30 SCIENTIFIC JOURNAL OF MARITIME RESEARCH [Pomorstvo] 40 (2026) 30-50 © Faculty of Maritime Studies Rijeka, 2026

SCIENTIFIC JOURNAL
EEOF MARITIME RESEARCH

University of Rijeka
FACULTY OF MARITIME STUDIES

https://doi.org/10.31217/p.40.1.3

Failure Behavior Analysis of Crack Propagation in Ship Sandwich

Structures

Husein Syahab'?, Achmad Zubaydi'’, Heni Siswanti®**, Rizky Chandra Ariesta’

! Department of Naval Architecture, Institut Teknologi Sepuluh Nopember, Surabaya, Indonesia
2 Department of Naval Architecture, Institut Teknologi Kalimantan, Balikpapan, Indonesia

3 Department of Marine Technology, Politeknik Negeri Madura, Sampang, Indonesia

* Department of Ocean Engineering, Institut Teknologi Sepuluh Nopember, Surabaya, Indonesia

* e-mail: zubaydi@its.ac.id (Corresponding author)

ARTICLE INFO ABSTRACT

Original scientific paper
Received 21 May 2025
Accepted 6 July 2025

Key words:

Crack propagation

Finite element method
Sandwich plate

Ship structure

Strength reduction factor

Damage to ship structures leads to a reduction in strength, which increases the risk of structural
failure. The vulnerability of damage in sandwich panel structures made of low-density steel-
polyurethane elastomer needs to be evaluated and predictions made regarding failure modes,
particularly crack propagation through the core thickness. Variations in structure thickness and the
size of the initial crack are evaluated to determine the impact of structural design on damage under
the ship’s operational loads. Finite element analysis, validated with experimental data, is used to
simulate the dynamics of crack propagation. It was found that a thicker core and a smaller initial
crack length result in slower crack propagation rates and shorter crack extensions. Increasing the
core thickness from 15 mm to 24 mm reduced the crack propagation rate by up to 28% and improved
crack extension resistance by as much as 54%. Thicker face and bottom plates further contributed
an additional reduction in crack growth rate, providing an extra margin of structural toughness.
Shorter initial cracks also proved significant, with propagation rates decreasing by about 73% when
comparing a 25 mm crack to a 75 mm crack. These factors lowered the strength reduction factor
(SRF) and extended crack growth times, confirming that thicker cores and smaller initial cracks
improve damage resistance in ship sandwich structures.

1 Introduction

joints subjected to fluctuating wave loads and water
pressure [3, 4].

The adoption of sandwich materials has proven to
be a better alternative to conventional steel in ship
structure. Notably, polyurethane elastomeric material
has emerged as an efficient core material in such struc-
tures [1]. However, as their use grows, so does the need
for understanding damage behavior, especially under
static and dynamic ship loads. Common issues in sand-
wich materials include delamination and facesheet-core
debonding, both of which compromise structural
strength. Crack initiation often caused by stress exceed-
ing design limits can accelerate failure [2]. Investigating
damage tolerance is vital for determining service life
and ensuring structural integrity, especially as core
cracks pose significant risks and may originate near

A fracture analysis approach, as outlined by Zenkert
et al. [5], begins with examining material fracture prop-
erties and extends to plate-level and full-structure be-
havior. Ariesta et al. [6] used Experimental Modal
Analysis (EMA) on side plates to evaluate dynamic re-
sponses to vibration-induced damage. Ismail et al. [7]
expanded this by analyzing the effects of damage size
and location in sandwich plates. At full scale, damage
propagation can compromise the vessel’s overall
strength. Ismail et al. [8] found damage-induced fre-
quency deviations in ro-ro ship ramps, while Ariesta et
al. [9] showed how damage alters mode shapes in sand-
wich plates. Odessa et al. [10] investigated interfacial
crack propagation, highlighting structural deformation
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Figure 1 Challenges and Objectives in the research field

risks. Wang et al. [11] experimentally validated failure
behavior, linking visual damage to strength reduction,
further backed by numerical simulations.

Despite extensive research, gaps remain. [smail et al.
[1] assessed fiberglass-reinforced polyurethane elas-
tomer’s mechanical properties, but ignored fatigue or
marine durability. Li et al. [12] studied impact resistance
of polyurethane-steel composites but lacked long-term
durability analysis. Chernysh and Yakovlev [13] linked
deformation to contact conditions but did not consider
environmental effects. In ship structures, Ismail et al.
[14] demonstrated improved strength in SPS hulls but
omitted fatigue analysis. Sharma et al. [15] and Khan et
al. [16] analyzed fatigue life in various composites but
without real-structure validation or fracture mechanism
focus. Recent work by Ariesta et al. [17] and Dhaliwal et
al. [18] addressed failure configurations and damage
modes but lacked simulations and comprehensive crack
placement analysis. Shen et al. [19] discussed core fail-
ures like delamination and debonding without numerical
modeling. Kashani et al. [20] used XFEM for crack analy-
sis, yet didn’t connect findings to ship applications.
SMART-based studies by Thiruvannamalai et al. [21] and
Savari [22] analyzed fatigue life and crack behavior in
FRP systems but missed strength degradation insights.

