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a b s t r a c t

Spent nuclear fuel, which can degrade during long-term storage, must be transported intact in normal
transport conditions. In this regard, many studies, including those involving Multi-Modal Transportation
Test (MMTT) campaigns, have been conducted. In order to transport the spent fuel safely, a tie-down
structure for supporting and transporting a cask containing the spent fuel is essential. To ensure its
structural integrity, a method for finding an optimum conceptual design for the tie-down structure is
presented. An optimized transportation test model of a tie-down structure for the KORAD-21 metal cask
is derived based on the proposed optimization approach, and the transportation test model is manu-
factured by redesigning the optimized model to enable its producibility. The topology optimization
approach presented in this paper can be used to obtain optimum conceptual designs of tie-down
structures developed in the future.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Most countries with nuclear power plants are paying critical
attention to the issue of safe transportation of spent nuclear fuel
[1e4], which could either be degraded during long-term storage or
become high burnup spent fuel in the near future. The US Nuclear
Regulatory Commission’s 10 CFR 71 [5] and 72 [6] prescribe that the
integrity and retrievability of spent nuclear fuel should be remain
intact during normal operation. In order to ensure this, it is
essential to acquire the load data applied to the transportation
system and spent fuel for normal transport conditions.

In the United States [7], tests of transporting spent nuclear fuel
have been steadily carried out to assess safety in normal transport
conditions since the 1970s. During that decade, a number of studies
measured the vibration and shock loads generated when trans-
porting spent fuel casks by truck and rail, and most of these studies
recorded accelerations at the interface between the cask and the
truck or train. Most tests were carried out for awide variety of truck
and rail transport conditions, ranging from 4.5 to 64 tons. However,
the strain was not measured. Therefore, the vibration and impact
loads in different conditions could be evaluated, but this informa-
tion did not support a full evaluation of the integrity of the spent
by Elsevier Korea LLC. This is an op
fuel.
In 2009, a test campaign to evaluate the integrity of high burnup

spent nuclear fuel in the United States was initiated under the su-
pervision of the Department of Energy (US DOE). As part of the
campaign, in 2013 Sandia National Laboratory (SNL) conducted a
uniaxial excitation test of a nuclear fuel assembly that simulated
road transport [8], and in 2014 it acquired the vibration and shock
loads transmitted from the ground to the nuclear fuel assembly,
which was transported inside a truck in a basket weighed down by
concrete [9]. Oak Ridge National Laboratory (ORNL) conducted a
fatigue test in the hot cell of an irradiated fuel rod to evaluate the
maximum strain that a nuclear fuel rod can withstand using data
from the SNL transportation test. The integrity of the nuclear fuel
assembly was also evaluated based on the vibration and shock load
data [10]. Based on these test results, it was found that the vibration
and shock loads transmitted from the ground through the truck to
the cask containing the nuclear fuel can be amplified or attenuated
as the load is transferred.

In 2017, the US DOE, SNL, Pacific Northwest National Laboratory
(PNNL), Equipos Nucleares S.A. S.M.E. (ENSA), Korea Atomic Energy
Research Institute (KAERI), KEPCO (Korea Electric Power Corpora-
tion) Nuclear Fuel (KNF), and Korea Radioactive Waste Agency
(KORAD) collaborated to conduct a multi-modal transportation test
(MMTT) of a commercially used nuclear fuel transport cask (ENUN
32P) loaded with a simulated nuclear fuel assembly for pressurized
water reactors [11e13]. The ENUN 32P was mounted on a tie-down
en access article under the CC BY license (http://creativecommons.org/licenses/by/
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structure and transported by road, rail, and sea. This test evaluated
how the vibration and shock load was amplified or attenuated
through the vehicle and the cask. The integrity of the spent nuclear
fuel was experimentally evaluated based on the measured strain
data gathered from the simulated nuclear fuel assembly and on the
fatigue curve of the spent fuel measured in the hot cell [14,15].

However, even after this collaboration, no relevant research for
the transportation of spent nuclear fuel has been independently
conducted in Korea. Therefore, it is urgently necessary to carry out
transportation tests of spent nuclear fuel on Korean road and sea
routes in normal conditions in order to obtain load data and
develop a methodology for the evaluation of fuel integrity. Korea
has been preparing for such transportation tests since 2017 using
the KORAD-21 dual purpose metal cask [16]. The KORAD-21 metal
cask was designed and developed by KORAD to transport a total of
21 bundles of spent nuclear fuel for pressurized water reactors
[17e19].

