friried applied
e sciences

Article

Elaboration of a Multi-Objective Optimization Method for
High-Speed Train Floors Using Composite Sandwich Structures

Mortda Mohammed Sahib 2 and Gyérgy Kovacs 1-*

check for
updates

Citation: Sahib, M.M.; Kovacs, G.
Elaboration of a Multi-Objective
Optimization Method for High-Speed
Train Floors Using Composite
Sandwich Structures. Appl. Sci. 2023,
13,3876. https://doi.org/10.3390/
app13063876

Academic Editor: Camelia Cerbu

Received: 1 March 2023
Revised: 14 March 2023
Accepted: 16 March 2023
Published: 18 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Faculty of Mechanical Engineering and Informatics, University of Miskolc, 3515 Miskolc, Hungary;
mortda.inst@stu.edu.iq

Basrah Technical Institute, Southern Technical University, Basrah 610016, Iraq

Correspondence: gyorgy.kovacs@uni-miskolc.hu

Abstract: The transportation industry needs lightweight structures to meet economic and environ-
mental demands. Composite sandwich structures offer high stiffness and low mass, making them
ideal for weight reduction in high-speed trains. The objective of this research is to develop a method
of weight and cost optimization for floors of high-speed trains. The studied sandwich floor structure
consists of Fiber Metal Laminates (FML) face sheets and a honeycomb core. Different variations of
FMLs were investigated to define the optimal sandwich structure for minimum weight and cost. The
Neighborhood Cultivation Genetic Algorithm (NCGA) was used to search the design space, and the
Finite Element Method (FEM) was used to construct the optimal design of the train car floor panel.
The FEM and optimization results had a maximum difference about 11%. The study concluded that
using face sheets made entirely of Fiber-Reinforced Plastic (FRP) or Fiber Metal Laminates (FMLs)
resulted in significant weight savings of approximately 62% and 32%, respectively, compared to a
sandwich structure made entirely of aluminum, but a lighter structure was associated with higher
cost. The main contribution of this study is the elaboration of a multi-objective optimization method
that utilizes a wide range of constituent materials and structural components in order to construct
weight- and cost-optimized sandwich structures.

Keywords: sandwich structure; fiber metal laminates; optimization; NCGA algorithm; train floor

1. Introduction

Weight reduction of rail vehicles has gained considerable importance with the devel-
opment of rail transportation [1,2]. In order to meet the basic requirements of rail vehicles
while reducing their weight, producing innovative panel structures has gained considerable
importance [3,4].

In recent years, sandwich structures have played a significant role in innovative
practical applications due to their low density and high structural performance. Research
on the optimization of these sandwich structures for various industrial applications is
receiving increasing attention [5,6]. A sandwich composite structure (Figure 1) consists of
two thin, highly rigid face sheets that are separated by a lightweight core. The core material
usually has low mechanical properties, but its greater thickness results in high structural
stiffness and strength [7-9].

A review of the literature has shown that research on sandwich structures has been
approached from different perspectives. Sayyad and Ghugal studied the bending, buckling,
and free vibration of sandwich structures using different analytical models [10]. Liu et al.
studied the crash behavior of sandwich structures consisting of aluminum honeycomb
cores filled with expanded polypropylene foam (EPP) under both in-plane and out-of-
plane compressive loads [11]. Kwon et al. investigated the optimization of the interface
between the epoxy foam core and the Carbon Fiber-Reinforced Plastic (CFRP) face sheets
in a sandwich structure to improve the compressive and impact properties of the final

Appl. Sci. 2023, 13, 3876. https:/ /doi.org/10.3390/app13063876

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13063876
https://doi.org/10.3390/app13063876
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7254-0493
https://doi.org/10.3390/app13063876
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13063876?type=check_update&version=1

Appl. Sci. 2023,13, 3876

20f19

sandwich structure [12]. In another study, Mohammed et al. achieved the optimization
of the bottom panel of a heavy truck, which focused on a composite sandwich structure
under distributed out-of-plane loads. Their results showed that replacing the face sheet of
the sandwich structure with CFRP material resulted in a significant weight reduction [13].
Seyyedrahmani et al. proposed a framework for the optimization of laminated sandwich
panels by addressing a multi-objective optimization problem considering cost, dynamic
behavior, and carrying load. The authors presented Pareto-optimal solutions and identified
the design points that provide the best trade-off [14].

Core

Face sheet

Face sheet

Figure 1. Components of the sandwich panel.

In the railway field, many investigations have been carried out from different points of
view. Manalo and Aravinthan performed shear and bending tests on composite sandwich
structures for rail sleeper applications. They concluded that the composite sandwich
structures could potentially replace conventional railway sleepers [15]. In another study,
Cho et al. investigated the weight optimization of a car body for a transit train based
on material selection and size optimization procedures for the components of the car
body, such as the roof, side walls, and subframe. The study found that the use of sandwich
structures resulted in a significant weight reduction of up to 29% [16]. Zinno et al. proposed
a multiscale design approach for sandwich composite structures on rail vehicle roofs.
Experimental, theoretical, and numerical analyses were used to optimize the structural
design in terms of cost efficiency [17].

