. The stiffened, thin-walled ship hull consists of a flat plate
and flat bar stiffener. The extent and geometrical dimensions of
these models were designed based on previous studies [37]. For
modeling purposes, in the first step, the geometry of the thin-
walled plates was designed. The stiffened plate length and width
are 1200 mm and 720 mm, respectively, while the thickness is
5mm. The flat bar stiffener’s dimensions are described by its
height and thickness, which are 120mm and 6 mm. The
analysis was performed on four different models that differ in
their stiffener configurations, namely, a plate with one stiffener
in the longitudinal direction, a plate with two longitudinal
stiffeners, a plate with two intersecting stiffeners, and a plate
with four symmetrically intersecting stiffeners. Illustrations of
the isometric views of the geometrical shapes of the four model
configurations are shown in Figures 1 and 2.

The four proposed model configurations use AISI 1045
medium carbon steel, which is taken from Fusion Property
Manager, which is comparable to steel manufacturer sheet
guides [38-41], for both the plate and the flat bar. In this
analysis, the material is assumed to be homogeneous and
isotropic with elastic properties. The typical characteristics
and physical properties of the proposed materials used for
finite element analysis are shown in Table 1.

3.2. Finite Element Model Development. In this investigation,
simulations were implemented numerically using a finite
element software package. The finite element method is a
numerical technique, ideally suited to digital computers, in
which a continuous elastic structure (continuum) is dis-
cretized into smaller but finite substructures (elements) that
can be represented by comprehensive equations [42]. In this
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FIGURE 1: Technical drawing of the stiffened plate models. (a) Plate with one longitudinal stiffener. (b) Plate with two longitudinal stiffeners.
(c) Plate with two intersecting stiffeners. (d) Plate with four symmetrically intersecting stiffeners.

A

(a) (b)

FIGURE 2: Isometric 3D view of stiffener configuration models. (a) Plate with one longitudinal stiffener. (b) Plate with two longitudinal
stiffeners. (c) Plate with two intersecting stiffeners. (d) Plate with four symmetrically intersecting stiffeners.

work, Autodesk Fusion 360 was selected as an FEA tool for
modeling and simulation, which can be divided into three
steps, as follows:

(1) The 3D model of stiffened hull plate is discretized
using Autodesk Fusion 360

(2) The material type, loading scenario, and constraints
are applied

(3) Static linear analysis is performed to analyze the
physical influence of the mentioned parameters

In the model discretization, the stiffened plate is modeled
using solid elements. In this regard, fixed constraints
(Uy=U,=U,=0) are applied on the four sides of the plate.
The plate is subjected to a static concentrated loading force
with a magnitude of 5000 N on the z-axis on the upper side
of the plate with the assumption that there is no force in
other directions (x- and y-axes). The load is applied per-
pendicular to the upper section of the plate using three
loading positions, namely, at the center of the plate and
random positions (E2 and E3 positions), as depicted in
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TaBLE 1: Material details of the base plate and stiffeners (data are
summarized from [38-41]).

Chemical element Content (%)

Carbon (C) 0.42-0.50
Iron (Fe) 98.51-98.98
Manganese (Mn) 0.60-0.90
Phosphorous (P) <0.040
Sulfur (S) <0.050
Mechanical property Metric
Density (kg/mm?) 7.87x107°
Young’s modulus (MPa) 200000
Poisson’s ratio 0.29
Yield strength (MPa) 310
Ultimate tensile strength (MPa) 565
Shear modulus (MPa) 80000
Bulk modulus (MPa) 140000
Elongation at break (in 50 mm-%) 16.0
Reduction of area (%) 40.0
Hardness (Brinell) 163
Hardness (Rockwell B) 84

Figure 3. The first load is applied at the center position with
respect to the x- and y-axes. The E2 position is located at
618 mm with respect to the x-axis and 599 mm with respect
to the y-axis, and the E3 position is located at 139 mm with
respect to the x-axis and 162 mm with respect to the y-axis.
Besides the variation of the loading position, the model
configuration is also varied by applying three loading di-
rection angles with respect to the y-axis, namely, 30°, 60°, and
90°.

