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Abstract: In the �eld of logistics, containers are indispens-

able for shipments of large quantities of goods, particu-

larly for exports and imports distributedby land, sea, or air.

Therefore, a container must be able to withstand external

loads so that goods can safely reach their destination. In

this study, seven di�erent models of container skins were

developed: general honeycomb, cross honeycomb, square

honeycomb, corrugated wall, �at, �at with a single sti�-

ener, and �at with a cross sti�ener. Testing was performed

using the �nite element method. In the static simulation,

the best results were obtained by the model with corru-

gated walls. As the main element and the content of the

sandwich panel structure, the core plays a role in increas-

ing the ability of the structure to absorb force, thereby in-

creasing the strength of the material. In the thermal simu-

lation, the best results were obtained by the general hon-

eycomb walls. Vibration simulations also showed that the

square honeycomb design was better at absorbing vibra-

tion than the other models. Finally, the corrugated model

had the best critical load value in the buckling simulation.

Keywords: Shipping container, �nite element method,

buckling analysis, thermal characteristic, vibration behav-

ior
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1 Introduction

In the �eld of logistics, containers are indispensable for

shipments of large quantities of goods, particularly for ex-

ports and imports distributed over long distances by land,

sea, or air. Containers were �rst used in World War II to fa-

cilitate the rapid transportation of equipment without risk

to meet the needs of the war. The rapid development of

technology has in�uenced the development of containers

that are widely used by various countries to deliver ship-

ments. A typical container on the market is illustrated in

Figure 1.

Figure 1: A 20-foot shipping container

Containers that are designed as thin-walled struc-

tures [1–8] are a necessity for countries around the world

that export and import products [9, 10]. Export and im-

port programs can support a country’s economy. There-

fore, the choice of containers is crucial. World Bank data

show that around 796 million containers were shipped be-
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tween 2018 and 2019, indicating their critical role in de-

livering shipments between countries, including those on

di�erent continents. Intercontinental distribution is sup-

ported by several large shipping logistics companies that

focus on container problems. One of these shipping lo-

gistics companies has 3 million container units. Storing

containers in large quantities undoubtedly requires am-

ple space, so most shipping containers are stacked when

stored, which reduces the amount of space required and

thus increases the number of containers that can be ac-

commodated. Cranes assist in stacking containers tomake

the transfer process easier. According to international stan-

dards, the weight of empty containers is approximately 2

tons, and the maximumweight of their contents is 22 tons.

Figure 2(a) illustrates container usage for shipments from

2007 to 2017, and Figure 2(b) shows the top 10 largest con-

tainer ports worldwide.

(a)

(b)

Figure 2: (a) Shipping container usage from UNCTAD [11]; (b) Top 10

largest container ports worldwide from Marine [12]

Commonly used container types are not typically re-

sized unless they are needed for speci�c functions. Con-

tainers are frequently designed to have corrugated walls

with contours on the inside (interior). Contours reduce the

container’s volume so that its internal space cannot be

�lled to its maximum capacity, but objects inside that hit

the contour may be deformed if the impact is too hard. To

save space, containers are stacked when in storage and

during shipping. However, the container can become de-

formed if it is stacked for an extended time, especially

containers toward the bottom of the stack because they

bear the load of other containers. Therefore, a wall design

change is necessary to resolve these issues. Conventional

metal plates have been commonly used to strengthen the

main structure in order to accommodate heavier loads.

Metal plates are also designed to withstand vibrations dur-

ing the manufacturing process and for their speci�c appli-

cations.Metal plates arewidely used in automobile bodies,

aircraft fuselages, and ship hulls due to their thin struc-

ture and light weight [13]. However, metal plates that can-

not withstand high-frequency vibrations can become de-

formed. The shape of the plate also in�uences the metal’s

ability to withstand vibrations. Frequency values can be

determined through numerical simulations in SolidWorks

applications. According to Merneedi [14], the base fre-

quency of free vibration is in�uenced by the number of

holes and their position, which means that the frequency

generated in the simulation di�ers between mode shapes.

Themodes in the simulation de�ne the various natural fre-

quencies that may occur, so the plate can be optimized for

increased strength. Vibrations on the ship can be caused

by the impact of waves hitting the ship’s body [15]. Vibra-

tions that are absorbed by one part of the ship body can be

transmitted to the rest of the ship, although they are not as

large as the initial vibration. Thus, containers on the ship

will certainly receive vibrations, which must be absorbed

mostly or entirely by the frame or body of the container.

Based on the above-described pioneer studies, im-

proving the container design is a promising research op-

portunity. Therefore, the objective of this work was to ex-

plore the geometrical modi�cation of the container panel

by performing a series parametric studies using the �nite

element method. The structural performance of the panel

was tested against several loads that are predicted to be

encountered during shipping operations. The results are

quanti�ed with a focus on thermal, characteristic, vibra-

tion, and buckling behaviors.

2 Materials and methods

2.1 Design and simulation method

A standard engineering approach to structural design is to

use amaximum internal stress or yield strength that is sev-

eral times the safety factor of the material to prevent struc-
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tural failure [13]. Thismethodmust also be su�ciently gen-

eralized to be useful in the design process. This study used

the Finite Element Method (FEM) to determine the ship-

ment container’s response to static loads and to estimate

the stress, strain, displacement, and safety factor. The con-

tainer’s frame and the wall must be strong enough to with-

stand shocks, heat, vibrations, and other pressures. Stress

analysis using the Finite Element Method (FEM) can deter-

mine the critical point of the highest stress, as this critical

value is one of the factors that can cause fatigue failure [13].

This study also realized the bene�ts of using CAD/CAE

technology, which is frequently used for the rapid anal-

ysis of system con�guration and recon�guration of me-

chanical layout, electrical, and fuel systems [16]. The Solid-

Works software application was used in this study. Testing

can determine the actual structural mechanism, but it is

very time-consumingand relatively expensive.With thede-

velopment of high-performance computers and numerical

methods, analysis using FEM (�nite element method) can

e�ectively and e�ciently evaluate the parameters that in-

�uence the dynamic response of structures [17].

In a structural system that bears external forces, in-

ternal forces will arise on the structure’s constituent el-

ements. The internal force serves to withstand the load,

which is a process that follows the law of equilibrium. If

the internal force increases, then the resistance in the ma-

terial increases until it reaches a maximum value. If addi-

tional load is applied beyond the maximum value, then

the structural element will fail. The maximum limit of

structural elements’ ability to resist external loads is its

strength. The structure’s strength is greatly in�uenced by

the material used, the type of loading, the structural sys-

tem, temperature, the period of loading, etc.