In another study, Heller et al. used Glass Fiber-Reinforced Plastic (GFRP) sandwich
composites to fabricate railcar ceiling panels and walls and demonstrated an overall weight
reduction of 20% compared to conventional stainless steel ceiling panels and sidewalls [18].
Yao et al. developed a lightweight construction approach to improve the sound insulation
of floating floors in rail vehicles. The authors optimized several variables, reduced the
mass by 15.2%, and significantly increased the sound insulation [19]. Wennberg and Stichel
proposed a multifunctional optimization for the body of high-speed trains. They achieved
a weight reduction of up to 17% by using composite sandwiches, while also meeting the
thermal, fire protection, and acoustic requirements [20].

Mozafari et al. investigated the effects of using foam-filled sandwich panels on the en-
ergy absorption and impact resistance of rail vehicles. The results showed that polyurethane
foam filling can significantly increase crushing strength and energy absorption capacity.
However, the weight of the car body increased by only 2% [21].

Reducing the cost of composites while improving their properties remains an attrac-
tive motivation in the field of composite development [22]. Fiber Metal Laminates (FMLs)
have shown significant potential for optimizing structures by combining metal sheets and
Fiber-Reinforced Plastic (FRP) composite laminates to provide a range of benefits from
each material group. Thus, FMLs offer an excellent opportunity for creating lightweight
structures [23]. The properties and failure modes of FMLs were studied by Gao et al.
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They performed three-point bending tests to analyze the bending behavior of CARbon
fiber-Reinforced composites/Aluminum Laminates (CAR-ALLs) with different compos-
ite/metal layer configurations [24]. Vieira et al. investigated the impact behavior of SIRALs
(aluminum laminates reinforced with sisal fibers) and evaluated the influence of fiber
orientation on performance [25].

Numerous studies have investigated the use of sandwich composite structures in
railway [15-21]. However, in terms of weight and cost optimization of the train floor,
few have attempted to provide an accurate analytical model that can offer the optimal
configuration of honeycomb cores and face sheets from a variety of possible combinations
to achieve the best trade-off between weight reduction and cost efficiency.

In this study, we elaborate an integrated approach to make new contributions, as
described below:

1.  Material selection: In this study, different types of aluminum (Al) honeycomb cores
are used in combination with different combinations of Fiber Metal Laminates (FMLs)
as face sheets. This particular combination of materials and structural components
had not been investigated in the literature before.

2. Cost and weight optimization: The elaborated optimization procedure in this study
focuses on weight and cost, since only a limited number of previous studies have
investigated the relationship between weight and cost reduction simultaneously.

3. Flexible design: A wide range of design variables is used in our study to investigate a
larger number of feasible designs and determine the optimal sandwich construction.

4. Structural integrity: The optimization method used in this study effectively satisfies
the specified constraints on the strength of the sandwich structure and the behavior
of the final sandwich structure.

5. New optimization algorithm: The application of the NCGA algorithm for the struc-
tural optimization of floors for high-speed trains represents a new contribution that is
not represented in the literature. This highlights the ability of the NCGA algorithm to
achieve optimal designs that balance weight reduction and cost efficiency.

The paper is organized as follows: Section 2 provides a basic description of the investi-
gated train floor, while Section 3 explains the materials used in the examined sandwich
structures and their mechanical properties. The optimization problem and the mathemati-
cal models for objective functions, design constraints, and design variables are discussed in
Section 4. Section 5 describes the creation of a finite element model for the optimal designs.
The structural optimization results are presented in Section 6. Finally, Section 7 highlights
the main conclusions of this study.

2. Description of the Investigated Train Floor

Figure 2 illustrates the floor structure of a high-speed train, which consists of an
aluminum structure as part of the main vehicle structure on the exterior, and a series of
sub-panels supported by seats with hard rubber to reduce vibrations on the interior. The
subpanel model can be considered as a unit of the floor. This study focuses on the subpanel,
which is considered as a sandwich structure (inner floor) with a lightweight honeycomb
core and two face sheets, as shown in Figures 2 and 3.

In this study, the investigated sandwich of internal floor subpanel has a longitude
length (/) of 960 mm and a transverse length (b) of 582 mm. Each subpanel is installed on
four supporting seats. Without considering fatigue effects of the floor, it can be assumed
that the loads are evenly distributed. The value of the load (p) acting on the floor is
estimated to be 4.142 kPa [26]. The subpanel was selected as a representative structure to
study the loading conditions of the sandwich structure. By analyzing the behavior of the
subpanel, the study aims to gain insights into the performance of the overall sandwich
structure. The loading condition of the floor subpanel implies that the sandwich structure is
simply supported by support seats and subjected to a distribution load in the out-of-plane
direction, as shown in Figure 3.
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Figure 2. Structure of the high-speed train floor and the investigated subpanel.
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Figure 3. Loading and boundary condition of the investigated sandwich structure.