A total of 12 main variations were analyzed, starting with
the variation of the stiffener configuration and position of
the load. Further, for each of the variations, the simulations
were then extended by investigating the influence of loading
angles. The proposed model scenarios with a total of 36
variations are illustrated in Figure 4 for discrete model and
Figure 5 for the scenario list.

4. References for FEA Benchmarking

4.1. Mesh Convergence: Plate with One Longitudinal Stiffener.
Convergence assessment was carried out before the main
analysis to find the appropriate mesh size for specific ge-
ometries with solid elements. The applied mesh size was the
main variable that varied between test cases. Previous works
by Térnqvist [43], Alsos and Amdahl [44], and Prabowo
et al. [45] implemented the element length-to-thickness
(ELT) ratio for a plated structure defined with shell elements.
In their works, ELT ratios in the range 5-10 were commonly
used for finite element analysis, especially for crashwor-
thiness analysis. In this work, structural responses, i.e.,
stress, displacement, and strain, were quantified to find the
most appropriate mesh size, which is represented by the ELT
ratio in the final convergence. In the FE setting, the mesh
sizes are set to range from 10 to 70 mm. For the first ge-
ometry, the simulation was performed for a plate with one
longitudinal stiffener, where the load was applied perpen-
dicular to the plate surface. The results of the analysis are
presented in Figure 6, which indicates that, for this

geometry, the mesh size tends to be stable in the range of
20-50 mm. The convergence data were compiled, and the x-
axis values were changed into ELT ratios by dividing the
mesh size by the plate thickness, while values on the y-axis
were divided by the average value to determine their re-
spective behaviors. The resulting data are displayed in
Figure 7, which indicates that ELT ratios in ranges of 4-10
are the best for the plate with one longitudinal stiffener using
solid elements. An ELT ratio of 2 is excluded since disparities
in the stress and strain are quite high, which almost reach 1.5
or the highest among all displayed tendencies.

4.2. Mesh Convergence: Plate with Two Intersecting Stiffeners.
With the same setting, finite element analysis continued for the
next geometry, which is the plate with two intersecting stiff-
eners. Based on the observation of the structural behaviors in
Figure 8, the tendency of the results is more stable for mesh
sizes ranging from 30 to 70 mm. For 10 and 20 mm, the results
display an increasing trend toward a stable state. After this
observation, the analysis was focused on verifying the ELT ratio
for stress, displacement, and strain. The same treatment as in
the analysis of the plate with one stiffener was applied to obtain
the recommended ratio. As presented in Figure 9, the dis-
placement ratio is found to be in a stable state for all designated
ratios. A similar pattern is also observed in the data assessment
of the plate with one longitudinal stiffener. Furthermore, a ratio
of 2 is not recommended, as a large distance from the con-
vergence line is observed. However, ratios of 12 and 14 are
distinctive, as they are more stable near the convergence line
without apparent fluctuations. Based on these results and in
consideration of the previous geometry, the recommended
ELT ratio to use for the geometry with solid elements ranges
from 4 to 10. It is possible to increase the ratio to reduce
processing time, but a proper convergence assessment needs to
be conducted to ensure that the implemented mesh produces
dependable results that fulfill effectiveness (accuracy/fidelity)
and efficiency requirements (time calculation) [46].