The transportation cask should have its own tie-down device
and attaching structure to be safely transported to the spent fuel
storage facility. There are domestic and international regulations
for the tie-down device and structure [20,21], which are classified
according to whether they are included in the transportation cask.
If the part is included in the transportation cask, it is classified as a
tie-down device, otherwise, the part is classified as a tie-down
structure. According to the regulations [20,21], the tie-down de-
vice is required to be designed such that it does not exceed the yield
stress given the load conditions, which are assumed to be two, five,
and ten times the weight of the package in the vertical, lateral, and
longitudinal directions, respectively. It is also desirable for the tie-
down structure to be designed to meet the regulations applied to
the tie-down device. The reason for this is that the tie-down device
and structure behave virtually as one bodywhen the transportation
cask is settled. Therefore, an optimum conceptual design of the tie-
down structure is required to meet the abovementioned load
conditions.

Generally, one of three techniques are used to generate the
optimum conceptual design: size, shape, and topology optimiza-
tion. In size optimization, the purpose is to find the optimumwidth,
height, and length of the components. In contrast, shape optimi-
zation aims to find the optimum appearance of the structure, such
as that determined by the shape of boundary. These two techniques
are combined to find the optimized structure by changing the
length or shape of the existing structure. On the other hand, to-
pology optimization is more effective in finding a conceptual design
because it finds an optimum layout by removing unnecessary parts
in a given design domain in order to best meet the optimization
formulation [22e25]. This means that the optimum result of to-
pology optimization generates essential parts by optimizing the
objective function while satisfying the constraints. Therefore, a
creative and aesthetic solution can be obtained at a conceptual
design process. Moreover, this solution is convenient to formulate
[26,27] and implement even for complex problems, including
domain decomposition and multi-physics problems [28e30]. Since
the late 1980s, topology optimization has been developed as a
powerful and versatile tool for various design applications [22e30].

This paper presents a method to design an optimum conceptual
transportation test model of tie-down structures to safely transport
the spent nuclear fuel in the KORAD-21 dual purpose metal cask
while satisfying the aforementioned regulations by using the to-
pology optimization approach. This paper is organized as follows.
Section 2 provides a plan of the MMTT to be performed in Korea,
and also explains why an optimum conceptual testmodel of the tie-
down structure is required. In Section 3, the basic concept of to-
pology optimization and how it can be used in the commercial
software ANSYS are presented. Based on the information described
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in Sections 2 and 3, an optimum conceptual design of the tie-down
structure is presented in Section 4. Finally, the concluding remarks
are presented in Section 5.

2. Transportation of spent nuclear fuel in normal conditions

Every country that operates nuclear power plants has its own
ways of storing and transporting spent nuclear fuel. This means
that each country should conduct its own research to suit its own
situation. For example, the US carries spent nuclear fuels mainly by
rail, Spain uses heavy haul trucks to transport the fuels on the
roads, and Korea expects that maritime transportation using ships
will become its major transportation mode. Because of the oppor-
tunity presented by the complimentary transportation modes used
in these three countries, they conducted an international joint
research MMTT in 2017 [11e13] to acquire data on the main
transport mode of each country. Prior to the MMTT, several tests
and research projects on the safety of transporting spent nuclear
fuel [7e10] had been conducted, but no full-scale transportation
test was carried out.

The international collaboration for the MMTT included KAERI,
KORAD, KEPCO, and the Korea Institute of Nuclear Safety (KINS) in
Korea; SNL and PNNL in the US; and ENSA in Spain [11e13]. A team
of researchers from these organizations inserted three different
surrogate nuclear fuel assemblies from the three countries into the
spent nuclear fuel cask ENUN 32P, whichwas located in Spain. Next,
a transportation test was conducted to evaluate the effects of vi-
brations and shocks on the spent nuclear fuel and its transportation
cask during normal transportation conditions through various
routes, such as roads, railways, and shipping lanes. The sequence
involved driving the ENUN 32P along Spanish roads using trailers,
shipping it from Spain to the ports of Belgium and then to the east
coast of the US, and finally transporting it by freight trains to Col-
orado. This test was conducted for nine months from April to
December 2017 [11e13]. The details of the transport routes and
their overview are illustrated in Fig. 1.