3. Materials of the Sandwich Structure’s Components
3.1. Materials of the Face Sheets

In this study, the subpanel of the train floor was analyzed as a sandwich structure
consisting of hybrid composite face sheets made of Fiber Metal Laminates (FML) and
an Aluminum (Al) honeycomb core. In recent years, Fiber Metal Laminates have gained
considerable attention among the families of Fiber-Reinforced Plastic (FRP) composites.
FMLs are composites composed of alternating layers of metal sheets or foils and Fiber-
Reinforced Plastic layers bonded together by thermal pressing technique [27]. Figure 4
shows the alternating structure of an FML. Classical Lamination Theory (CLT) has been
proposed model to calculate the final mechanical properties of FMLs [28]. This approach
offers the possibility of adjusting the properties of the laminated face sheets by changing
the number of face sheet layers and also the orientation of FRP layers, as will be explained
in the following section.

When using FMLs, it is important to consider that the hybridization of composite face
sheets with FML laminates is a powerful technique for developing composite structures
that provide the desired cost and/or weight reduction while effectively improving the
stiffness properties. In our study, FMLs were composed of (1) Carbon Fiber-Reinforced
Plastic (CFRP), (2) Glass Fiber-Reinforced Plastic (GFRP), and (3) Aluminum (Al). These
face sheets consist of layers of unidirectional CFRP, GFRP, and AL, which are arranged
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in different orders. As depicted in the right side of Figure 4, the possible orientations of
the FRP layers can be 0°, £45°, and 90° in the laminated face sheet. The final mechanical
properties of the laminated face sheets were calculated using Classical Lamination Theory.
Table 1 shows the possible constituent materials properties of the Fiber Metal Laminates
that were considered in the optimization [29].

90°
~45°

AL .
Potential FRP

FRP layers’ orientations 0° :

AL

FRP

Figure 4. Face sheet layup with FML material.

Table 1. Material properties of the possible constituents of the FML face sheets.

Material Properties CFRP GFRP AL
Longitudinal modulus: Ex [MPa] 130,000 43,000 70,000
Transverse modulus: E, [MPa] 10,000 8000 70,000
In-plane shear modulus: Gy, [MPa] 5000 4300 26,000
Major Poisson’s ratio: vyy [-] 0.28 0.25 0.33
Density: pf [kg/ m?] 1600 1800 2780
Lamina thickness: f; [mm] 0.125 0.125 0.2
Longitudinal tensile strength: oy [MPa] 2000 1140 186
Longitudinal compressive strength: oy, [MPa] 1300 620 186
Transverse tensile strength: oy [MPa] 78 39 186
Transverse compressive strength: oy [MPa] 246 128 186
In-plane shear strength: oy, [MPa] 68 60 110

3.2. Material of the Honeycomb Core

The honeycomb core is also a critical component during the optimization of the sand-
wich structure because its mechanical properties are proportional to its density. Therefore,
commercially available core densities were utilized in the analysis. Table 2 presents the
mechanical properties of the aluminum hexagonal honeycomb core [29].

Table 2. Mechanical properties of aluminum hexagonal core.

Density Properties in x Direction Properties in y Direction Properties in z Direction
Pe Strength: o, Modulus: G, Strength: ¢, Modulus: Gy, Strength: o, Modulus: E,,

[kg/m3] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
29 0.4 55 0.65 110 0.9 165
37 0.45 90 0.8 190 14 240
42 0.5 100 0.9 220 1.5 275
54 0.85 130 14 260 2.5 540
59 0.9 140 1.45 280 2.6 630
83 15 220 24 440 46 1000
29 0.4 55 0.65 110 0.9 165
37 0.45 90 0.8 190 14 240
42 0.5 100 0.9 220 1.5 275

54 0.85 130 14 260 2.5 540
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4. Elaboration of the Optimization Method

The main aim of composite sandwich structure optimization is to minimize the struc-
tural weight and cost while achieving the structural integrity of the optimized structure.
This paper considers weight and cost objective functions to optimize a high-speed train’s
floor by using a lightweight composite sandwich structure. It is worth mentioning that the
investigated objective functions are in conflict with each other, so the multi-objective opti-
mization problem is formulated with the associated design variables and design constraints.
It is essential that the components of the sandwich structure have sufficient strength to
withstand the applied loads; therefore, strength has been defined as one of the design
constraints. The investigated sandwich structure consisted of hybrid laminates (FML) for
the face sheets and an aluminum honeycomb core.