4.3. Validation Test. For validation purposes, a comparison
of the responses between finite element analysis and ex-
perimental test was conducted by comparing von Mises
stress, displacement, and strain of the plates with one
longitudinal stiffener (flat bar) and two longitudinal stiff-
eners. A previous study [37] has conducted a series of panel
penetration tests subjected to grounding load at the center of
the plate by a cone shaped indenter at two different stiffened
plate models. In this numerical test, the geometrical con-
figuration and test setup referred to the experimental test
[37]. The validation test was conducted by comparing the
penetration test result illustrated by the force-indentation
curves at load 5000 N. Table 2 shows the comparison of von
Mises stress, displacement, and strain between present study
and previous experimental test. The mean error of numerical
result at 3.48% in one stiffener model and 5.75% at two
longitudinal stiffeners model indicates good agreement of
the proposed finite element modeling. Moreover, the
comparison of contour of indentation between experimental
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(c)

FIGURE 3: Isometric view of the various loading positions. (a) At center position of plate. (b) At E2 position of plate. (c) At E3 position of

plate.
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FIGURE 4: Isometric 3D views of stiffener configuration models: discrete geometry for analysis. (a) Plate with one longitudinal stiffener. (b)
Plate with two longitudinal stiffeners. (c) Plate with two intersecting stiffeners. (d) Plate with four symmetrically intersecting stiffeners.

test and numerical test of both stiffened plate models is
depicted in Figure 10.

5. Integrated Finite Element Analysis

5.1. Comparison of von Mises Stress Results

5.1.1. Comparison of von Mises Stress for Various Stiffener
Configurations. In this section, von Mises stress results for
various stiffener configurations are reviewed. Figure 11

compares maximum von Mises stress values for various
stiffener configurations with different loading positions. The
objective is to compare the behavior of the stiffener design of
the stiffened side hull when it hits something with a sharp tip
in various locations. All simulation model results in
Figures 11(a)-11(11(d)) show that the larger the loading
angle, the greater the von Mises stress that occurs. This is
because when the force has a small angle, part of the force is
distributed horizontally. The result for the stiffened plate
with one stiffener (see Figure 11(a)) shows that the design
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FIGURE 5: Proposed model scenarios with a total of 36 variations. (a) Model scenarios with one longitudinal stiffener and two longitudinal
stiffeners. (b) Model scenarios with two intersecting stiffeners and four symmetrically intersecting stiffeners.

configuration can withstand the load at the center of the
object with lower stress than in other load positions. This is
because the center of the applied load will be at the center of
the stiffener. A similar result is found in Figure 11(c), in
which the configuration of two intersecting stiffeners is
recommended to withstand loads applied at the center and
E2 position. The load applied at the E3 position experiences
higher stress, because a large area is not supported by a
stiffener. The stiffener configuration is found to be more
effective when the applied load is very close to the stiffener.
This phenomenon is highlighted in detail in Figures 11(b)
and 11(d). In the model with two stiffeners, the lowest stress
occurs where the central load is applied, because it is closest
to the stiffener. In contrast, the load at the E2 position, which
is farthest from the stiffener, encounters the highest stress.

Further, the stress in the stiffened plate with four sym-
metrically intersecting stiffeners can withstand the load at
the E2 position, but the applied loads at the E3 position and
center experience higher stress.

5.1.2. Comparison of von Mises Stress for Different Stiffener
Configurations. To obtain the best model configuration at
certain load positions, a comparison of von Mises stress for
various stiffener configurations at each load position needs
to be plotted. Figure 12(a) illustrates the comparison of stress
for different stiffener configurations when the load is applied
at the center. The models with one stiffener and two
intersecting stiffeners are found to be the best configurations
when subjected to a concentrated load at the center position
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of the plate. This happens because the location of the load at
the center point is really in the middle of the stiffener, so the
design configuration is more rigid when exposed to this load.
On the other hand, for the stress behavior of the models
subjected to random loads (at E2 and E3 positions), the
model configurations with two stiffeners and four sym-
metrically intersecting stiffeners are the best options, as
observed in Figures 12(b) and 12(c).

5.2. Comparison of Displacement Values

5.2.1. Comparison of Displacement Values for Various
Stiffener Configurations. In this section, the maximum dis-
placement value is used to determine the displacement pattern
in different scenarios of the applied load. The resulting effect on
the displacement values in all evaluated models is similar to the
phenomenon that occurred in the stress results in the previous
section. The comparison of deformation results for various
stiffener configurations with different loading positions and
angles is summarized in Figure 13. As can be seen, the
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TaBLE 2: Validation test between finite element analysis and laboratory experiment.