2.1. Multi-modal transportation test in Korea

In Korea, a dual-purpose cask (DPC) that can be used for both
transportation and storage has been developed with domestic
technology [17e19]. Metallic DPCs are designed to satisfy transport
regulations and are developed with the aim of obtaining transport
licenses. When a storage license is obtained separately, the DPC can
be used for both transport and storage.

Korea has experience in licensing transport casks for spent nu-
clear fuel, such as the KSC-1, KSC-4, KN-12, and KN-18 [31]. The
regulatory and technical systems for fuel transportation are rela-
tively well established compared to the license approval system for
fuel storage. The KORAD-21 cask can store a total of 21 bundles of
spent nuclear fuel for light-water reactors. Detailed specifications
are listed in Table 1. The KORAD-21 cask was designed to accom-
modate spent nuclear fuels of both the Westinghouse (WH) and
Combustion Engineering (CE) types. It consists of a cask and lid
made of carbon steel, a canister, a thin neutron shield attached to
the body, and an impact limiter to protect the cask from exterior
shock. The schematic of KORAD-21 is shown in Fig. 2.

2.2. Transportation test model of tie-down structure for KORAD-21
metal cask

The KORAD-21 metal cask is transported after it is assembled
with tie-down structure, as shown in Fig. 3. Because the tie-down
structure is intended to transport the spent nuclear fuel, it should
be designed and operated according to domestic and international



Fig. 1. Route and schedule of multi-modal transportation test [12].

Table 1
Specifications of KORAD-21 transportation metal cask [17].

Items Description

Capacity � 21 PWR Fuel Assembly (WH & CE)
Design Basis Spent fuel � BU: 45,000 MWD/MTU

� Enrichment: 4.5 wt% U235
� Cooling time: 10 yrs
� Decay heat: 16.8 kw/canister

Dimensions � Canister: 1686 mm O.D. � 4880 mm L
� Cask: 2216 mm O.D. � 5285 mm L

Weight � Canister: 33.0 t (with loaded fuel)
� Metal cask: 104.7 t (with loaded canister)

Material � Cask: forged carbon steel
� Canister: stainless steel, BORAL (B4C þ AL) or Metamic

G.-E. Jeong, W.-S. Choi and S.S. Cho Nuclear Engineering and Technology 53 (2021) 2268e2276
regulations [20,21]. In this study, we base the design of the test
model of the tie-down structure for the KORAD-21 metal cask on
the regulations for the tie-down device. In the case of the KORAD-
21, the trunnion is classified as the tie-down device.

Because the tie-down device is considered part of the trans-
portation cask, the regulations require more conservative condi-
tions to secure the safety margin. The regulations for tie-down
devices refer to domestic and international regulations [20,21]: the
tie-down device is required to be capable of withstanding in excess
of its yield strength when a static force is applied without gener-
ating stress in any material of the package. The static force is
assumed to two, five, and ten times the weight of the package with
its contents in the vertical, horizontal, and longitudinal directions,
respectively.

In order to check whether or not the maximumvonMises stress
of the tie-down structure exceeded the yield stress when the load
condition given in the regulations were applied, a linear static finite
element analysis was performed using the commercial software
ANSYS. We proceeded with the finite element analysis of the form
shown in Fig. 4 to ensure that the regulations for the initial test
model of the tie-down structure for the KORAD-21 metal cask were
met. The KORAD-21 metal cask, which is seated on the tie-down
structure, was assumed to be a lumped mass for the efficiency of
the analysis, and it was constrained by the MPCs (depicted as red
2270
circles in Fig. 4) at the top of the main pillars. All of the material was
structural steel with a yield stress of 350 MPa and only structural
solid element is used. And three or more elements were used
through the direction of thickness of structure.

The regulations [20,21] stipulate that the maximum stress of the
tie-down structure has to be lower than the yield stress when the
load is applied in vertical, lateral, and longitudinal directions with
twice, five, and ten times the mass of the package, respectively. In
order to verify the regulation, the finite element analysis for each
load condition was performed. The bottom plate of the tie-down
structure is fixed since it is transported fully fastened to the vehi-
cle’s cargo compartment floor. The result based on the above-
mentioned conditions is shown in Fig. 5. Under each load condition,
the stress contours are very similar for each other and the stress is
concentrated on the bottom of the main pillars as shown in Fig. 5.
This is caused by the moment generated on the pillars by the load
applied to the package. Therefore, in this research, to consider the
most severe load condition in the regulations, the 10-g load on a
longitudinal direction is used.