The objective functions applied in this paper involve the minimization of both the
weight and cost of the composite sandwich structure. In the context of the floor structure
under consideration, the aim was to identify the Pareto solution of sandwich constructions
that are optimal for achieving low weight and low cost simultaneously.

During the optimization, the optimal material constituents and geometrical parameters
of the components (face sheets and core) were sought for a given practical application in
case of the given loading conditions.

The optimization procedure was managed using the Neighborhood Cultivation Ge-
netic Algorithm (NCGA) optimization algorithm, which was implemented through the
I-sight software environment integrated with Excel software. The main steps of the opti-
mization and FEM validation processes are illustrated in the flowchart shown in Figure 5.

/- - - - - ------==-—"" l ________ RN
Z
: Formulate the design variables for : %’
T the core and face sheets 1| &
Excel - 1 2
I l )
- =
-r=’ 1E
I Formulate design _  Formulate the objective 1=
I\ constraints functions (weight and cost) /' :;
D e —————————— 7 %]
EEEEEEEEEEEEEEE CEEEEEEE S
1
I Optimization algorithm —:
t === 1
' Isight | l :
p sight |
- - - -
| Pareto design points "
N S e e e e e e L R R R R RN, 7/
(- -~ i """" N
— o el — o — - I
, Abaqus cae FEM validation I
END

Figure 5. Flowchart of the elaborated multi-objective optimization method for the investigated
composite sandwich structure.
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During the optimization, the Neighborhood Cultivation Genetic Algorithm (NCGA)
was applied to obtain an optimal sandwich construction. In this technique, each objective
function is treated separately and a Pareto front is constructed by selecting feasible non-
dominated designs. NCGA is particularly suitable for discrete multi-objective problems
and has been shown to provide a robust solution. The computational process of NCGA
consists of several steps as it illustrated in Table 3 [30]:

Table 3. NCGA flow steps and descriptions.

Steps Process Description

Step 1. Initialization—In this step, an initial population Py of size N is established, and
the generation is set to an initial value of g = 0. The fitness values associated with
individuals in Py are calculated, and Py is copied into an archive A, of size N.

Step 2. Generation—A new generation is created by incrementing the generation
counter (¢ = ¢ + 1) and selecting the parent population (P) from the previous
archive (Ag—1).

Step 3. Sorting—The population is sorted based on the specified objectives for the
current generation. If optimizing for two objective functions, the first objective is
chosen in the first generation, the second objective in the second generation, and

SO On.
Step 4. Grouping—P, is split into two groups consisting of stored individuals.
Step 5. Crossover and Mutation—Crossover and mutation operations are performed

on each group, producing two child individuals from two parent groups and
then eliminating the parent groups.

Step 6. Assembly—The child groups generated in Step 5 are assembled to produce a
new population (Pyg).
Step 7. Archive Renewal—P; and Ag.1 are combined to generate 2N individuals.

Environment selection is then conducted to reduce the number of individuals to
N, and a new archive (A,) is generated.

Step 8. Termination—The terminal criterion is verified. If the criterion has been met,
the process can be stopped. If not, the algorithm returns to Step 2.

It is common for multi-objective optimizations not to find a single optimal solution,
but to have multiple solutions, each containing an element of optimality, which is referred
to as Pareto-optimal solutions [31]. The Pareto solution refers to a set of optimal solutions
that fulfill the specified objectives. However, further selection is required to determine
the best solution [32]. Therefore, in this study, the Improved Minimum Distance Selection
Method (IMDSM) [33] was used to determine the most satisfactory point, referred to as the
knee point. The knee point can be expressed as follows:

N G A fo® 1\
Dml“‘\/(mmuwt(x» 1) *(min(fcxx)) 1)' @

where D,,;, represents the minimum distance from the ideal point (minimum weight,
minimum cost) to any point on the Pareto line, fiy;(x) refers to the value of the weight
objective function on the Pareto line, and f¢;(x) represents the value of the cost objective
function on the Pareto line. D,,;;, was calculated for 13 values, which corresponds to the
number of Pareto points. However, the minimum distance value was identified to be the
optimal solution.

4.1. Weight and Cost Objective Functions

During the structural optimization, the weight and the cost objective functions were
taken into consideration.
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4.1.1. Weight Objective Function

The total weight of the structure is composed of the weight of the two face sheets and
the weight of the core. The total weight of the structure is given by:

Wy =We+ Wp = (Pctc + 2(Pf1N11f11 +pp2Niptip + Pf3Nl3t13)>lb ()

where W; is the total weight of the sandwich structure, W, is the weight of the honeycomb
core, and p. and ¢, are the density and thickness of the aluminum honeycomb core, respec-
tively. Wris the weight of the face sheet; indices 1, 2, and 3 refer to CFRP, GFRP, and AL
respectively, while p¢, Nj, and ¢t are the density, number of layers, and thicknesses of each
of the constituent materials.