FEM (present study)

von Mises stress (MPa)
. Error (%)
Experimental test [37]

27.2
169.4

Plate with one longitudinal stiffener
Plate with two longitudinal stiffeners

26.56
179.6

3.61
5.67

FEM (present study)

Displacement (mm)

0
Experimental test [37] Error (%)

Plate with one longitudinal stiffener 0.138 0.135 2.22
Plate with two longitudinal stiffeners 0.854 0.913 6.46
Strain (—) 0
FEM (present study) Experimental test [37] Error (%)
Plate with one longitudinal stiffener 0.000136 0.00013 4.61
Plate with two longitudinal stiffeners 0.000854 0.00090 5.11
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F1Gure 10: Comparison of deformation contour between experimental test [37] and numerical test. (a) One longitudinal stiffener. (b) Two

longitudinal stiffeners.

deformation value increases as the loading angle increases for
all evaluated model configurations. The force received by the
plate increases, because the force tends to be fully distributed
over the plate. As shown in Figure 13(a), the configuration with
one stiffener experiences the lowest deformation when the
model is subjected to a load at the center position. In contrast,
the highest deformation is found for the load applied at the E3
position. This occurs because the largest area of the plate is not
reinforced by the stiffener, so more significant deformation
occurs. The model configuration with two stiffeners results in
the lowest deformation in response to the load at the E3

position. The deformation is the most significant when the load
is at the center of the plate. This can occur when the area that is
not supported by a stiffener is large. Further, the deformation
results for the model with two intersecting stiffeners can be
found in Figure 13(c). It can be observed that the model with
two intersecting stiffeners is the superior configuration for
withstanding a load applied at the center point of the plate and
the E2 position. The results indicate that the design is more
rigid when subjected to a load that is really in the middle of the
stiffener. Moreover, the deformation in the model with four
symmetrically intersecting stiffeners subjected to a load at a
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FIGURE 11: von Mises stress results with various stiffener configurations. (a) One stiffener. (b) Two stiffeners. (c) Two intersecting stiffeners.

(d) Four symmetrically intersecting stiffeners.

position near the stiffener is illustrated in Figure 13(d). The
results indicate that the smaller the total area that is not
supported by the stiffener, the lower the deformation. It can be
observed that the model has lower deformation in the E2
position than the other loading positions, whereas deformation
values resulting from the load at the center point and E3
position are similar.

5.2.2. Comparison of Displacement at Different Loading
Positions. To select the best stiffener model configuration
at each load position, a comparison of the deformation at
each load position is plotted in Figure 14. The results show
that the model with the configuration of two intersecting
stiffeners is the best design when it is subjected to a load at
the center of the plate. A similar result is found in
Figure 14(b), where the model with two intersecting
stiffeners is the best option when it is subjected to a
concentrated load at the E2 position. Further, the best
model configuration with a load at the E3 point can be

chosen from the models with two stiffeners and four
symmetrically intersecting stiffeners, which have similar
displacement values.

5.3. Comparison of Equivalent Strain

5.3.1. Comparison of Equivalent Strain for Various Stiffener
Configurations. In this work, a scalar quantity named the
equivalent strain is used to describe the state of strain.
Figure 15 shows the equivalent strain results from the nu-
merical simulation of all proposed models. According to
these results, the strain value increases as the direction of the
loading angle increases in all evaluated models. As shown in
Figure 15(a), the model with one stiffener results in the
lowest strain when subjected to a load at the center position.
Conversely, the highest strain is experienced by the model
with a load at the E2 position. A similar phenomenon can
also be observed in Figure 15(b); the model configuration
with two stiffeners results in the lowest strain when subjected
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FIGURE 12: von Mises stress rests at different loading positions. (a) At centered positions. (b) At E2 position. (c) At E3 position.
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FiGuRre 15: Equivalent strain results for various stiffener configurations. (a) One stiffener. (b) Two stiffeners. (c) Two intersecting stiffeners.