Stress is the intensity of the internal force acting on

the structural element as it resists deformation due to

an external load. In general, the intensity of this force is

oblique to the plane of the structure. In engineering prac-

tice, the force intensity is perpendicular and parallel to the

structure being analyzed. The deformation that occurs in

rod elements that receive external loads depends on the

section’s initial size, so it is more accurate to express it

in the form of strain, which is the change in dimension

per unit of measure relative to the initial dimensions [15].

Von Mises stress is a nonlinear function of the stress com-

ponent. The random vibration method is commonly ap-

plied to calculate acceleration, displacement, or compo-

nent stress, but it cannot be applied directly to the calcula-

tion of von Mises stress. Determining the von Mises stress

from frequency requires calculating the linear stress com-

ponent’s length [18]. The safety factor (or factor of safety)

is the ratio between the material’s strength and the maxi-

mum stress of the part. If the safety factor value is greater

than 1, then there is a possibility that failure will not occur.

Thus, in performing the simulation, the minimum safety

factor value is 1. If the safety factor value is below 1, fail-

ure will occur. If the safety factor value is close to 1 but

the stress is greater than the strength, the structure can-

not be designated safe. However, if the safety factor value

is close to 1 but the strength is greater than the stress, then

the structure can be regarded as safe.

Deformation is a change in the shape and size of an

object. There are two types of deformation, namely, plas-

tic and elastic. Plastic deformation causes an irreversible

change in shape; that is, the object cannot return to its

original shape. Elastic deformation is a reversible change

that allows the object to return to its original shape. These

changes can be caused by various factors, including force,

temperature, andvibration.Whendeformationoccurs, the

object will also have various stresses and strains at each

point. The extent of stress and strain can be determined

by analyzing the deformation value.

Equation of Stress:

σ =
F

A
(1)

Equation of Strain:

ϵ =
∆l

l0
(2)

Equation of Displacement:

D = Xf − Xi (3)

Equation of Safety Factor:

safety factor =
strength

max stress
(4)

Equation of Reaction Force:

F = −F (5)

2.2 The e�ect of the sandwich construction

model

Sandwich construction involves the attachment of two

skins/surfaces to a core [19] and is often used in prod-

ucts that require certain criteria. For example, a racing car

must have a low weight and fast acceleration, but it must

also have high strength in case of a collision [20]. Sand-

wich construction is also used for airplanes, boats, shel-

ters, skis, and other structures. A structure with this de-

sign consists of two thin plates on the outside, also called
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Figure 3: Illustration of the sandwich plate

a facing/skin, attached to a thick core material in the cen-

ter. The surface is thin, sti�, and strong, and the core ma-

terial is thicker and lighter, so the sandwich construction

has low weight and high sti�ness. Figure 3 shows the gen-

eral structure of sandwich panels.

The purpose of attaching the skin to the core is to

enable load transfer between components. The sandwich

construction is similar to an “I” beam, where the sand-

wich’s sides can be compared to the �anges in the “I”

beam, and the core is analogous to a net. These sides carry

the bending moment, and the other two sides are stressed.

The core bears out-of-plane shear loads and separates the

two surface skins. As a result, the sandwich panels have a

high moment of inertia and thus high rigidity [21]. The ad-

vantage of the sandwich panel is that the entire skin area

is connected to the core. Figure 4 depicts loading on sand-

wich panels.

Figure 4: Plate sandwich test

2.3 E�ects of using the core model

The application of a honeycomb structure helps reduce

material waste, leading to reduced component weight. It

also increases the speci�c strength with minimum ma-

terial usage, which increases the capacity of the struc-

ture [22]. The honeycomb structure geometry may vary.

The cells can be either column-shaped or hexagonal. In

mechanical structures, the sti�ness, strength, and weight

e�ciency are essential factors. In this research, honey-

comb, cross honeycomb, and square honeycomb models

were investigated.

Yang et al. [23] used the �nite element method in

ANSYS/LS-DYNA to perform a buckling analysis on hon-

eycomb sandwich panels of a composite shell under dy-

namic axial compression. Conventional methods include

the honeycomb plate theory, sandwich laminboard theory,

and equivalent theory. A simpli�ed �nite element model

of the unit cell’s hexagonal structure for sandwich pan-

els was developed using the 3D �nite element method,

and the results were compared with experimental values.

The yield stress calculated with �nite element analysis

using ANSYS/LS-DYNA had an error of 6.7% compared

with the results of experiments. Structural nonlinearity

was not considered because of an error. Adapa et al. [24]

tested variations in the deformation of the honeycomb

sandwich structure by performing a logical analysis, nu-

mericalmodel simulation, and experimental investigation

using the three-point bending test. The structure consisted

of a honeycomb core made of copper and stainless steel

faceplates. The results of the experiment were compared

with the results of the analysis; speci�cally, de�ections for

various loads and various heights of the core honeycomb

structure were compared. The honeycomb core and plate

skin were 2 mm thick andwere connected using spot weld-

ing. It was observed that as the core height increased, the

de�ection in the structure decreased. Thus, increased de-

�ection occurred at lower honeycomb core heights.

Rao et al. [25] conducted research on the design and

analysis of aircraft lift surfaces with a honeycomb core.

The maximum bending stress was applied to the upper

and lower surfaces, while the center of the surface had low

bending stress. Di�erent materials were used for the hon-

eycomb sandwich panels. A three-point bending test was

conducted to understand the bending behavior of a hon-

eycomb sandwich panel. The theoretical critical load and

de�ection of the honeycomb sandwich panel were calcu-

lated, and the three-point bending test revealed that the

titanium alloy had the greatest strength-to-weight ratio. A

crushing test was also carried out by varying the cell thick-

ness and honeycomb core height. The results of the crush-

ing test showed that the thickness of the honeycomb core

cell wall was a critical variable that a�ected the crush-

ing strength of the sandwich panel under lateral crush-

ing loads, and the honeycomb core height did not in�u-

ence the crushing behavior. Jangavali et al. [26] performed

a three-point bending and impact test on a honeycomb

panel. Aluminum material was used as the core with an

FRP face sheet in the honeycomb panel. ANSYS was also

used for the �nite element analysis of honeycomb pan-

els. The theoretical critical load was determined and com-
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paredwith the experimental and FEA results. Deformation

was determined from the impact test and compared with

the results of the FEA. The critical load was found to vary

by 5-6%between the experimental andFEA results. Thede-

formations determined experimentallywere slightly larger

than those calculated in the FEA.