The total thickness of the face sheet (t), which is composed of the stacked layers of
individual constituent materials, can be calculated by:

tr = Nntpn + Nt + Nistjs. 3)

4.1.2. Cost Objective Function

The total cost of the structure is the sum of the cost of the two face sheets and the cost
of the core:
Ci=Cr+C,, )

where C; is the total cost of the sandwich structure, and Cf and C, are the costs of the face
sheet’s layers and cost of the core. In order to estimate the costs of the constituent materials
in a sandwich structure, a deep survey was conducted as part of this study. In the interest
of generalization, the unit price of each material was normalized to the price of GFRP. The
cost of CFRP, the core, and aluminum were reported as 1.5, 0.5, and 0.31 times the cost of
GFRP, respectively.

4.2. Design Variables

The design variables are the main characteristics of the sandwich structure. These
design variables include face sheets composed of different FRP composite materials such
as CFRP and GFRP, as well as aluminum layers. The face sheets are characterized as
FLM laminates and their final properties are determined by the orientation of the fibers
associated with FRP composite laminates, the number of layers, and the final face sheet
thickness. Furthermore, the selection of the honeycomb core density varied within a wide
range. The aforementioned design variables are summarized in Table 4.

Table 4. Design variables of the optimization.

Design Variables Value Remark

Number of face sheet layers 1<N; <15 Discrete variable,
Integer values
CFRP layer: identified by No. 1 Discrete variable
Face sheet materials GEFRP layer: identified by No. 2 Inteer values ’
Aluminum layer: identified by No. 3 &
possible FRI.) com'pos1te Orrp = 0°,90°, +45°, —45° Discrete variable
layup orientation
. Discrete as specified in
3 P
Core density pe [kg/m3] the Table 2

Core thickness 5 <t. <20 [mm] Continuous value

4.3. Design Constraints

In order to perform effective optimization, it is necessary to distinguish between
sandwich constructions that are aligned with a specific purpose and those that are not.
In other words, design constraints are the limitations that any proposed design must
comply with.
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In this study, design constraints such as maximal deflection of the structure, strength
limitations, and failure criteria for the sandwich structure were used to establish the
necessary limits that any proposed design must satisfy.

4.3.1. Constraint for Core Shear

The honeycomb core is subjected to shear stress in the considered loading condition.
Therefore, a shear constraint can be formulated as follows:

Tes

— >1.

. 2 0, 5)
where 15 is the typical shear strength of the core as listed in Table 2. the inferred shear
stress in the core (7;) can be formulated by [34,35]:

F
=, 6
T b (6)
where F and b are the shear force and sandwich structure’s width, respectively, whereas d
is the distance between the upper and lower face sheets’ centers. D can be calculated as
below [34,35]:

d=t;+te @)

4.3.2. Constraint for Yield Stress in the Face Sheet

The mathematical formulation of the constraint for the yielding of the face sheet is
expressed as [34,35]:

X >1.0. (8)

The yield strength of the laminated face sheet (0x) was calculated by applying the
Tsai-Wu failure criterion and the Classical Lamination Theory (CLT), as described in [36].
The stress in the face sheet (0f) and the maximum bending moment can be determined

using the below equations [34,35]: M
_ Vlmax

where the maximum moment (M;;4x) can be calculated using the following formula:
l
Miyax = P (10)

g/
where [ is the length of sandwich structure; the effective vertical force (P) is calculated

by [34,35]:
P — pib, (11)

where p refers to the distribution load in the upper face sheet.

4.3.3. Constraint for Face Wrinkling

Under in-plane shear or compression loading conditions, the sandwich structure may
experience local buckling waves, resulting in a phenomenon known as face wrinkling. The
criterion for in-plane wrinkling in two directions can be expressed as follows, according
to [35]:

Jurx > 1.0 (12)
Ox
Owrx = 0.5 ¥ EvE;; Gy (13)
0
4 >10 (14)
Ty

U’wr/y - 0.5 W3/ EyEzszz, (15)
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where 0y x and oy, are the wrinkling stress in the x and y directions, and the other
parameters are defined in Tables 1 and 2.

4.3.4. Constraint for Total Thickness of the Sandwich Structure

A constraint for the total thickness of the sandwich structure, which should not exceed
20 mm, can be mathematically expressed as follows [26]:

H=2tf+t. <20, (16)
where H is the sum of the core thickness and the face sheets’ thickness.