(d) Four symmetrically intersecting stiffeners.

to a load at the center of the plate, and the highest value is
obtained at the E2 position. Moreover, the strain results in
the model with two intersecting stiffeners are shown in
Figure 15(c). It can be observed that the model with two
intersecting stiffeners is the superior option for withstanding
a load applied at the center point of the plate and the E2
position, which have lower strain values. The results indicate
that the design is more rigid when subjected to a load that is
really in the middle of the stiffener. Furthermore, the
equivalent strain in the model with four symmetrically
intersecting stiffeners subjected to load at a position near the
stiffener is illustrated in Figure 15(d). It can be observed that
the strain values of all models are similar. The lowest strain is
obtained in the model at the E2 position, and the highest
strain is observed in the model with the load at the E3
position.

5.3.2. Comparison of Displacement at Loading Positions for
Different Stiffener Configurations. Besides the stress and

deformation, the equivalent strain is also essential to de-
termine when selecting the best stiffener model configura-
tion at each load position. The comparison of strain at each
load position is depicted in Figure 16. As can be seen, the
model with two intersecting stiffeners is the best configu-
ration when it is loaded at the center of the plate, as il-
lustrated in Figure 16(a). A similar result is observed in
Figure 16(b), where the model with two intersecting stiff-
eners is the best configuration when subjected to aload at the
E2 position. Further, the best model configurations for the
load positioned at E3 are the models with two stiffeners and
four symmetrically intersecting stiffeners, which have sim-
ilar strain values for all loading angles.

5.4. Overall Discussion. The strength assessment of ship
plates is required to quantify the deformation and stress states
and determine the relationship between the structural re-
sponses and designed parameters. The analysis results in
Figures 11-16 present the correlation between each structural
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behavior and input parameter to determine the function and
effectiveness of the stiffener. An overall assessment is needed
to quantify the responses and phenomena.

Displacement is used as an indicator to assess the success
of the stiffener design configuration. Based on deformation
data in Figure 17, model configurations with one stiffener
and two intersecting stiffeners are the best designs to
withstand a force acting on the center of the plate, and the
model with two intersecting stiffeners has the lowest de-
formation. In this case, the center of the force will be at the
center of the stiffener, so with these proposed designs, good
results will be obtained with small deformation. This is
because these designs are more rigid when subjected to a
load in this location. In contrast, the models with two
stiffeners and four symmetrically intersecting stiffeners
experience higher deformation. The calculation results in-
dicate that deformation is approximately 24 times higher in
the model with four symmetrically intersecting stiffeners
and up to 31 times higher in the model with two stiffeners.

(c)

—— Two intersecting stiffeners
—— Four symmetrically
intersecting stiffeners

(a) At centered positions. (b) At E2 position. (c) At E3 position.

Further, to conduct deformation assessments in more
detail, the influence of the stiffener configuration subjected
to loads at random positions (at E2 and E3 positions) was
analyzed. Based on the presented data in Figure 17, the
model with two intersecting stiffeners is the best option with
the lowest deformation when subjected to a load at the E2
position. In contrast, the highest deformation is experienced
by the model with one stiffener: the value is about 67 times
higher than the deformation in the model with two inter-
secting stiffeners. This occurs because a large area of the plate
is not supported by the stiffener, so more significant de-
formation occurs. In another loading position (at E3 loading
position), the models with two stiffeners and two inter-
secting stiffeners are the best designs, which experience
smaller deformation. On the contrary, the models with one
stiffener and two intersecting stiffeners experience twofold
higher deformation. These results show that the stiffener is
more effective when the force is very close to it. Overall, the
models using one stiffener and two intersecting stiffeners are
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FIGUrEe 18: Displacement contours for different loading positions. (a) At center. (b) At E2 load position. (c) At E3 load position.