Wang et al. [27] conducted a quasi-static theoretical

model test. In their research, they were able to e�ectively

predict the average force of a hexagonal tube at axial pres-

sure. The analytical solutions closely matched the numer-

ical results, and they revealed the mechanism by which

each criterion signi�cantly increased in the simulation us-

ing the mechanical theory. This shows that a reinforce-

ment design can reuse internal space to some extent and

can substantially increase the tubes’ energy absorption

capability. Thin-walled models are widely used in auto-

mobile bodies, aircraft fuselages, and ship hulls because

they are thin and lightweight [28]. One of the models com-

monly used in containers is corrugated. The corrugated

model is used because it has a thin shape but can ab-

sorb a greater force than ordinary plates [28, 29]. How-

ever, corrugated walls introduce di�culties in the fabrica-

tion or manufacturing process of such structures [29]. In

his research, Abramowicz [30] stated that the corrugated

form could receive amore signi�cant impact than ordinary

plates. The increase in energy absorption is proportional to

the additional weight of the model. Corrugated walls will

be slightly heavier than a plate, but the absorbance capac-

ity will also increase. Figure 5 shows the detailed geomet-

ric description of the honeycomb.

Figure 5: Geometrical models of the modi�ed container panel: (a)

general honeycomb, (b) cross honeycomb, and (c) square honey-

comb

Ha and Lu [29] examined the characteristics of the cor-

rugated design and measured its deformation during en-

ergy absorption. The corrugated wall is generally used in

the bodies of containers because it is light but can absorb

external forces from the container. Metal plates are widely

used to increase structural strength due to their superior

strength, high initial sti�ness, and excellent ductility [31].

Clayton et al. [32] examined the characteristics and perfor-

mance of corrugated panels and found signi�cant ductility

and energy dissipation. Figure shows the detailed geomet-

ric description of the corrugated wall.

Figure 6: Geometrical model of the corrugated wall

The strength of the corrugated plate was compared

with that of the �at plate by Emami et al. [33] and Qiu et

al. [34]. Their research shows that the ultimate strength

value of the corrugated plate is lower than that of the �at

plate. However, the sti�ness, elasticity, and energy absorp-

tion values of the corrugated plate are signi�cantly better

than those of the �at plate. For this reason, many design-

ers choose to use corrugated plates instead of �at plates.

Although the corrugated plate is slightly heavier than the

�at plate, due to its characteristics, the corrugated plate

is the stronger of the two. Figure 8 shows the detailed ge-

ometric description of the �at wall with a single sti�ener,

while Figure 9 shows the detailed geometric description of

the �at wall with a cross sti�ener.

Figure 7: Geometrical model of the flat wall

2.4 Material properties

Most containers are made of aluminium because it is

lighter than steel, and in a refrigerated container, a thick

insulating layermust be used tomaintain the internal tem-

perature [22, 23]. Aluminium is amaterial that is character-
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Figure 8: Geometrical model of the flat wall with a single sti�ener

Figure 9: Geometrical model of the flat wall with a cross sti�ener

ized by a light weight, low density, high speci�c strength,

and high sti�ness. It is widely applied in automobile, avi-

ation, aerospace, and other industries that require a light

structure [35, 36]. Aluminium can also minimize air leak-

age and has the advantage of thermal e�ciency. All of

the walls of these containers are made according to ISO

standards. In this study, the designed and analyzed struc-

turesweremade fromaluminium6061-O. Thematerialwas

applied to the product and simulated according to its ex-

pected use, and the models were compared. The material

properties of aluminium 6061-O are listed in Table 1.

Table 1:Material properties of aluminium 6061-O

Mechanical properties Value and unit

Density 2.70E+03 kg/m3

Poisson’s ratio 3.30E−01

Shear modulus 2.6E+10 N/m2

Tensile strength 1.25E+08 N/m2

Yield strength 6.21E+07 N/m2

Thermal expansion coe�cient 2.4E−05 /K

Thermal conductivity 1.80E+02 W/(m·K)

Speci�c heat 8.96E+02 J/(kg·K)

2.5 Thermal analysis

Thermal analysis involves di�erent techniques to analyze

the time and temperature at which physical changes occur

when a substance is heated or cooled [37]. Each technique

is de�ned according to the type of physical change be-

ing analyzed.Whenevaluating amaterial’s characteristics,

it is necessary to use di�erent techniques or a combina-

tion of several techniques depending on the purpose. The

study of temperature gradients is essential for industries

that require the refrigeration of rooms and containers. In

this study, seven di�erent models were simulated: general

honeycomb, cross honeycomb, square honeycomb, corru-

gated wall, �at wall, �at with a single sti�ener, and �at

with a cross sti�ener. The material is aluminium 6061-O,

and the convection coe�cient of each object is in Table 2.

Table 2: List of the convection coe�cients of all studied models

Model Convection coe�cient

(W/(m2
·K))

General honeycomb 15.17

Cross honeycomb 15.17

Square honeycomb 15.17

Corrugated wall 27.23

Flat wall 24.865

Flat with single sti�ener 24.865

Flat with cross sti�ener 24.865

This simulation assumed that the temperature is 40∘C

on the outside surface and 30∘C on the inside surface. In

this study, we assumed that heat transfer in the container

shells occurs by convection because the heat from the out-

side will pass through the air to the container’s surface.

The convection coe�cient depends on the thickness of the

model. The bulk ambient temperature was assumed to be

308 Kelvin or 35∘C. Equations 6–9 de�ne the convection

heat transfer formula used in the analysis.

qh = hA(Ts − Tf ) (6)

Reynolds Number Equation:

Re =
V .L

v
(7)

Nusselt Number Equation:

Nu =
h.L

k
= 0.04Re0.85Pr1/3 (8)

Convection Coe�cient Equation:

h =
Nu.k

L
(9)

2.6 Vibration analysis

The simulations in this work included static and vibration

analyses (modal analysis is often involved for shell-based



E�ect of geometrical variations on the shipping container panels | 277

structures [38–45]). The static simulation was carried out

to determine the e�ect of stacking containers. The load

applied to the container was 20,000 N, and the simula-

tions were performed assuming the weight of an empty

container. The simulation was performed to evaluate the

stress, displacement, strain, and safety factor values. Vi-

bration needs to be simulated because the ship will un-

doubtedly experience vibrations when it is hit by waves in

the ocean. A container that receives vibrations may be de-

formed, which can cause the container stack to slip and

even fall [46]. Therefore, the aim of this simulation was to

quantify the behavior of a container subjected to a de�ned

vibration pro�le. SolidWorks was used to evaluate a con-

tainer structure that is strong and able to withstand the

given load. Equations for force and plate motion without

a load are as follows:

D∇2
∇
2w (x, y, t) = p (x, y, t) − ρh

∂2w

∂t2
(x, y, t) (10)

where p andw are functions of time, ρ is the density of the

material, and h is the thickness of the plate. The vibration

p(x, y, t) causes a dynamic response:

ω0 = ω

√

ρha4

D
(11)

Equation (11) is the natural frequency of a square plate.