4.3.5. Constraint for Total Defection of the Sandwich Structure

The total deflection is contributed by both bending deflection and shear deflection, as
indicated in [34,35,37]:

5P Pl
= — 4+ - <1. 17
0 384D 85 — 17
The bending (D) and shear stiffness (S) can be determined using the following formulas:
Eftbd?
D=1 (18)
2
S = dbGys;. (19)

5. Numerical Modelling of the Investigated Structure

The aim of the numerical modeling was to confirm the accuracy of the developed
optimization method. A commercial Finite Element package, ABAQUS/CAE, was used for
the numerical modeling of the sandwich structure. Despite its higher computational cost,
we believe that using ABAQUS/CAE provides greater flexibility in terms of geometry and
load cases, particularly when dealing with composite sandwich structures.

The honeycomb core material properties were defined in the “Material Properties”
module and then assigned using the “Assign Section” module. The mechanical properties of
the FML materials were defined for each individual constituent using the main engineering
constants listed in Table 1. The FML composite was simulated using the “composite
layup” function in ABAQUS, which allows for the definition of the layers’ sequences of the
FML laminate and the fiber orientations in each FRP layer. To reduce the computational
cost of the sandwich structure, the honeycomb core was simulated as a solid layer with
homogeneous mechanical properties of the detailed honeycomb core [38,39]. Therefore, the
three-dimensional stress element C3D8R was used to simulate the aluminum honeycombs.

The common shell element S4R was used to simulate the laminated composite face
sheets. A general contact with a tangential friction property and a normal “hard” contact
was specified. The honeycomb core was meshed with 2925 solid elements, while 4557 shell
elements were created to mesh the face sheets. The distribution load defined in Section 2 was
applied to the upper face. The geometric model of the support seats was also modeled and
defined as a rigid body. A coupling constraint between the support seats and the reference
points (RP) was used, and then a fully fixed constraint was applied to RP, which follows the
fixation nature of the subpanel. As highlighted in Section 4, the failure criterion of the face
sheets was considered a crucial optimization constraint. Therefore, non-feasible designs
that did not meet the failure criterion were excluded from further analysis. Conversely,
all feasible designs that fulfilled the failure constraints can be adopted under elastic load
conditions that are significantly lower than the failure load. Based on these considerations,
the current FEM model was created to validate the optimization results without considering
the failure of the FML face sheet. This fact is evident in the results section, as the stresses of
the face sheet layers are significantly lower than the failure strength of each constituent.
The main parameters for optimal design points used in FEM modeling are elaborated in
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Section 6, while the general FEM model of the composite sandwich structure is shown in
Figure 6.

AR

Face sheet

Core

Figure 6. Finite Element Model of the investigated train floor.

6. Results of the Optimization and the Finite Element Modeling
6.1. Results of the Elaborated Optimization Method

In contrast to single-objective optimization problems, the solution of a multi-objective
optimization problem is not unique. Instead, a range of optimal solutions can be con-
sidered. In multi-objective optimization, the improvement of one objective may lead to
the deterioration of the performance of the other objectives. Therefore, it is difficult to
achieve multiple optimal values simultaneously, and the only way to do that is to make
each objective as optimal as possible.

Consistent with the formulation of the multi-objective optimization problem in
Equations (2) and (4), the objectives of sandwich structure optimization were defined
as reducing the overall weight (W;) and cost (C;) while ensuring the durability of the
structure. In this study, different densities of honeycomb cores and hybridized face sheets
(FML) with their associated parameters were used as design variables to achieve the final
objectives. Since the contradiction between the total weight of the sandwich structure
and the cost was obvious, we chose the Neighborhood Cultivation Genetic Algorithm to
investigate the optimal solution using I sight software in conjunction with Excel software.

The total number of feasible solutions for this study was approximately 16,600 design
points. The changes in weight and cost in the optimized design are shown in Figure 7. The
blue hollow circles represent the feasible solutions of the optimization problem, which
satisfy all the constraints of the problem while achieving a certain level of performance
with respect to multiple competing objectives. The green solid circles represent the set of
non-dominated solutions, which achieve the best trade-off between multiple competing
objectives, also known as the Pareto set, and represent the best solutions of the optimization
problem. The NCGA algorithm acquired 13 data points, which were extracted in Figure 8
and represent the Pareto set.

Pareto points tend to be convexly distributed due to the opposing objectives’ behavior.
Whenever the weight decreases, the cost of the sandwich structure increases and vice versa.
Therefore, the knee point was considered the most satisfactory solution. The calculations
showed that the knee point with W; = 5.25 kg and C; = 2.37 unit price should be appointed
as the optimal solution, representing an ideal compromise between the opposite objectives.
The corresponding Pareto data are shown in Table 5.
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Figure 8. Pareto optimal points.

The minimum weight, minimum cost, and knee design points are the most significant
design points on the Pareto line. Therefore, the related data have been extracted in Table 6
for further consideration. The data include the main parameters related to the geometri-
cal characteristics of sandwich structure components and configurations, and have been
adopted in the FEM modeling.