This study investigates the crack propagation behav-
ior in polyurethane-steel sandwich panels, focusing on
the impact of core thickness, initial crack length, and
loading conditions on structural integrity. The frame-
work presented in Figure 1 illustrates the key aspects of
this research, categorizing the challenges, objectives, and

the overall goal. The challenges highlight existing gaps in
understanding crack growth mechanisms, structural in-
tegrity assessment, and the complexity of numerical
modeling. To address these, the objectives aim to charac-
terize crack growth, evaluate strength reduction, and de-
velop a reliable numerical framework. These objectives
collectively contribute to the overall goal of enhancing
damage prediction and structural reliability in ship sand-
wich panels. The flowchart below provides a structured
representation of these elements, establishing a system-
atic approach for analysis and solution development.
Therefore, the fracture analysis is carried out to identify
the characteristics of sandwich panels in ship side struc-
tures when crack propagation occurs. The study involves
plate panel modelling to its actual size and simulating the
damage event for numerical analysis. The objectives of
this research are to determine the rate and direction of
crack propagation in sandwich panels used in ships and
to assess the impact of crack damage on the strength of
sandwich panels employed in ship construction. The
study is conducted using numerical simulations focuses
on sandwich plate panels used in ship side structures,
and the crack propagation damage is assumed to be sin-
gular, occurring in the core with an initial crack provided.

2 Object Study and Methods

2.1 Research Methodology

The methodology employed in this study is struc-
tured to analyze the crack propagation behavior and its
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effects on structural integrity in ship sandwich plate
constructions. To prepare the analysis, a 3D structural
model of the sandwich panel is created, consisting of
steel faceplates and a polyurethane elastomer core. Fi-
nite element analysis (FEA) is then applied, where mesh
generation, boundary conditions, and initial crack con-
figurations are defined. To ensure the reliability of the
simulation, a convergence study is conducted to validate
mesh sensitivity and simulation stability; only upon
achieving a convergent model does the study proceed to
the crack propagation simulation stage.

Crack propagation is analyzed using the SMART frac-
ture method, which enables adaptive remeshing around
the crack tip to accurately simulate growth under quasi-
static loading conditions [23]. SMART (Separating Mor-
phing and Adaptive Remeshing Technology) is utilized
in this study due to its proven effectiveness in simulat-
ing crack propagation, particularly in complex struc-
tures where crack paths are not predetermined. The
method allows the observation of how cracks initiate
and evolve under operational loading by inserting vari-
ous initial crack lengths within the sandwich panel’s
core. This enables the identification of propagation
trends, including direction and rate, which are essential
for evaluating how different design configurations re-
spond to damage. To assess the structural implications
of crack growth, the study applies a comparative evalua-
tion of structural strength before and after damage, us-
ing a strength reduction metric. Rather than comparing
this reduction to a fixed allowable threshold, the analy-
sis emphasizes relative differences across design varia-
tions such as differing faceplate and core thicknesses or
initial crack sizes. This comparative approach aligns
with established practices in composite structure evalu-
ation, allowing for practical insights into which configu-
rations offer better durability and resistance to damage.
As a result, the methodology supports early-stage de-
sign decisions by identifying structural layouts that
minimize degradation and improve overall resilience.

However, several limitations are acknowledged. The
numerical modeling focuses solely on the polyurethane
core subjected to converted loads, without including
the steel faceplates and stiffening components. This
simplification may overlook crucial interactions in
stress redistribution and load transfer paths, a limita-
tion similarly identified by Lameiras et al., [24] in com-
prehensive sandwich panel analyses. Additionally,
while the study quantifies propagation time and strength

Table 1 Material Properties of the Sandwich Structure

reduction, it does not delve into the finer-scale degra-
dation mechanisms at the crack tip, such as matrix
micro-cracking or plastic zone evolution. Such phe-
nomena have been shown to play significant roles in
energy dissipation during fatigue, as demonstrated by
Nozaki et al,, [25]. Moreover, the analysis is conducted
under quasi-static loading assumptions and does not
simulate dynamic, real-time operational conditions
like vibration or irregular wave impact. The impor-
tance of such dynamic effects is underscored by Aries-
ta et al. [17], who found that transient wave loads can
notably accelerate fatigue crack growth in marine pan-
els. Finally, the fatigue life estimation in this study is
based on a deterministic application of Paris’ Law, as-
suming uniform load cycles. This excludes the influ-
ence of stochastic loading conditions, which are cap-
tured in probabilistic fatigue models like those applied
by Wu & Ni [26]. These limitations provide important
context for interpreting the findings and highlight di-
rections for future research aimed at improving the re-
alism and comprehensiveness of crack propagation
analysis in ship sandwich constructions.

2.2 Material properties and structure model

The materials used in sandwich structures play a cru-
cial role in the overall performance of ship components.
This study focuses on a steel-based hybrid sandwich
structure, using steel as the face sheets and polyurethane
elastomer as the core. Sandwich materials are widely
adopted in shipbuilding for their high strength-to-weight
ratio and weight reduction benefits. These structures
consist of a lightweight core such as foam, balsa, or poly-
urethane bonded between strong outer layers like com-
posites or metals [27]. This configuration improves fuel
efficiency, increases payload capacity, and enhances over-
all ship performance without compromising structural
integrity [28]. The material properties are summarized
in Table 1 and visualized in Figure 2.