inferred to be the best alternatives for withstanding a load at
the center of the plate. However, the models with two
stiffeners and two intersecting stiffeners have a higher level
of strength to overcome loads in random positions. The
deformation contour at different loading positions at 90
degrees for various models is depicted in Figure 18.
Quantification of the structural results in this work
provides a set of reference data that build on pioneering
works on plated structures, which predominantly applied
shell elements. These works have varied, e.g., nonlinear
buckling [47], compressive strength [48, 49], and pla-
te-beam combination [50]. Salomon [51] studied similar
subjects to those presented in this work and introduced an
analytical theory describing different deflection phenomena
on the shell model and 3D model (solid). The findings show
that the thickness of the modeled stiffener has a substantial
effect on the displacement solution. Future work will expand
the current study by conducting the finite element analysis

with the same designed configurations, but shell elements
will be applied to the geometry. In addition, the stiffener
material may be varied as a new variable to verify the
theoretical model.

6. Conclusions

This work focuses on the behavior quantification of stiffened
plates, which were the subjects of finite element (FE) analysis.
Instead of shell elements, this work used solid elements on the
plate geometries, and determining the recommended mesh size
and configuration was the main goal of this analysis. Based on
the convergence assessment, the element length-to-thickness
(ELT) ratio for the FE analysis using solid elements is verified to
be in the range of 4-10. If a reduction in the processing time is
desired, the ratio can be increased to 14, but a proper con-
vergence study is necessary in the first stage. For application to
a complex structure, such as a ship hull, increasing the ELT will
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certainly be beneficial for reducing the processing time.
However, the fidelity of the results also needs to be ensured by
applying a convergence test before the main analysis as one of
the validation methods.

The results of the meshing criteria were subsequently
implemented using the stiffened models, and an integrated
analysis was performed to assess the structural loading of the
stiffened side hull design, especially when the side hull hits
something with a sharp tip. To determine the effectiveness of
the stiffener configuration designs, various loading positions
and angles were tested to demonstrate the effects of the hull
hitting objects from multiple sides. The displacement is used
as an indicator of the successful design of the stiffener
configuration. From the analysis of the above results, the
following conclusions can be drawn:

(1) The stiffened plates with one stiffener and two
intersecting stiffeners are suitable for withstanding
concentrated loads at the centers of the plates.
However, the models with two stiffeners and two
intersecting stiffeners have a higher level of strength
to overcome loads in random positions.

(2) The number of stiffener configurations influences the
effectiveness in reducing the deformation. The re-
sults show that when the area of the plate that is not
reinforced by the stiffener is smaller, the deformation
will be smaller, too. Therefore, higher strength can be
obtained with a design, in which the area that is not
supported by the stiffener is minimized.

(3) Force at both 30 and 60 degrees leads to the hori-
zontal deformation of the stiffener according to the
direction of the force. In contrast, a loading force of
90 degrees causes the stiffened plates to deform
vertically according to the force direction. The data
show that the greater the angle of the loading di-
rection, the greater the total displacement. This is
because when the force has a small angle, part of the
force is distributed horizontally.

(4) Based on von Mises stress results, the mechanical
properties of medium carbon steel material can
withstand 5000N of the applied load. It can be
observed that the obtained stress is smaller than the
yield stress. In all model configurations, the pro-
posed design is not damaged after being tested using
a load magnitude of 5000 N.

(5) Force that is not perpendicular to the plate (30 and
60 degrees) has a smaller critical strain, lower stress,
and less deformation, but it is distributed over a
more extensive area.

The current work provides the initial steps to assess
meshing criteria for geometries with solid elements, especially
plated structures. The latest trends indeed show that the shell
entity is more popular as the defined element. Nevertheless,
the option to use solid elements is also available, but time and
parameter optimizations are required to determine a rea-
sonable configuration when solving physical phenomena
using FE calculations. A comparative study to assess shell and
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solid elements in plated structures is a suitable medium for
drawing conclusions regarding the performance of each el-
ement, and a continuation of the present work can focus on
the analysis of shell elements using the current material,
loading, and boundary configurations.
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