The optimization of weight and cost of sandwich structures is crucial, and the hy-
bridization of face sheet materials has been shown to have a significant impact on achieving
these objectives. One approach to achieving this is to create a hybrid structure that combines
the strengths of various materials while complementing their weaknesses.

The cost and weight of a hybrid composite sandwich structure is determined by the
sum of the cost and weight of its constituents. Therefore, the final composite face sheet
is a function of the composite ratio of each material. In this study, the percentage of the
FRP materials in terms of weight and cost was considered, as depicted in Figure 9. The
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figure shows that a higher percentage of FRP results in a lighter and more expensive
sandwich structure, whereas reducing the FRP materials tends to result in a heavier and
less expensive structure.

Table 5. Results of the Pareto optimal design.

Face Sheet Materials and Fiber Core Thickness Fac.e Sheet Core Density Cost Weight
. . No. of Layers Thickness
Orientations [ t Pec C; Wi

CFRP layer: identified by No. 1
GFRP layer: identified by No. 2 (mm) (mm) (kg/ m?) (unit price) (kg)
Aluminum layer: identified by No. 3

1(0°), 1(0°), 1(0°), 1(0°), 1(0°), 1(0°), 1(0°),

1(0°), 1(0°), 1(0°) 10 18.2 1.25 37 3.93 2.92

1(0°), 2(0°), 1(0°), 1(0°), 1(0°), 1(0°), 1(0°),
107, 100 10°) 10 18.02 1.25 37 385 2.96

1(0°), 3, 1(0°), 1(0°), 1(0°), 1(0°), 1(0°),

L0, 10 9 18.47 12 37 331 315
HOD S AL S 1O A 9 18.47 1.275 37 3.05 3.63
10°),3,10°),10°), 10°), 3, 3, 10%), 1(0°) 9 17.88 1.35 54 288 429
3,3,1(0%), 10°), 10°), 1(0°), 3, 1(0°), 3 9 17.97 1425 54 263 477
3,3,10°), 10°), 10°), 3, 3,10°), 3 9 18.04 15 54 237 5.25
3,3,1(0°), 3,1(0°), 3, 3, 1(0°), 3 9 18.13 1575 54 211 573
3,3,3,1(0°),3,3,3, 1(0°), 3,2(0°) 10 18.2 1.775 42 208 6.36
3,3,3,3,1(0°), 3,3,1(0°), 3 9 18.13 1.65 83 203 6.55
3,3,3,1(0°),3,3,3,1(0°), 3, 3 10 17.8 1.85 37 1.86 672
3,3,3,3,3,3,3,3,3,10° 10 17.93 1.925 37 1.61 7.2
3,3,3,3,3,3,3,3,3,3 10 17.94 2 37 135 7.68

Table 6. The design parameters for FEM simulation.

. Core Face Sheet Core
Face .Sheet Maten.als and No. of Layers Thickness Thickness Density
Fiber Orientations + + ‘
Face Sheet Layup ¢ f Pe Values of the
CFRP layer: No. 1 Objectives
GFRP layer: No. 2 (mm) (mm) (kg/m?)
Aluminum layer: No. 3
1(0°), 1(0°), 1(0°), 1(0°), Minimal weight
Totally FRP 1(0°), 1(0°), 1(0°), 1(0°), 10 18.2 1.25 37 Wi =292kg
1(0°), 1(0°) Ct = 3.93 unit price
Minimal cost
Totally Al 3,333,33,33,33 10 17.94 2 37 Wi =7.68kg
C; = 1.35 unit price
o o o Knee point
FML 33, 1(0°), 1(0°), 1(0°), 3, 3, 9 18.04 15 54 Wi =5.25 kg

1(0°),3 C¢ = 2.37 unit price

Furthermore, a comparison was conducted between a train floor made of a totally Al
structure, a totally FRP structure, and a FML structure in terms of weight and cost. The
optimal material selection (Table 6) showed that the maximum weight reduction among
the considered designs was about 62%, while the associated cost increased by about 190%
with the use of Carbon Fiber-Reinforced Plastic (CFRP) as the face sheet material. The knee
point was reached at a weight reduction of 32% and a cost increase of 75% compared to an
all-Al structure.

It is important to note that, although the weight reduction was achieved at the expense
of cost, the benefits of reduced weight include lower energy consumption and lower
maintenance costs in the long run, resulting in a significant cost savings over time.
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Figure 9. Effect of FRP percentage on weight and cost of the sandwich structure.

6.2. Results of the Finite Element Modeling
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To validate the optimization results of the elaborated optimization method, three
points on the Pareto front were selected as input parameters for Finite Element simulations.
These 3 points were chosen to represent (1) the minimal weight design (single weight
optimization), (2) the minimal cost (single cost optimization), and (3) the knee point
(multi-objective cost and weight optimization) that provides a compromise between cost

and weight.