Material properties, such as Young’s modulus and
density, significantly influence crack propagation be-
havior [29]. Higher Poisson’s ratio generally indicates
increased material resistance to crack initiation and
propagation, as it reflects the material’s ability to un-
dergo lateral deformation under axial stress [30]. In
some cases, cracks may stop or change direction when
they encounter areas with different material properties,
highlighting the complex interaction between material

No Part Material

Density Young ‘Modulus

(kg/m?) (MPa) Poisson Ratio

Face/Bottom Plate ASTM A36 Steel

7850 2,6x107 0,3

2 Core Polyurethane Elastomer 1124 387 0,36
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Figure 2 Sandwich material illustration applied in ship side structure

properties and crack growth [31]. The sandwich mate-
rial is applied to the side structure of a 17500 DWT
tanker ship. The principal dimensions of the ship are
written in Table 2.

Z-rule or equivalent section modulus of the ship is
essential for determining the appropriate thickness for
the application of sandwich material on the ship’s hull
sides. The equivalent section modulus is 18,808,332.18
cm? [7] . After calculation, the thickness of the sandwich
material in this study is detailed in Table 3.

Initial crack sizes of 25 mm, 50 mm, and 75 mm
were applied at the center of the sandwich plate core,

Table 3 Face/bottom plate and core thickness

Table 2 Principal dimension of 17500 DWT tanker

Length Overall 157,5m
Length Perpendicular 149,5m
Breadth 27,7 m
Height 12m
Draught 7 m

simulating damage from compressive loads during ship
operation [32]. This location also allows for clearer
analysis of crack propagation direction [33]. Figures 3
illustrate the crack position.

. Face Plate Thickness Core Thickness . L. Face Plate Thickness Core Thickness
Variation Variation
(mm) (mm) (mm) (mm)
SA-C1 15 SB-C1 15
SA-C2 4 18 SB-C2 e 18
SA-C3 21 SB-C3 21
SA-C4 24 SB-C4 24
Crack Length
Bt Inner Side

SSUNIIYL DIe|d

Outer Side
|
1

Plate Length

Figure 3 Initial crack and plate model illustration on this study
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Figure 4 Sandwich plate dimension and structure visualization

The structural model used in this study was de-
signed to imitate the actual configuration of a ship’s side
hull plating, illustrated in Figure 4(a)-(c). A representa-
tive plate panel was selected for analysis, focusing on
the area subjected to the most significant operational
loads, particularly from lateral wave pressure. This ap-
proach allows for an accurate simulation of stress con-
ditions experienced in service.

2.3 Operational Load

A thorough load analysis is essential to define the
structural requirements of a ship. These include static
loads (e.g., still water, buoyancy, self-weight), quasi-
static loads from hydrostatic pressure variations due
to wave and ship motion, and dynamic loads such as

wave impacts on the ship’s side [34]. For this study, the
fracture analysis focused on the core of the sandwich
structure, evaluating maximum load effects across var-
ious thickness configurations. Since the core doesn’t
directly absorb sea loads, but receives them through
surrounding plates and profiles, a separate numerical
analysis was conducted. This simulation distributed
the loads across the sandwich plate to determine the
resulting von Mises stress in the core.

The corresponding force was then calculated using
stress-area relations, with the load setup illustrated in
Figure 5. Based on classification standards, the maxi-
mum applied load was estimated at 110,608 kN/m?,
representing the highest hydrostatic and hydrodynam-
ic forces on one side of the ship [35], as summarized in
Table 4.
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Table 4 The load on the core in each structure variation

Face Core Core’s Load Face Core Core’s Load
Variation thickness thickness Variation thickness thickness
(MPa) (MPa)
(mm) (mm) (mm) (mm)
SA-C1 15 0,1057 SB-C1 15 0,1073
SA-C2 A 18 0,0969 SB-C2 6 18 0,0973
SA-C3 21 0,0867 SB-C3 21 0,0888
SA-C4 24 0,0777 SB-C4 24 0,0824
B: Model strength analysis
Static Structural
Time: 1, s
14/05/2024 20:33
[ Fixed Support
. Still Water: 4,0221e-002 MPa
[ “Wave Pressure: 7,0387¢-002 MPa
0,00 1000,00 ZDOIIJ,U(] {rmm) ZA X
500,00 1500,00
(@
¥:SB-C4
Mormal Stress 2
Type: Normal Stress(X &is)
Unit: MPa
Global Coordinate Systern
Time: 13
15/05/2004 12:23
0,082412 Max
0050852
0010203
-0,012288
-0,043825
-0,075385
-0,10694
-01383
-0,17006
-0,20162 Min
Y
0,00 1000,00 2000,00 (mm) z‘* X
1
500,00 1500,00
(b)
Figure 5 Load analysis configuration (a) FEM Configuration & (b) Load distribution on the core
. . 4
3 Crack Growth Numerical Modeling ﬁ — € AK™ 1)

3.1 Crack Growth and Strength Reduction Analysis

Material toughness characteristics to prevent crack-
ing are used to simulate the propagation in the study.
The growth rate can be determined through the stress
intensity factor range function, based on the Paris-Er-
dogan equation, also known as Paris’ Law, which can be
defined in Equation 1:

With da/dN representing the crack propagation rate,
AK is the Stress Intensity Factor Range, and C and m are
coefficients specific to each material [36]. These coeffi-
cients are obtained by performing regression on experi-
mental test results [37]. The results of regression analysis
form the basis for determining the Paris Law coefficients.
These coefficients, when integrated into the Paris Law
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equation, enable the prediction of crack growth rates un-
der various operational conditions. Additionally, the Paris
Law has been analyzed in prior research by Syahab et al
[38], which the experimental results converged to con-
stant values of C = 1.68E-6 and m = 0.56.