As shown in Fig. 5, the maximumvonMises stress that occurred
at the bottom of pillar was 484.39 MPa. This indicates that the
initial test model needs to be reinforced to meet the design criteria
in terms of yield stress of the material for the tie-down structure (a
maximum of 350 MPa for stainless steel). In other words, this



Fig. 2. Schematic of KORAD-21 transportation metal cask.

Fig. 3. KORAD-21 metal cask and test model of tie-down structure.

Fig. 4. Initial test model of tie-down structure for KORAD-21 metal cask.
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means that the initial test model should be optimized in a stiffer
design or configuration. Consequently, this paper presents a to-
pology optimization method for generating an optimum concep-
tual design for the testmodel of the tie-down structuremeeting the
design criteria.
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3. Topology optimization

Topology optimization is a technique that finds an optimum
topological layout in a given design domain to best meet the
optimization formulation [22e25]. It is widely used in order to
obtain a creative and aesthetic conceptual design in a given set of
conditions without any intervention by the designer [22e30].
There are many schemes in topology optimization, such as the
homogenization method, Solid Isotropic Material with Penalization
(SIMP)method, level-set method, and phase-fieldmethod [22e25].
Because the SIMP method is theoretically simple and most easily
applicable in most engineering fields, we use it in this study.

The SIMPmethod is an optimization scheme that finds the most
suitable layout by defining the presence or absence of materials in a
given design domain. The presence or absence of materials is
controlled as the relative density and it is defined as: when the
material is absent, the relative density equals zero, and when the
material is present, it equals one. And the relative density is defined
as a continuous variable from zero to one. In order to define the
layout properly, the relative density he at each finite element is
chosen as the design variable, and it ensures the stability and
convergence in the optimization process.

However, because the relative density does not always adopt
discrete values such as zero or one, gray zones where it is difficult to
determine whether or not the material is present sometimes occur.
In order to eliminate the gray zones, the SIMP method was pro-
posed so that the relative density he can be identified as zero or one
using the penalization technique [26]. In the SIMP method, the
penalized relative density hpe is reflected in thematerial property, as
shown in

EeðheÞ¼hpeE0; he2½0;1� : (1)

where p is a penalization parameter (typically, p ¼ 3 in most SIMP
methods) assigned to obtain reasonable layouts and E0 is Young’s
modulus for the solid material. When the relative density he equals
zero, the material property EeðheÞ becomes zero (i.e., void). When
the material at element e is present, the relative density he equals
one.

Based on the material property for each element defined by
equation (1), the optimum topological layout can be obtained by



Fig. 5. Von-Mises stress contours of the initial test model of tie-down structure for KORAD-21 metal cask.
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repeatedly finding the distribution of materials to satisfy the de-
signer’s needs.
3.1. Theoretical background for topology optimization

In this section, a theoretical background for conducting topology
optimization is described. First, the required objective function and
constraints should be defined. The most widely used formula is to
find an optimum layout that has a sufficient stiffness within a
limited volume or mass. This optimization formulation is con-
structed as

minimize
h

J ¼ cðh;uðhÞ Þ ¼
ð
U

uT fdx ¼ UTF ¼ UTKU

¼
XN
e¼1

uT
ekeue ¼

XN
e¼1

EeðheÞuT
ek0ue

subject to KU ¼ F : Equilibrium equation

GðhÞ ¼ V � Vreq ¼
ð
U

hedV � Vreq � 0

0 � he � 1

(2)

where J is an objective function that is described by the structural
compliance c. The structural compliance can be obtained by
multiplying the displacement vector U and force vector F (Addi-
tionally, F can be replaced by KU through the equilibrium equation
F ¼ KU in which K is the structural stiffness matrix). In order to
maximize the stiffness of the structure, the objective function is
modeled by minimizing the compliance of the structure (the
reciprocal of the stiffness). The objective function J can be calcu-
lated by EeðheÞuT

ek0ue, which contains the modified material
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property EeðheÞ. In equation (2), the volume of the layout is calcu-
lated using the relative density he, and then the constraint G is
imposed by comparing it to a required volume Vreq.