D = Eh3

12(1−ϑ2)
, h = thickness of the plate, ρ = density, ϑ

= Poisson’s ratio, and E = Young’s modulus. Seven varia-

tions were simulated: corrugated, honeycomb, cross hon-

eycomb, square honeycomb, one sti�ener, cross sti�ener,

and �at.We aimed to determinewhich of these sevenmod-

els had thebest strength-to-weight ratio, as containers that

are too heavy will reduce e�ciency when they are loaded

onto the ship.

2.7 Buckling analysis

Buckling occurs when a structure is unable to maintain its

original shape. The consequence of buckling is a funda-

mental geometric problem, where there is a large de�ec-

tion that changes the shape of the structure [47]. Buckling

is an instability phenomenon that usually occurs in thin

rods, plates, and shells (in this case, the container wall).

Buckling simulations are performed to calculate the

critical buckling load that causes unstable conditions and

the bucklingmode shape, which de�nes the shape charac-

teristics related to the response of structures that experi-

ence buckling [48]. The buckling load or critical buckling

load is the load at which the current equilibrium state of

an element or structure suddenly changes to become un-

stable or to another stable con�guration with or without a

signi�cant response (deformation or de�ection). Thus, the

bending load is the most signi�cant load whose equilib-

rium stability exists on a structural element or structure in

its original (or previous) equilibrium con�guration. Buck-

ling needs to be simulated because the containers bear

loadswhen stacked.When receiving pile loads, containers

may be deformed so that the stack of containers buckles.

Therefore, this simulation aimed to identify the container

skin with the highest safety factor.

Equation of Safety Factor:

safety factor =
strength

max stress
(12)

The critical buckling load can be calculated using Eu-

ler’s formula:

Pcr =
π2.El

L2
(13)

Regardless of the �nal condition, the critical load does

not depend on the material’s strength but rather depends

on the bending sti�ness. The bending resistance can be in-

creased by increasing the moment of inertia. This simula-

(a)

 

(b)

Figure 10: Results for the general honeycomb: (a) Von Mises stress and (b) resultant displacement
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Figure 11: Displacement of the general honeycomb: (a) x-axis, (b) y-axis, (c) z-axis
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Figure 12: Results for the general honeycomb: (a) Strain and (b) safety factor

tion evaluated seven di�erent models: honeycomb, cross

honeycomb, square honeycomb, corrugated, �at, �at with

a single sti�ener, and �at with a cross sti�ener. The mate-

rial used is aluminium6061-O. This simulationwas carried

out using a critical load input to obtain a minimum safety

factor value of 1, the threshold for failure.

3 Calculation results

3.1 Static analysis based on thermal loading

3.1.1 General honeycomb

Figure 10 shows the static simulation results using alu-

minium 6061-O as the material. In the static simulation,

the lowest value of von Mises stress is 3.32E+02 N/mm2,
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and the highest value is 4.75E+04 N/mm2 (Figure 10a). Fig-

ure 10b shows that the highest value obtained for the re-

sultant displacement is 2.83E+03 mm. Figure 11 shows the

static simulation results for aluminium 6061-O on the x-,

y-, and z-axes. In the static simulation, the displacement

of each axis is 2.36E−02 mm, 4.67E−02 mm, and 1.79E+00

mm.

The results in Figure 12a show that the lowest value

of strain is 2.72E−03, and the highest value is 2.80E−01.

Furthermore, Figure 12b indicates that the lowest value

of the safety factor is 2.38E+03, and the highest value is

3.09E+05.

3.1.2 Cross honeycomb

The static simulation of the cross honeycomb indicates

that the lowest value of von Mises stress is 1.65E+02

N/mm2, and the highest value is 7.97E+04 N/mm2 (Fig-

ure 13a). Figure 13b shows that the highest value of the re-

sultant displacement is 2.78E+03 mm.

Figure 14 shows the static simulation results for alu-

minium 6061-O on the x-, y-, and z-axes. The displacement
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Figure 13: Results for the cross honeycomb: (a) Von Mises stress

and (b) resultant displacement

of each axis is 3.96E−02 mm, 6.24E−02 mm, and 2.78E+00

mm. Figure 15a indicates that the lowest value of strain is

2.79E−03, and the highest value is 6.02E−01. Figure 15b re-

veals that the lowest value of the safety factor is 7.79E+02,

and the highest value is 3.77E+05.

3.1.3 Square honeycomb

Figure 16a shows that the lowest value of von Mises stress

is 1.31E+02 N/mm2, and the highest value is 8.34E+04

    

                                        

       

 

 

(a)

 
(b)

 

(c)

Figure 14: Displacement of the cross honeycomb in the static simu-

lation: (a) x-axis, (b) y-axis, and (c) z-axis
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(a)

   

(b)

Figure 15: Results for the cross honeycomb: (a) strain and (b) safety

factor

N/mm2. The highest value of the resultant displacement

is 1.39E+03 mm, as shown in Figure 16b.

Figure 17 shows the static displacement results for alu-

minium 6061-O on the x-, y-, and z-axes. The displacement

of each axis is 2.00E−02 mm, 3.05E−02 mm, and 1.39E+00

mm. Figure 18a displays the lowest value of strain, which

is 1.17E−03, while the highest value is 4.06E−01. The low-

est value of the safety factor is 7.44E+02, and the highest

value is 4.75E+05 (see Figure 18b).

3.1.4 Summary of overall static analyses: thermal

loading

In addition to the di�erence in results between general,

cross, and square honeycombs, static analysis based on

thermal loadings also varied depending on the appliedma-

terials. The overall results for the von Mises stress and re-

action force for all the applied materials and designed ge-

ometries are presented in Table 3, while the displacement

results are shown in Table 4. The summarized strain re-

sults are in Table 5, and the safety factor results are pro-

vided in Table 6. Tables 3–6 show the statistical results,

   

                                            

       

 

  

(a)

   

(b)

Figure 16: Results for the square honeycomb: (a) Von Mises stress

and (b) resultant displacement

which show that the von Mises stress is the criterion least

a�ected by the thermal load, with a coe�cient of variance

of 7.34E−01%. The maximum reaction force value is the

criterion most in�uenced by the thermal load, with a vari-

ance coe�cient of 4.47E+00%. The maximum stress is the

criterion most in�uenced by the thermal load, with a stan-

dard deviation of 2.79E+10. The minimum strain is the cri-

terion least a�ected by the thermal load, with a standard

deviation of 8.42E−03.