The strength reduction factor is a parameter used in
structural reliability analysis to account for the reduc-
tion in strength that occurs due to uncertainties in de-
sign and material factors. This factor is used to reduce
the nominal strength of the structure calculated to con-
sider the variations and uncertainties present. This fac-
tor depends on the type and level of uncertainty in the
specific structural analysis. Generally, the strength re-
duction factor has a value between 0 and 1, where a val-
ue of 1 indicates low uncertainty or a high level of
confidence in the calculated strength, while a lower val-
ue indicates a higher level of uncertainty. This strength
reduction is performed to avoid the risk of undesirable
structural failure and to ensure that the calculated
strength is conservative in considering the existing un-
certainties. By reducing the calculated strength of the
structure, the strength reduction factor ensures that the
structure has adequate safety factors when subjected to
working loads [39, 40]. This factor, which can be denot-
ed as R, is obtained using equations 2 & 3:

Rp= % (2)
Ral= o_(::;(x (3)

Equation 2 represents the strength reduction factor,
with o_being the stress that occurs in the structure dur-
ing damage. Meanwhile, Equation 3 is the allowable fac-
tor, with o being the stress of the damaged structure
during failure. Both aspects will be compared with the
stress of the structure under normal conditions. The fa-
tigue life can be estimated after determining the
number of cycles for each crack size that occurs. The
calculation of cycles until reaching final crack propaga-
tion is used to determine crack growth. The life of the
structure can be calculated using the Plagmern formula
approach, where the sought factor is the fatigue life at
that structural detail. Equation 4 & 5 is obtained to esti-
mate the fatigue life by inputting the crack cycle values
to understand the fatigue process as applied in Leheta
et al’s study [41], with T as the fatigue life, N is the cycle,
and L is the ship length.

=20ty (in seconds) (4)

ag

T=1.492x10""log L x N (in years) (5)

3.2 Numerical Model

Numerical simulation, particularly Finite Element
Analysis (FEA), is widely used to study complex struc-
tural behavior that is difficult to replicate experimental-
ly. Element size is selected based on prior experience to
capture stress concentrations, especially near openings
and applied loads, with accuracy depending on mesh re-
finement [42]. The SMART (Separating Morphing and
Adaptive Remeshing Technology) method automatically
updates the mesh near the crack tip at each solution
step, offering better scalability and eliminating the need
for custom elements [43]. In this study, SMART method
executed using ANSYS feature. SMART uses unstruc-
tured tetrahedral meshes that adapt to crack growth,
significantly reducing preprocessing and computation
time [44, 45]. Crack direction is determined using the
Maximum Tangential Stress (MTS) criterion, which
states that cracks propagate in the direction of maxi-
mum tangential stress near the crack tip. Stress and the
corresponding Stress Intensity Factor (SIF) are calculat-
ed using Eq. 6 and 7 [43, 46].

1 2] 0 3 .
%90 = o €05Q)(Kicos*G) = 5 Kusin(6) (©)
K. = @ K 2 @ —EK in(0
eq = c0s(F)[K cos?(F) — 2 K;sin(6) 7

Asymmetric meshes can lead to inaccuracies in the
calculation of the SIFE. By ensuring that the elements
around the crack tip are balanced and evenly distribut-
ed. Symmetric mesh facilitates the accurate determina-
tion of the turning angle and the crack growth direction
as predicted by the MTS criterion. The illustration of
UMM geometry in Figure 6(a) helps in understanding
the movement of the finer mesh as it follows the crack
tip growth along the fracture propagation path. In this
analysis, the finite element method configuration has
been set up to simulate fractures in ship plate struc-
tures, with the mesh result displayed in Figure 6(b) for
global mesh, and 6(c) for finer mesh around crack tip.
The necessary fracture properties have been input into
the FEM software, including the Paris Law coefficients
used to predict the crack propagation rate. The Patch
Conforming method is used as part of the UMM in
SMART Crack Growth analysis. A finer mesh is utilized
around the crack tip to enhance the accuracy of the sim-
ulation in this critical area.
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(a) Unstructured mesh method regeneration on crack growth illustrated on geometry, based on maximum
tangesial stress which refine the mesh around the growing crack tip

(b) Global Mesh

(c) Fine Mesh on crack tip

Figure 6 Illustration of the mesh simulation model with finer mesh on the crack tip

4 Result and Discussions

4.1 Material Validation

The accuracy level in the finite element analysis
process is directly proportional to the increasing
number of elements used. However, the increase in the
number of elements also affects the time and cost re-
quired during the analysis process [47]. Material behav-
ior was validated through experimental testing, using a
modified JIS K7086 method to assess mode II (shear/in-
plane) damage, as outlined by Siswanti et al. [48].
Figure 7(a) shows the test setup, while Figure 7(b)
presents the corresponding numerical model.