There are several methods to solve equation (2), such as the
Sequential Quadratic Programming (SQP) method, Optimality
Criteria (OC) method, and Method of Moving Asymptotes (MMA)
method.When performing the optimization process, the sensitivity
analysis must precede the process of finding an optimum result,
regardless of whichmethod is used. First, the sensitivity analysis for
the volume constraint G for each design variable he is given by

vV
vhe

¼ v

vhe

�ð
U

hedV
�

¼ Ve: (3)

As shown in equation (3), the sensitivity for the volume
constraint can be easily obtained. However, in the case of the
objective function, it is difficult to calculate the sensitivity directly
because the objective function is related to different variables that
are affected by the design variables. Due to the complexity of the
sensitivity analysis, most topology optimization algorithms use an
adjoint method [22e30]. The adjoint method is a scheme that in-
troduces adjoint variables U that are arbitrary but fixed real values
that satisfy the adjoint equation KU ¼ F. When the adjoint method
is applied, the objective function is modified as

cðhÞ¼UTF� U
T ðKU� FÞ: (4)

Using equation (4), the sensitivities are given by
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vc
vhe

¼ vUT

vhe
F�U

T vK
vhe

U�U
T
K
vU
vhe

¼ vUT

vhe

�
F�KU

�
�U

T vK
vhe

U¼

� U
T vK
vhe

U:

(5)

Based on the sensitivity analysis for the objective function and
the constraints according to the design variable he, which are
calculated by equations (3) and (5), respectively, the topological
optimization can find an optimum topological layout that best
satisfies the optimization formulation described by equation (2).
Fig. 7. Default options for topology optimization in ANSYS workbench.

Fig. 8. Manufacturing constraints for topology optimization in ANSYS workbench.
3.2. Topology optimization in ANSYS workbench

ANSYS, a commercial software package used for finite element
analysis, provides a topology optimization toolbox. In this study, we
used ANSYS to perform topology optimization for the KORAD-21
tie-down structure in a linear static system. The topology optimi-
zation framework in the ANSYS workbench is shown in Fig. 6. First,
a static structural analysis was performed for the KORAD-21 tie-
down structure, and then the topology optimizationwas conducted
using the data and results of the analysis.

The detailed options for the topology optimization in the ANSYS
workbench are shown in Fig. 7. In the definition tab, the options,
including the maximum number of iterations and the penalty
parameter, are presented. In addition, different solvers can be uti-
lized. For this study, the topology optimizationwas performed with
the default options shown in Fig. 7.

In general, the result of the topology optimization is difficult to
use for practical engineering problems because it derives a complex
layout that cannot be reproduced by conventional manufacturing
techniques. In order to address this difficulty, ANSYS provides the
manufacturing constraints displayed in Fig. 8. In the tab, a member
size, which indicates the width of the optimized layout, can be
determined. In this study, the member size was set to be between
100 mm and 200 mm.

When the designer sets up the options for topology optimiza-
tion, as listed in Fig. 6, Fig. 7, and Fig. 8, they can obtain an optimum
topological layout based on a linear static structural analysis. This
study used the abovementioned options to find an optimum con-
ceptual design for the KORAD-21 tie-down structure, and the re-
sults are discussed in the next section.
Fig. 6. Topology optimization fram
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4. Conceptual design of transportation test model of tie-
down structure for KORAD-21 metal cask

As described in Section 2, we found that the maximum von
Mises stress of the initial test model of the tie-down structure for
the KORAD-21 metal cask exceeded the yield stress when the 10-g
longitudinal accelerationwas applied. This means that a support for
the KORAD-21 tie-down structure that satisfies the regulations and
ensures structural rigidity is necessary. Therefore, a method for
finding an optimum conceptual design for the transportation test
model by adding supports was derived through topology optimi-
zation. This method is described in the rest of this section.
ework in ANSYS workbench.



Fig. 9. Transportation test model of tie-down structure, including design domains.

Fig. 10. Convergence history: objective function and volume constraint.

Fig. 11. Optimized topological layout of transportation test model of tie-down
structure.

Fig. 12. Von Mises stress contours for optimized transportation test model of tie-down
structure.
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4.1. Topology optimization of transportation test model of tie-down
structure

The transportation test model of the tie-down structure shown
in Fig. 4 represents the initial design for securing the KORAD-21
metal cask. However, this design does not satisfy the regulations.
Therefore, a support that complies with the maximum von Mises
stress generated in the transportation test model of the tie-down
structure for the KORAD-21 when a 10-g load is applied in the
longitudinal direction (the maximum of 350 MPa) is essential.