3.1.5 Summary of overall static analyses: buckling

condition

A static analysis was also conducted using the con�gura-

tion applied in the buckling assessment. The statistical

results in Tables 7–9 reveal that the maximum strain is

the criterion least a�ected by the buckling factor of safety,

with a coe�cient of variance of 1.00E+00%. Additionally,

the maximum stress is the criterion most in�uenced by

the safety factor, with a variance coe�cient of 1.31E+16%.

The maximum stress is the criterion most in�uenced by
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(a)
 

(b)

 

(c)

  

Figure 17: Displacement of the square honeycomb in the static simulation: (a) x-axis, (b) y-axis, (c) z-axis

              
              

     

(a)

      

(b)

Figure 18: Results for the square honeycomb: (a) Strain and (b) safety factor

the safety factor, with a standard deviation of 1.14E+08. Fi-

nally, the minimum strain is the criterion least a�ected by

the safety factor, with a standard deviation of 6.82E−04.

3.2 Thermal analysis

3.2.1 General honeycomb

Figure 19 shows the thermal simulation results for the

outer surface, inner surface, and edge of the panel, with

aluminium 6061-O as the material. In the thermal simula-
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Table 3: Summary of the von Mises stress and reaction force results

Model Material Reaction Force (N) Von Mises stress (N/mm2)

min max

General honeycomb

A304 1.31E+11 6.70E+02 8.70E+04

6061-O 7.85E+05 3.32E+02 4.75E+04

7075 T6 8.05E+05 3.41E+02 4.88E+04

Honeycomb cross

A304 1.89E+05 3.47E+02 1.36E+05

6061-O 1.12E+05 1.65E+02 7.97E+04

7075 T6 1.15E+05 1.69E+02 8.18E+04

Square honeycomb

A304 9.56E+04 1.82E+02 1.50E+05

6061-O 5.65E+04 1.31E+02 8.34E+04

7075 T6 5.80E+04 1.34E+02 8.56E+04

A304 1.84E+05 1.03E+03 7.32E+04

Corrugated
6061-O 1.10E+05 5.17E+02 3.99E+04

7075 T6 1.13E+05 5.30E+02 4.10E+04

Flat

A304 4.28E+04 1.15E−04 8.53E+04

6061-O 2.53E+04 6.44E−05 4.55E+04

7075 T6 2.59E+04 8.49E−03 4.67E+04

Flat with single sti�ener

A304 1.93E+05 1.39E+03 3.85E+05

6061-O 1.14E+05 9.94E+02 2.23E+05

7075 T6 1.17E+05 1.02E+03 2.29E+05

Flat with cross sti�ener

A304 2.65E+05 1.29E+03 1.90E+05

6061-O 1.15E+05 1.17E−02 8.64E+04

7075 T6 1.62E+05 5.17E+02 1.11E+05

Mean 6.25E+09 4.65E+02 1.12E+05

Median 1.15E+05 3.41E+02 8.53E+04

Sample variance 7.81E+20 1.85E+05 6.79E+09

Standard deviation 2.79E+10 4.30E+02 8.24E+04

Variance coe�. (%) 4.47E+00 9.26E−01 7.34E−01

Standard error 6.10E+09 9.38E+01 1.80E+04

Table 4: Summary of the displacement results

Model Material
Displacement (mm)

Resultant X Y Z

General honeycomb

A304 1.79E+03 2.36E−02 4.67E−02 1.79E+00

6061-O 2.83E+03 3.71E−02 7.74E−02 2.83E+00

7075 T6 2.78E+03 3.65E−02 7.26E−02 2.78E+00

Honeycomb cross

A304 1.77E+03 2.54E−02 4.02E−02 1.77E+00

6061-O 2.78E+03 3.96E−02 6.24E−02 2.78E+00

7075 T6 2.74E+03 3.90E−02 6.14E−02 2.74E+00

Square honeycomb

A304 8.90E+02 1.28E−02 1.98E−02 8.90E−01

6061-O 1.39E+03 2.00E−02 3.05E−02 1.39E+00

7075 T6 1.36E+03 1.97E−02 3.00E−02 1.36E+00

Corrugated

A304 1.78E+03 9.33E−02 9.59E−03 5.39E−02

6061-O 2.91E+03 1.50E−01 1.29E−02 8.77E−02

7075 T6 2.86E+03 1.47E−01 1.27E−02 8.62E−02

Flat

A304 5.83E+03 3.61E−02 4.78E−02 2.74E−03

6061-O 8.94E+03 5.60E−02 7.34E−02 4.13E−03

7075 T6 8.79E+03 5.50E−02 7.21E−02 4.06E−03

Flat with single sti�ener

A304 1.73E+04 1.05E+00 1.47E−01 1.68E−03

6061-O 2.74E+04 1.66E+00 2.33E−01 2.42E−03

7075 T6 2.69E+04 1.64E+00 2.30E−01 2.38E−03

Flat with cross sti�ener

A304 4.31E+03 2.78E−01 2.49E−01 1.82E−03

6061-O 4.95E+03 3.12E−01 2.85E−01 6.25E−03

7075 T6 6.83E+03 4.47E−01 4.00E−01 2.61E−03

Mean 6.53E+03 2.94E−01 1.05E−01 8.85E−01

Median 2.86E+03 5.50E−02 6.24E−02 8.62E−02

Sample variance 5.81E+07 2.46E−01 1.13E−02 1.21E+00

Standard deviation 7.62E+03 4.96E−01 1.06E−01 1.10E+00

Variance coe�. (%) 1.17E+00 1.69E+00 1.01E+00 1.24E+00

Standard error 1.66E+03 1.08E−01 2.32E−02 2.40E−01
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Table 5: Summary of the strain results