Table 5 Convergency study result comparison

The numerical simulation was refined through ad-
justments in mesh size, time steps, and validated by
comparing results with experimental data as shown in
Figure 8. Despite minor discrepancies due to un-
modeled phenomena like core fracture and delamina-
tion, overall agreement confirmed the model’s behavior
accuracy [49, 50]. A convergence study, shown in Figure
7 and Table 5, identified a medium mesh size as opti-
mal—achieving accuracy within 6% of experimental re-
sults while maintaining computational efficiency. This
setup ensures a stable basis for further crack propaga-
tion analysis [51].

Mesh size (mm) Coarse Medium Fine Finest
Ultimate stress (MPa) 19,7080 18,6020 18,6040 18,8470
Element 156 226 253 308
Comparison - 5,61% 0,01% 1,30%
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(a) Experimental test
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(b) Numerical setup

Figure 7 Sandwich material bending test
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. Figure 9 Convergency study for numerical analysis of the
Figure 8 Comparison for numerical and experiment analysis material behavior
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4.2 Crack Simulation

In the simulation configuration, boundary conditions
were applied to replicate the integration of the ship’s side
structure with adjacent components. To represent the ef-
fect of welded joints that connected each plate at side
structure, all edges of the sandwich plate model were ful-
ly fixed. This setup simulates the constraints imposed by
surrounding structural elements, thereby reflecting the
actual support conditions encountered in service. The
applied loading was configured to simulate a beam sea
condition, where wave action impacts the ship laterally
and induces significant stress on the side plating. In prac-
tice, ship hull structures are subjected to fluctuating ten-

Fixed support for each edges

Quasi-static
/1 Load

sile and compressive stresses due to the irregular and
dynamic nature of wave loading [52]. Rather than apply-
ing a compressive load on the outer faceplate, the simula-
tion applied a tensile force from the inner surface,
mimicking the internal stress response caused by hull
flexure during wave encounters. This configuration was
intentionally selected to promote crack propagation
within the sandwich core and to more accurately capture
the tensile stress patterns that can emerge under opera-
tional deformation scenarios. Boundary condition for
crack simulation is illustrated in Figure 10.

Damage analysis was validated through a compari-
son on each mesh size variations, as shown in Figure 11.

20.00

[

80.00(mm)

Figure 10 Boundary condition and load assumptions for mesh configurations illustrated with model using interface plate

2 50E-06 | —&— Coarsest
—&— Coarse
2 40E-06 | —e— Medium
—x—Fine
—*— Finest
2.30E-06 [

1.90E-06 |

1.80E-06 |

1.70E-06 ‘ ‘ ‘
1 3 5 7 9
SIF (MPavmm)

Figure 11 Comparison of each mesh size results on fracture
simulation

Table 6 Comparison of every fracture simulation’s mesh size

%108

Coarsest Coarse

Medium Fine Finest
sl o—o-fr & 5|

da/dN {mm/icycle)
M~ M
[ + (=]

=3
ha
T

217

5 . . . . . .
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

Number of Elements %104

Figure 12 Convergency study of fracture simulation

Global Size (mm) Coarsest Coarse Medium Fine Finest
Element 14159 17460 19458 22135 25319
da/dN 2,73E-06 2,74E-06 2,70E-06 2,72E-06 2,72E-06
Comparison - 0,32% 1,46% 0,67% 0,19%
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The assessment, based on SIF values and crack propa-
gation speed, showed minimal differences across mesh
sizes, indicating accurate material response under load-
ing conditions. This is further supported by the conver-
gence study in Table 6 and Figure 12, where value
differences between mesh sizes were below 1.5%. The
results confirmed that a medium mesh size achieved
convergence, offering an efficient meshing process that
reduces computational time without compromising
analysis quality. Therefore, the medium mesh size was
selected for the simulation to ensure high validity of the
analysis. Result from this validation used in mesh setup
and refinement utilized in this study are visualized in
Figure 13, showed in each propagation progress with
green line illustrated the crack growth size.

Figure 13 Mesh refining for material’s crack growth using
medium mesh size
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Damage analysis was performed on structure mate-
rials to examine crack propagation direction and growth
rate under varying conditions, including face/bottom
plate thickness, core thickness, and initial crack length.
The study covered face/bottom plates of 4 mm and 6
mm, core thicknesses from 15 mm to 24 mm, and initial
crack lengths of 25 mm, 50 mm, and 75 mm. The results,
including Stress Intensity Factor (SIF), crack extension,
load cycles, and propagation rate (da/dN), show that
crack behavior follows similar patterns across varia-
tions [53]. Figure 14 illustrates crack propagation prop-
erties. The analysis aligns with the Paris-Erdogan
theorem, showing an initial phase of slow crack growth,
followed by a rapid increase in propagation rate as the
crack extends.