The FE simulations focused on two outcomes, namely maximal structural deflection
and maximal face sheet stress. Contour profiles depicted in Figures 10-15 indicated that
the structure experiences the highest deflection and compression stress on the upper face

sheet at the mid region of the structure.
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Figure 10. FE contour deflection in case of minimal weight.
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Figure 11. FE contour deflection in case of minimal cost.
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Figure 15. FE contour stress (knee point) in case of multi-objective optimization.



Appl. Sci. 2023,13, 3876

16 of 19

6.3. Comparison of the Optimization Results and the FE Simulation Outcomes

A comparison of the optimization results and the FE simulation outcomes was con-
ducted and presented in Table 7. The outcomes exhibited a good agreement between the
two sets of results, indicating that the elaborated optimization results were reliable and
accurate with only minor discrepancies.

Table 7. Comparisons of optimization and FE solutions.

Maximal Deflection

. . (mm) Maximal Stress in the Face Sheet (MPa)
Design Points Remarks
Optimization FEM . o Optimization FEM . o
Result Result Difference (%) Result Result Difference (%)
Minimal weight 0.9957 1.004 0.83 13.655 13.11 3.99 single weight
optimization
Minimal cost 1 1.062 6.20 8.695 9.49 9.14 single cost optimization
multi-objective weight
Knee point 0.9999 0.883 11.69 11.3333 10.26 9.47 and cost
optimization

Consequently, based on the agreement between the numerical optimization and FE
simulation results, it is reasonable to conclude that the outcomes of the elaborated opti-
mization method are accurate and reliable.

7. Conclusions

Optimization of weight and cost is considered a crucial factor in designing high-speed
trains. Advanced composite sandwich structures have been studied as a viable solution to
achieve a lighter train floor in order to reduce the energy consumption of the vehicle.

Although studies on optimizing weight and cost for high-speed train floors are still
limited, it is evident that many researchers have implemented weight-saving techniques
in the railcar industry through the use of composite structures. For instance, a weight
reduction of 40% was achieved in [20], while a reduction of 29% was achieved in [16].
These results highlight the strong motivation to discover innovative design techniques in
this field.

The purpose of our study was to develop a multi-objective weight and cost optimiza-
tion method for high-speed train floors. The sandwich floor structure to be optimized
consists of laminated face sheets and a hexagonal honeycomb core. During the optimiza-
tion different variations of Fiber Metal Laminates (FMLs) as face sheet constructions with
aluminum honeycomb cores were examined. The aim of the structural optimization was
to construct the optimal sandwich structure in order to provide the minimal weight and
minimal cost of the structure. In the optimization, the elaborated weight and cost objective
functions, as well as five design constraints, were applied. The Neighborhood Cultivation
Genetic (NCGA) algorithm was used to solve the optimization task.

Using the NCGA optimization algorithm resulted in obtaining approximately
16,600 feasible designs that satisfied the design constraints; of these, 13 were characterized
as Pareto optimal solutions. A comprehensive analysis of the Pareto optimal solutions was
conducted to investigate the correlation between weight and cost objectives. The main
findings of this study can be summarized as follows:

e  The analysis showed that, at the expense of cost, using CFRP as a face sheet provided
a maximum weight reduction of about 62% in this study, compared to the aluminum
face sheet as a basic structure.

e  Furthermore, a knee point was identified that strikes a balance between weight and
cost, resulting in a weight reduction of approximately 32% by using FML materials.
This provides valuable insights for designers who must consider both weight savings
and cost-effectiveness when designing high-speed train floors.
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e  The present study conducted an optimization process and subsequently validated
its outcomes through Finite Element (FE) simulations. The results of the analysis
indicated that there was an acceptable level of agreement between the optimization
process and the FE simulations with a maximum difference value of about 11%. This
provides a reasonable level of confidence in the obtained results.

To conclude, the proposed multi-objective optimization method utilizing the NCGA
algorithm with diverse constituent materials and structural components presents a novel
contribution in the context of weight reduction and cost-effectiveness, which has not been
previously explored.

The results of this research suggested that sandwich configurations using composite
materials are a promising approach to realize lightweight and cost-effective train floors. By
using low-density core materials and stiff outer skins, it is possible to achieve an optimal
balance between weight reduction, structural performance, and cost efficiency.

The main added value of this study is the elaboration of a multi-objective optimization
method that utilizes a wide range of constituent materials and structural components in
order to construct the optimal sandwich structure. During the structural optimization, the
elaborated weight and cost objective functions, as well as five design constraints, were
taken into consideration, applying the NCGA optimization method in order to determine
the most cost-effective and lightweight sandwich structure for a given practical application.

In future research based on the elaborated optimization method, more complex struc-
tures can be investigated and optimized for other engineering applications. Furthermore,
additional design constraints and other materials can be used during the optimization.
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