Model Material
Strain (-)

min max

General honeycomb

A304 2.72E−03 2.80E−01

6061-O 3.63E−03 4.39E−01

7075 T6 3.57E−03 4.31E−01

Honeycomb cross

A304 1.49E−03 3.58E−01

6061-O 2.79E−03 6.02E−01

7075 T6 2.74E−03 5.92E−01

Square honeycomb

A304 1.19E−03 2.58E−01

6061-O 1.17E−03 4.06E−01

7075 T6 1.15E−03 3.99E−01

Corrugated

A304 2.84E−03 2.38E−01

6061-O 7.17E−03 3.75E−01

7075 T6 7.05E−03 3.69E−01

Flat

A304 1.10E−02 2.78E−01

6061-O 1.68E−02 4.26E−01

7075 T6 1.65E−02 4.19E−01

Flat with single sti�ener

A304 1.44E−02 1.58E+00

6061-O 2.10E−02 2.63E+00

7075 T6 2.06E−02 2.59E+00

Flat with cross sti�ener

A304 2.08E−02 7.22E−01

6061-O 2.43E−02 8.81E−01

7075 T6 2.46E−02 1.15E+00

Mean 9.88E−03 7.34E−01

Median 7.05E−03 4.26E−01

Sample variance 7.10E−05 4.70E−01

Standard deviation 8.42E−03 6.86E−01

Variance coe�. (%) 8.53E−01 9.34E−01

Standard error 1.84E−03 1.50E−01

Table 6: Summary of the safety factor results

Model Material Safety Factor

(-)

General Honeycomb

A304 2.38E+03

6061-O 1.31E+03

7075 T6 1.04E+04

Honeycomb Cross

A304 1.52E+03

6061-O 7.79E+02

7075 T6 6.18E+03

Square honeycomb

A304 1.38E+03

6061-O 7.44E+02

7075 T6 5.90E+03

Corrugated

A304 2.83E+03

6061-O 1.55E+03

7075 T6 1.23E+04

Flat

A304 2.42E+00

6061-O 1.36E+00

7075 T6 1.08E+01

Flat with single sti�ener

A304 5.38E+02

6061-O 2.78E+02

7075 T6 2.20E+03

Flat with cross sti�ener

A304 1.09E+03

6061-O 7.18E+02

7075 T6 4.56E+03

Mean 2.70E+03

Median 1.38E+03

Sample variance 1.10E+07

Standard deviation 3.31E+03

Variance coe�. (%) 1.23E+00

Standard error 7.22E+02
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Table 7: Summary of the critical load and von Mises stress results

Model Material Critical Load (N)
Stress (N/mm2)

Min Max

General honeycomb

A304 1.18E+07 3.95E+00 2.06E+02

6061O 3.37E+06 8.46E−01 6.21E+01

7075 T6 2.70E+07 6.79E+00 4.98E+02

Cross honeycomb

A304 8.50E+06 1.64E+00 2.06E+02

6061O 2.70E+06 5.88E−01 6.22E+01

7075 T6 2.20E+07 4.74E+00 5.07E+02

Square honeycomb

A304 1.20E+07 1.56E+06 2.08E+08

6061O 3.40E+06 4.40E+05 6.22E+07

7075 T6 2.77E+07 3.56E+06 5.07E+08

Corrugated

A304 1.16E+07 8.01E+01 2.07E+02

6061O 3.37E+06 1.91E+01 6.20E+01

7075 T6 2.70E+07 1.53E+02 4.97E+02

Flat

A304 5.87E+06 4.66E+01 2.07E+02

6061O 1.60E+06 1.09E+01 6.03E+01

7075 T6 1.30E+07 8.85E+01 4.90E+02

Flat with single sti�ener

A304 6.90E+06 1.94E−01 2.07E+02

6061O 1.96E+06 6.63E−02 6.19E+01

7075 T6 1.60E+07 5.41E−01 5.05E+02

Flat with cross sti�ener

A304 7.13E+06 1.07E−01 2.06E+02

6061O 2.00E+06 3.31E−02 6.15E+01

7075 T6 3.10E+06 5.13E−02 9.53E+01

Mean 1.04E+07 2.65E+05 3.70E+07

Median 7.13E+06 4.74E+00 2.07E+02

Sample variance 1.93E+06 1.81E+05 2.56E+07

Standard deviation 8.61E+06 8.11E+05 1.14E+08

Variance coe�. (%) 7.41E+13 6.58E+11 1.31E+16

Standard error 8.29E−01 3.06E+00 3.09E+00

Table 8: Summary of the displacement results

Model
Material Displacement (mm)

Resultant X Y Z

General honeycomb

A304 1.38E+00 4.30E−01 1.32E+00 1.16E−02

6061O 1.10E+00 3.85E−01 1.04E+00 1.02E−02

7075 T6 8.47E+00 2.96E+00 7.97E+00 7.83E−02

Cross honeycomb

A304 9.91E−01 3.16E−01 9.42E−01 1.12E−02

6061O 8.83E−01 3.15E−01 8.25E−01 9.50E−03

7075 T6 6.89E+00 2.46E+00 6.44E+00 7.42E−02

Square honeycomb

A304 1.41E+00 4.39E−01 1.34E+00 1.70E−02

6061O 1.12E+00 3.91E−01 1.04E+00 1.46E−02

7075 T6 8.71E+00 3.06E+00 8.16E+00 1.15E−01

Corrugated

A304 2.14E+00 2.81E−01 1.95E−01 2.11E+00

6061O 1.71E+00 2.58E−01 1.72E−01 1.68E+00

7075 T6 1.32E+01 1.98E+00 1.32E+00 1.29E+01

Flat

A304 1.18E+00 3.79E−01 1.12E+00 2.48E−02

6061O 9.02E−01 3.25E−01 8.42E−01 2.12E−02

7075 T6 7.03E+00 2.53E+00 6.55E+00 1.65E−01

Flat with single sti�ener

A304 3.60E+00 4.61E−01 1.32E+00 3.40E+00

6061O 3.13E+00 4.12E−01 1.03E+00 2.99E+00

7075 T6 2.45E+01 3.22E+00 8.09E+00 2.34E+01

Flat with cross sti�ener

A304 5.69E+00 4.50E−01 1.30E+00 5.52E+00

6061O 5.17E+00 3.98E−01 1.01E+00 5.05E+00

7075 T6 7.67E+00 5.90E−01 1.49E+00 7.51E+00

Mean 5.09E+00 1.05E+00 2.55E+00 3.10E+00

Median 3.13E+00 4.30E−01 1.30E+00 1.15E−01

Sample variance 3.01E+01 1.15E+00 7.73E+00 3.11E+01

Standard deviation 5.48E+00 1.07E+00 2.78E+00 5.58E+00

Variance coe�. (%) 1.08E+00 1.02E+00 1.09E+00 1.80E+00

Standard error 1.23E+00 2.40E−01 6.22E−01 1.25E+00
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Table 9: Summary of the strain results

Model Material
Strain (-)