%10

25 T
Initiation
Phase

Propagation
Phase

da/dN {mm/cycle)
o+

1.5

0 5 10 15 20 25 30
SIF (MPav/mm)

Figure 14 Propagation behavior on structure

After reaching its peak rate, the crack enters a stable
phase where growth continues at a constant rate, influ-
enced by material properties and stress conditions.
Crack propagation in the structures, shown in Figure
15, follows a pattern aligned with the applied wave
loading. Cracks generally propagate inward, following
the load path, as the stresses from the wave loading di-
rect the crack toward the most stressed areas. In the ob-
served images, cracks often halt at the interface
between the face/bottom plate and the core. This oc-
curs due to the difference in mechanical properties be-
tween the materials, where the crack’s progression is
influenced by the strength of the interfacial bond and
stress distribution at the interface [54].
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Figure 15 Crack propagation visualization on structure core

4.3. Structure Variations Effect to Crack
Propagation

4.3.1 Comparison of damage for each variation in the
thickness of the face/bottom plate

A comparison of sandwich structures with different
face/bottom plate thicknesses was conducted using two
models with the same core thickness but varying plate
thicknesses, as shown in Figure 16. The results reveal
that, in the early phase, crack propagation responses
are nearly identical for both variations. The SIF values
differ by 5.70%, with the 6 mm thickness having a high-
er value. The 6 mm plate requires approximately 1.99%
more cycles than the 4 mm plate to initiate crack propa-
gation, indicating that plate thickness affects the
number of cycles needed. At the maximum propagation
point, the 4 mm plate has an SIF 2.38% smaller than the
6 mm plate, showing that thicker plates can better with-
stand stress. The crack extension points for both varia-
tions are nearly identical, with only a 0.02% difference.
Figure 17 shows that although crack growth direction is
similar, the main differences lie in stress intensity and
crack propagation rate. Thicker plates delay crack

growth, requiring more load to induce cracks and slow-
ing propagation rates, which also concluded in Zhou
and He [55] research.
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Figure 16 Comparison of crack propagation with plate
thickness variations
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(a) Face/bottom plate 4 mm

(b) Face/bottom plate 6 mm

Figure 17 Comparison of crack propagation visualization on different face/bottom plates

4.3.2 Comparison of damage for each variation of core
thickness

Comparison of sandwich structures with varying
core thicknesses used four models with the same face/
bottom plate thickness and initial cracks but different
core thicknesses. The results, shown in Figure 18, re-
veal that thinner cores lead to faster crack propa-
gation.

In the SA-25 case, with an initial crack of 25 mm,
the 15 mm core (SA-C1) exhibited the highest crack
growth rate across all stress intensity factor (SIF) val-
ues. As core thickness increased to 18 mm (SA-C2), 21
mm (SA-C3), and 24 mm (SA-C4), the propagation rate
decreased progressively. This indicates that even with
a relatively small initial crack, a thicker core substan-
tially reduces crack growth, likely due to improved en-
ergy absorption and stiffness. The separation between
the curves becomes more visible at higher SIF levels,
suggesting that the influence of core thickness be-
comes more critical under increased loading. In SA-50,
where the initial crack length increases to 50 mm, the
differences between the models become more pro-
nounced. SA-C1 (15 mm core) again shows the fastest
propagation, while SA-C4 (24 mm core) shows the
slowest. The propagation rates of the 18 mm (SA-C2)
and 21 mm (SA-C3) cores fall between these two ex-
tremes, displaying a consistent gradient. This reinforc-
es the notion that thicker cores are more effective in
resisting crack growth, especially as the extent of ini-
tial damage increases. SA-75 presents the case with
the largest initial crack length, and the effect of core
thickness is most evident here. The 15 mm core model
(SA-C1) shows a sharp rise in crack growth rate, while
the 24 mm core (SA-C4) maintains significantly lower
values. Once again, the intermediate core thicknesses
(18 mm and 21 mm) display proportional behavior.
This indicates that the structural advantage of using

thicker cores becomes increasingly important as both
initial damage and stress levels rise.

Similar trends are observed in the SB series, which
features thicker face and bottom plates. In SB-25, the 15
mm core (SB-C1) results in the highest crack propagation
rate, while the 24 mm core (SB-C4) slows the crack
growth most effectively. However, the overall propagation
rates in SB-25 are slightly lower than their SA counter-
parts, likely due to the additional stiffness provided by
the thicker outer plates. The 18 mm (SB-C2) and 21 mm
(SB-C3) models again follow a clear intermediate path
between the two extremes. In SB-50, the crack propaga-
tion curves diverge further, with SB-C1 (15 mm core) ac-
celerating faster than all other models. The 24 mm core
(SB-C4) maintains the lowest propagation rate across the
full SIF range, while SB-C2 and SB-C3 demonstrate mod-
erate reductions. These differences grow more noticeable
at higher SIF values, emphasizing how both faceplate
thickness and core thickness contribute to overall fatigue
resistance. In the SB-75 case, the trend remains consist-
ent. The 15 mm core (SB-C1) exhibits the steepest in-
crease in crack growth rate, while the 24 mm core
(SB-C4) once again demonstrates the slowest propaga-
tion. The intermediate core thicknesses maintain their
respective positions, highlighting the progressive im-
provement in damage tolerance with increasing core
thickness.

Overall, the results confirm that increasing core thick-
ness from 15 mm to 24 mm significantly enhances resist-
ance to crack propagation in both plate configurations
and across all initial crack lengths. The maximum ob-
served reduction in propagation rate reached approxi-
mately 28%, with an average reduction of 8% across all
variations. Additionally, crack extension was found to be
longer in thicker-core structures, with a maximum differ-
ence of 54% in final crack length between the 15 mm and
24 mm cores, and an average increase of about 30%.
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Figure 18 Comparison of crack propagation in structures with variations in core thickness

(a) 15 mm

(b) 18 mm

(c) 21 mm

(d) 24 mm

Figure 19 Comparison of the visualization of crack with varying core thicknesses
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Variations in faceplate thickness have a minimal ef-
fect on propagation behavior. The comparison is clearly
shown in the crack visualizations in Figure 19. In all
variations, cracks propagate inward, following the load
direction from the wave forces. The crack length varies
with the structure’s thickness, with shorter cracks ob-
served in the 15 mm plate core compared to those in
thicker plates. Thicker plates result in slower crack
propagation and longer crack extensions. These find-
ings align with Dhaliwal and Newaz [18], who showed
that increasing core thickness enhances durability and
load capacity, contributing to slower crack propagation
and longer extensions.