A quarter model of the tie-down structure for the KORAD-21
was used to allow the transportation test model to be expressed
symmetrically, as shown in Fig. 9. The optimization model included
the initial design as well as the design domains for the support,
which are represented by yellow and light brown blocks, respec-
tively, in Fig. 9. The yellow block adopted a funnel shape to allow
room for the KORAD-21 metal cask.

The optimization formulation shown in equation (2) was used to
find an optimum topological layout to minimize compliance while
satisfying the volume constraint (in this study, we used only 20% of
the entire volume) when 10-g load is imposed in the longitudinal
direction on the transportation test model of the tie-down struc-
ture for the KORAD-21. The topology optimization was conducted
using ANSYS with the detailed options described in Section 3.2. The
optimum results are shown in Fig. 10 and Fig. 11.
2274



Fig. 13. Redesigned schematic of transportation test model of tie-down structure.

Fig. 14. Von Mises stress contours for redesigned transportation test model of tie-
down structure.
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Fig. 10 shows the convergence histories of the objective function
and constraint. Within 19 iterations, the topology optimization
found an optimum result by minimizing the compliance while
satisfying the 20% volume limit. The optimum topological layout is
shown in Fig. 11, which displays the quarter model restored to the
full model. The optimum layout rendered a truss form to prevent
the main pillars from bending.
Fig. 15. Manufactured tie-down stru
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Fig. 12 shows the von Mises stress contours generated by
applying the 10-g longitudinal load to the optimized transportation
test model of the tie-down structure. The location where the
maximum von Mises stress occurs was the same as the result
shown in Fig. 5, but in this case, the maximumvonMises stress was
261 MPa, about half the previous value. This result indicates that
the optimized design satisfies the regulation that the maximum
vonMises stress must be within the yield stress evenwith the most
severe load condition applied.

4.2. Redesigned and manufactured transportation test model of tie-
down structure

The optimized transportation test model of the tie-down
structure depicted in Fig. 11 is difficult and costly to produce
through conventional manufacturing techniques because it has a
complex geometric shape. This is the most significant limitation of
topology optimization [32,33]. Therefore, we attempted to redesign
the optimum topological layout using the designer’s intuition to
ensure the producibility of the tie-down structure while following
the topological layout obtained from Fig. 11. In this research, the
most commonly used and easily available H-beam is only used to
makemodification as shown in Fig.13. As shown in Fig.13, H-beams
were deployed to include survived branches as a result of the to-
pology optimization from Fig. 11.

Based on the redesigned transportation test model of the tie-
down structure, the von Mises stress contours for the 10-g load
condition in longitudinal direction are shown in Fig. 14. The rede-
signed transportation test model experienced a higher von Mises
stress (302 MPa) than the optimized design (261 MPa). However,
the redesigned transportation testmodel still meets the regulations
because the maximum stress did not exceed the yield stress.

Thus, Fig. 13 represents the final conceptual design of the
transportation test model of the tie-down structure to safely
transport the KORAD-21metal cask while satisfying the regulations
to ensure structural rigidity. The manufactured tie-down structure,
which is shown in Fig. 15, will be used to safely transport the
KORAD-21 metal cask in normal road and sea transportation tests
in Korea.

5. Conclusions

This paper presented a method for deriving an optimum con-
ceptual design of the tie-down structure for safely transporting
spent nuclear fuel in the KORAD-21 metal cask. Because the spent
fuel must be handled safely due to its hazards, the structures used
to safely transport the fuel should have sufficient structural stiff-
ness. To fulfil this purpose, this study proposed a way to find an
optimum conceptual design of the tie-down structure using
cture for KORAD-21 metal cask.
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topology optimization. The commercial software ANSYS was used
to conduct the topology optimization. By applying the proposed
optimization approach to the tie-down structure of the trans-
portation test model for the KORAD-21, an optimum conceptual
design was found. However, the design was too complex to be
manufactured. Therefore, a simpler yet similar version of the final
design of the tie-down structure was derived using only H-beams,
and this design was manufactured. This manufactured tie-down
structure will be used to safely transport the KORAD-21 metal
cask in Korea. Due to its simplicity and effectiveness, the optimi-
zation approach proposed in this paper will be universally applied
to the design of tie-down structures to be developed in the future.
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