Min Max

General honeycomb

A304 1.35E−05 9.51E−04

6061O 1.49E−05 8.21E−04

7075 T6 1.14E−04 6.31E−03

Cross honeycomb

A304 1.58E−05 7.64E−04

6061O 1.32E−05 7.58E−04

7075 T6 1.04E−04 5.92E−03

Square honeycomb

A304 1.74E−05 9.38E−04

6061O 2.08E−05 7.99E−04

7075 T6 1.63E−04 6.25E−03

Corrugated

A304 5.21E−04 8.78E−04

6061O 3.95E−04 7.38E−04

7075 T6 3.04E−03 5.67E−03

Flat

A304 2.46E−04 8.46E−04

6061O 1.73E−04 7.09E−04

7075 T6 1.35E−03 5.52E−03

Flat with single sti�ener

A304 3.09E−07 9.32E−04

6061O 2.68E−07 8.00E−04

7075 T6 2.10E−06 6.26E−03

Flat with cross sti�ener

A304 1.05E−06 9.21E−04

6061O 1.09E−06 7.81E−04

7075 T6 1.63E−06 1.16E−03

Mean 2.95E−04 2.32E−03

Median 1.74E−05 9.21E−04

Sample variance 4.66E−07 5.42E−06

Standard deviation 6.82E−04 2.33E−03

Variance coe�. (%) 2.31E+00 1.00E+00

Standard error 1.53E−04 5.21E−04

 

 (a)

 

(b)

 

(c)

Figure 19: Result of the thermal simulation for the general honeycomb: (a) outer surface, (b) inner surface, and (c) edge
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tion, the lowest value is 3.13E+05 Kelvin, and the highest

value is 3.13E+05 Kelvin.

3.2.2 Cross honeycomb

Figure 20 shows the thermal simulation results for the

outer surface, inner surface, and edge of the panel, with

 

(a)

 

  (b)

 

(c)

 

 

 

  

 

Figure 20: Result of the thermal simulation for the cross honey-

comb: (a) outer surface, (b) inner surface, (c) edge

aluminium 6061-O as the material. In the thermal simula-

tion, the lowest value is 3.13E+05 Kelvin, and the highest

value is 3.13E+05 Kelvin.

3.2.3 Square honeycomb

Figure 21 shows the thermal simulation results for the

outer surface, inner surface, and edge of the panel, with

aluminium 6061-O as the material. In the thermal simula-

       

  

  

 

  

 

  

 

 

(a)

 

(b)

 

(c)

Figure 21: Result of the thermal simulation for the square honey-

comb: (a) outer surface, (b) inner surface, (c) edge
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tion, the lowest value is 3.13E+05 Kelvin, and the highest

value is 3.13E+05 Kelvin.

3.2.4 Corrugated wall

Figure 22 shows the thermal simulation results for the

outer surface, inner surface, and edge of the panel, with

aluminium 6061-O as the material. In the thermal simula-
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Figure 22: Result of the thermal simulation for the corrugated wall:

(a) outer surface, (b) inner surface, and (c) edge

tion, the lowest value is 3.13E+05 Kelvin, and the highest

value is 3.13E+05 Kelvin.

3.2.5 Flat wall

Figure 23 shows the thermal simulation results for the

outer surface, inner surface, and edge of the panel, with

aluminium 6061-O as the material. In the thermal simula-

tion, the lowest value is 3.13E+05 Kelvin, and the highest

value is 3.13E+05 Kelvin.

       

   

 

  

 

  

 

 

  

 

 

(a)

 

(b)

 

  (c)

Figure 23: Result of the thermal simulation on the flat wall: (a) outer

surface, (b) inner surface, (c) edge
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3.2.6 Flat wall with a single sti�ener

Figure 24 shows the thermal simulation results for the

outer surface, inner surface, and edge of the panel, with

aluminium 6061-O as the material. In the thermal simula-

tion, the lowest value is 3.12E+05 Kelvin, and the highest

value is 3.13E+05 Kelvin.

 

(a)

 

(b)

 

  (c)

 

 

 

  

    

 

 

Figure 24: Result of the thermal simulation for the flat wall with a

single sti�ener: (a) outer surface, (b) inner surface, and (c) edge

3.2.7 Flat wall with a cross sti�ener

Figure 25 shows the thermal simulation results for the

outer surface, inner surface, and edge of the panel, with

aluminium 6061-O as the material. In the thermal simula-

tion, the lowest value is 3.12E+05 Kelvin, and the highest

value is 3.13E+05 Kelvin.
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(b)

  

 

  (c)

Figure 25: Result of the thermal simulation for the flat wall with a

cross sti�ener: (a) outer surface, (b) inner surface, (c) edge
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3.3 Vibration analysis

3.3.1 General honeycomb

The simulation results in Figure 26 show the natural fre-

quency values of the aluminium 6061-O honeycomb in

mode shapes 1–5. Mode shapes 1–5 produce frequencies of

2.14E+01 Hz, 2.56E+01 Hz, 3.31E+01 Hz, 4.41E+01 Hz, and

5.72E+01 Hz, respectively.

3.3.2 Cross honeycomb

The simulation results in Figure 27 show the natural fre-

quency of the cross honeycomb made of aluminium 6061-

O inmode shapes 1–5. Mode shapes 1–5 produce frequency

values of 4.34E+01 Hz, 5.23E+01 Hz, 6.92E+01 Hz, 9.45E+01

Hz, and 1.22E+02 Hz, respectively.

3.3.3 Square honeycomb

The simulation results in Figure 28 show the natural fre-

quency of the square honeycombmade of aluminium6061-

O inmode shapes 1–5. Mode shapes 1–5 produce frequency

values of 6.86E+01 Hz, 1.14E+02 Hz, 2.18E+02 Hz, 2.35E+02

Hz, and 2.40E+02 Hz, respectively.

 

 
         Figure 26:Mode shapes 1–5 of the general honeycomb
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         Figure 27:Mode shapes 1–5 of the cross honeycomb

3.3.4 Corrugated wall

The simulation results in Figure 29 show the natural fre-

quency of the corrugated wall made of aluminium 6061-O

in mode shapes 1–5. Mode shapes 1–5 produce frequency

values of 6.15E+01 Hz, 5.42E+01 Hz, 5.56E+01 Hz, 5.80E+01

Hz, and 6.15E+01 Hz, respectively.

3.3.5 Flat wall

The simulation results in Figure 30 show the natural fre-

quency of a �at wall made of aluminium 6061-O in mode

shapes 1–5. Mode shapes 1–5 produce frequency values of

2.14E+01 Hz, 2.56E+01 Hz, 3.31E+01 Hz, 4.41E+01 Hz, and

5.72E+01 Hz, respectively.