4.3.3 Comparison of damage for each variation in initial
crack size

The comparison of model variations with different
initial crack sizes is shown in Figure 20.
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Figure 20 presents the comparison of crack propaga-
tion behavior in sandwich structures with different ini-
tial crack lengths across varying core thicknesses and
plate configurations. Each subplot represents a different
core thickness: 15 mm (C1), 18 mm (C2), 21 mm (C3),
and 24 mm (C4), under two structural setups: SA with
thinner face/bottom plates (left column) and SB with
thicker face/bottom plates (right column). Within each
plot, the initial crack length is varied (25 mm, 50 mm,
and 75 mm), and the results consistently demonstrate
that larger initial cracks lead to faster propagation rates
across all configurations. In the SA-C1 chart, which fea-
tures a core thickness of 15 mm with thin faceplates, the
propagation rate increases noticeably with initial crack
size. The 75 mm initial crack (SA-C1-75) produces the
highest propagation rate, followed by the 50 mm (SA-
C1-50), and finally the 25 mm crack (SA-C1-25), which
propagates the slowest. The wide gap between the
curves illustrates the sensitivity of this thin-core config-
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Figure 20 Comparison of crack propagation in sandwich structure with variations in initial crack size.
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uration to initial crack size, with higher stress intensity
factors (SIF) associated with longer cracks accelerating
crack growth significantly. A similar pattern is evident
in SA-C2, which has a slightly thicker 18 mm core. Al-
though the overall propagation rates are marginally
lower than in SA-C1, the trend remains unchanged: the
longer the initial crack, the faster the propagation. The
SA-C2-75 model continues to show the steepest crack
growth, indicating that even a modest increase in core
thickness does not fully compensate for the elevated
stress concentration induced by longer cracks. In the
SA-C3 subplot, with a 21 mm core, the spacing between
propagation curves remains visible but slightly reduced
compared to thinner cores. While SA-C3-75 still dis-
plays the highest propagation rate, the difference be-
tween it and the 50 mm or 25 mm crack models is
narrower, suggesting improved resistance due to in-
creased core thickness. This highlights the influence of
core thickness in mitigating the acceleration of crack
growth, especially in panels with large initial flaws. SA-
C4, with the thickest core at 24 mm, further demon-
strates this behavior. The curves for 25 mm, 50 mm, and
75 mm initial cracks are closer together compared to
the previous subplots. Although the 75 mm crack still
propagates faster, the rate difference between all three
initial crack lengths is reduced. This indicates that in-
creasing the core thickness effectively suppresses the
crack driving force, even when the initial crack is rela-
tively large.

Turning to the SB series, where face and bottom
plates are thicker, similar trends are observed. In SB-C1
(15 mm core), the 75 mm crack shows the highest prop-
agation rate, while the 25 mm crack remains the lowest.
However, all curves lie slightly below their SA-C1 coun-
terparts, suggesting that the increased faceplate stiff-

ness in the SB configuration slightly reduces crack
growth across all initial crack lengths. The SB-C2 chart
mirrors this behavior. The ranking of propagation rates
remains the same, namely, SB-C2-75 being the fastest,
followed by SB-C2-50 and SB-C2-25. However, the over-
all gap between curves is slightly smaller than in SB-C1.
This suggests a compounded effect: both increased core
thickness and stiffer outer plates help suppress crack
propagation. In SB-C3, with a 21 mm core, the propaga-
tion curves tighten further. Although SB-C3-75 still
leads in crack growth rate, the difference from SB-C3-50
and SB-C3-25 diminishes further. This reinforces the
conclusion that thicker cores and faceplates work to-
gether to slow down crack advancement, particularly
when stress concentrations are elevated due to large in-
itial cracks. Finally, in SB-C4, which combines the thick-
est core and faceplates, the influence of initial crack size
is still apparent but considerably reduced. The propaga-
tion rate for the 75 mm initial crack remains higher than
the others, but the overall growth rate is the lowest
among all subplots in the figure. This configuration
demonstrates the most effective resistance to crack
growth, confirming that a combination of thick cores
and robust faceplates offers the best defense against fa-
tigue failure, especially when initial damage is already
present.

Figure 21 illustrates the visualization of crack propa-
gation in sandwich plate structures with varying initial
crack sizes. As shown, the crack path becomes increas-
ingly extended and advances further through the core as
the initial crack length increases from 25 mm to 75 mm.
The 25 mm crack (Figure 21a) exhibits a relatively short
and curved propagation path, while the 50 mm crack
(Figure 21b) shows a longer, more linear growth. In the
case of the 75 mm initial crack (Figure 21c), the propa-

(a) 25 mm

(b) 50 mm

(c) 75 mm

Figure 21 Visualization of crack propagation in sandwich plate structure with variations in initial crack size
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gation is both longer and more aggressive, indicating
that larger initial flaws lead to significantly faster and
more extensive crack growth. This visualization sup-
ports the numerical results, confirming that longer ini-
tial cracks generate higher stress intensity and promote
earlier failure in the sandwich structure.

Across all configurations, the results confirm that
larger initial cracks consistently produce faster propa-
gation due to higher SIF values and localized stress con-
centrations. On average, the propagation rate increases
by approximately 73% when comparing 25 mm and 75
mm cracks, which is consistent with the expected be-
havior in fracture mechanics. While core thickness has a
clear and significant impact variations in faceplate
thickness show only a modest effect by comparison.
Consequently, larger initial cracks lead to faster crack
propagation and shorter extension lengths, indicating
quicker material failure when the initial crack is larger.
This is similar to the study by Amsterdam et al., [56]
who found larger crack length weaken the material
toughness more.

4.4 Propagation Time and Strength Reduction on
Structure Plate

The time required for cracks to propagate through
ship structural materials is analyzed to assess long-term
performance and durability. The analysis calculates
crack propagation time based on cycles needed for
crack extension, as shown in Figure 22. The longest
propagation time, 9.32 years, occurred in the SA-C4 var-
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iation, while the shortest, 1.44 years, occurred in the
SA-C1 variation. Results show that thicker outer plates
and cores slow crack propagation, while longer initial
cracks accelerate it. For example, increasing core thick-
ness from 15 mm to 24 mm increased propagation time,
and the propagation time decreased with larger initial
cracks, from 3.49 years (25 mm crack) to 1.44 years (75
mm crack). The shorter timespan for larger crack also
found in study by Leheta et al. [41].

The structural strength analysis evaluates the effects
of outer plate thickness, core thickness, and initial crack
size on the stress within the core material of the ship
plate. Results show that thinner outer plates tend to
concentrate stress more heavily in the core, particularly
when larger initial cracks are present. This suggests
that thinner outer plates may weaken structural integri-
ty, accelerating crack propagation and reducing overall
strength. In contrast, configurations with thicker outer
and core plates distribute stress more evenly, improving
structural toughness and reducing the risk of failure.
The Stress Reduction Factor (SRF) is used to compare
the stress in the damaged structure to the stress under
normal conditions, with the maximum SRF value set at
34%.

Thinner configurations, such as SA-C1 (4 mm outer
plate) and SB-C1 (6 mm outer plate), show higher SRF
values, indicating a greater reduction in strength as the
initial crack size increases. For instance, SA-C1 and SB-C1
exhibit SRF values ranging from 39% to 51%, exceeding
the maximum allowable limit. On the other hand, config-
urations with thicker face and bottom plates, like SA-C4
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Figure 22 The strength reduction factor and propagation time for structure variations
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Figure 23 The comparison of plate loading under normal conditions and with the addition of crack

and SB-C4 (24 mm outer plate), maintain SRF values
within or below the acceptable limit across different
crack sizes, demonstrating enhanced structural strength
and crack resistance.

Core thickness also plays a vital role in determining
strength. The comparison of normal plate loading with
damaged plate loading, shown in Figure 23, reveals how
damage alters material response. The finite element
analysis visualizes stress concentration using color con-
tours, where lower stress is represented by dark colors
and higher stress by lighter ones (yellow to red). The
critical stress is concentrated around the crack tips,
highlighting these areas as structural weak points. This
pattern is also visible in the core, where stress around
the crack is significantly higher than in undamaged are-
as, underlining the impact of cracks on both the plate
and core structure. Significant area of stress around
damaged point can be found in Tuswan et al., [57] study
as well.

5 Conclusions

The research on the side plates of a ship experienc-
ing damage aimed to analyze the material’s damage
characteristics, emphasizing the urgency of assessing
crack propagation in sandwich panel structures to pre-

vent structural failure. Given the vulnerability of low-
density steel-polyurethane elastomer sandwich panels,
understanding the mechanisms of crack growth is
essential for ensuring structural reliability in ship appli-
cations. Numerical simulation, supported with experi-
mental data, was employed to simulate crack
propagation behavior under operational loads. The re-
sults revealed that cracks tend to move inward toward
the structure, aligned with the wave load direction. Var-
iations in face/bottom plate thickness, core thickness,
and initial crack length significantly influenced both
crack propagation rate and total crack extension. Spe-
cifically, increasing the core thickness from 15 mm to 24
mm reduced the crack propagation rate by up to 28%
and increased crack extension resistance by up to 54%,
with an average improvement of around 30%. Thicker
face and bottom plates also contributed to a noticeable
reduction in propagation rate. Meanwhile, reducing the
initial crack length from 75 mm to 25 mm decreased the
propagation rate by approximately 73%, demonstrating
the critical impact of early crack size on structural per-
formance. Additionally, damage to the sandwich struc-
ture caused notable stress redistribution around the
crack zone, influencing the structural response under
load. The study also found that increasing core and face-
plate thickness, along with reducing initial crack size,
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consistently led to lower strength reduction factor
(SRF) values and extended crack growth times. The
study successfully met its objectives by identifying the
dominant factors influencing crack propagation and
quantifying their impact under operational conditions.
Numerical predictions were supported by experimental
validation, reinforcing the accuracy of the model. These
findings provide a practical basis for optimizing sand-
wich panel configurations in shipbuilding to enhance
structural performance and service life.
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