3.3.6 Flat wall with a single sti�ener

The simulation results in Figure 31 show the natural fre-

quency of a �at wall with a sti�ener made of aluminium

6061-O in mode shapes 1–5. Mode shapes 1–5 produce fre-

quency values of 1.87E+01 Hz, 3.76E+01 Hz, 3.81E+01 Hz,

4.88E+01 Hz, and 6.05E+01 Hz, respectively.
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         Figure 28:Mode shapes 1–5 of the square honeycomb
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         Figure 29:Mode shapes 1–5 of the corrugated wall
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         Figure 30:Mode shapes 1–5 of the flat wall

3.3.7 Flat wall with a cross sti�ener

The simulation results in Figure 32 show the natural fre-

quency of a �at wall with two sti�eners made of alu-

minium 6061-O in mode shapes 1–5. Mode shapes 1–5

produce frequency values of 4.32E+01 Hz, 4.43E+01 Hz,

4.76E+01 Hz, 4.91E+01 Hz, and 7.48E+01 Hz, respectively.

3.4 Buckling analysis

3.4.1 General honeycomb

Figure 33 shows the results of the buckling simulation

for the general honeycomb made of aluminium 6061-O in

mode shapes 1–4. For an applied load of 5.04E+05 N, the

load factor values of the four modes are 1E+00, 1.94E+00,

5.68E+00, and 8.63E+00.

3.4.2 Cross honeycomb

The buckling simulation results for a cross honeycomb

made of aluminum 6061-O in mode shapes 1–4 are shown

in Figure 34. For an applied load of 5.11E+05 N, the load

factor values of the four mode shapes are 1E+00, 1.93E+00,

5.60E+00, and 8.86E+00.
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            Figure 31:Mode shapes 1–5 of the flat wall a single sti�ener
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Figure 32:Mode shapes 1–5 of the flat wall with a cross sti�ener

 
             

 

        

Figure 33: Buckling characteristics of the general honeycomb



296 | I. Widiyanto et al.

3.4.3 Square honeycomb

Figure 35 shows the results of the buckling simulation for

the square honeycombmade of aluminum 6061-O inmode

shapes 1–4. For an applied load of 5.07E+05 N, the values

of the load factor for the four modes are 1E+00, 1.93E+00,

5.64E+00, and 8.84E+00.

3.4.4 Corrugated wall

The results of the buckling simulation for the corrugated

wall made of aluminium 6061-O in mode shapes 1–4 are

shown in Figure 36. For an applied load of 5.90E+05 N, the

load factor values of the four modes are 1E+00, 1.04E+00,

1.18E+00, and 1.55E+00.

 

        

 

Figure 34: Buckling characteristics of the cross honeycomb

 

        
Figure 35: Buckling characteristics of the square honeycomb
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3.4.5 Flat wall

The buckling simulation results for �at walls made of alu-

minum 6061-O in mode shapes 1–4 are shown in Figure 37.

For an applied load of 2.79E+04N, the load factor values of

the four mode shapes are 1E+00, 1.93E+00, 5.65E+00, and

8.97E+00.

3.4.6 Flat wall with a single sti�ener

Figure 38 shows the results of the buckling simulation for a

�at wall with a single sti�ener made of aluminium 6061-O

inmode shapes 1–4. For an applied load of 2.84E+04N, the

factor values of the fourmode shapes are 1E+00, 2.04E+00,

6.5E+00, and 9.03E+00.

 

 

Figure 36: Buckling characteristics of the corrugated wall

 

Figure 37: Buckling characteristics of the flat wall
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3.4.7 Flat wall with a cross sti�ener

Figure 39 shows the results of the buckling simulation for

the �at wall with a cross sti�ener made of aluminum 6061-

O in mode shapes 1–4. For an applied load of 8.12E+04 N,

the load factor values of the four mode shapes are 1E+00,

1.31E+00, 3.86E+00, and 5.56E+00.

4 Discussion

4.1 Static analysis

A static structural analysis was performed to evaluate the

total deformation of the composite shell. Structural anal-

yses are performed to examine stress, strain, and defor-

mation in engineering structures that need to withstand

mechanical and thermal loads. In this analysis, only me-

chanical loads were tested. Stress is related to the strength

of the material of the body, and strain is a measure of the

 

Figure 38: Buckling characteristics of the flat wall with a single sti�ener

 

Figure 39: Buckling characteristics of the flat wall with a cross sti�ener
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deformation of the body. The application of force tends to

change the shape and size of an object. This change is the

deformation, which may be very obvious or barely notice-

able. An increase in stress causes an increase in the strain

ratio, a relationship known as Hooke’s Law. The theory of

small de�ections is also used to investigate the behavior of

linear elastic materials.

Displacement is the physical alteration that occurs in

a material under a given loading stress. Displacement af-

fects the safety and the life of the structure,where themore

signi�cant the stress, the greater the displacement, and

the lower the safety level, and vice versa. In the static sim-

ulation, the more signi�cant the thermal load, the greater

the von Mises stress, strain, displacement, and safety fac-

tor.

Simulations were carried out using the SolidWorks ap-

plicationwith the �nite elementmethod, and di�erentma-

terials were analyzed. The results of all static tests were ob-

tained by carrying out simulations under a variety of con-

siderations until the output values were stable. The tem-

perature of the input thermal loadwas 308Kelvin,which is

based on the average between the container wall and am-

bient temperatures. Of the tested models, the corrugated

core, which is made of aluminium 6061-O, produces the

best results, as evidencedby a vonMises stress of 3.99E+04

N/mm2, displacement of 1.39E+03 mm, strain of 3.75E−01,

and safety factor of 1.55E+03. Conversely, the worst re-

sult is associated with the �at wall with a single sti�ener,

which has a vonMises stress of 2.23E+05 N/mm2, displace-

ment of 2.74E+04mm, strain of 2.63E+00, and safety factor

of 6.24E+04.

The static simulation was performed by adjusting

the load until the critical load was obtained based on a

buckling safety factor of 1. Among the tested models, the

square honeycomb made of aluminum 6061-O produces

the best results. This is evidenced by a critical load value

of 3.40E+06 N. The worst result is obtained by the �at

model, which has a critical load of 1.60E+06 N. The ana-

lyzedhoneycomb structure is a sandwichpanel,whichhas

several advantages, including high strength and sti�ness,

good corrosion resistance, and relatively inexpensive pro-

duction cost. As the main element and the content of the

sandwich panel structure, the core plays a role in increas-

ing the ability of the structure to absorb force, thereby in-

creasing the strength of the material.

4.2 Thermal characteristics

The results of the thermal simulation for all models and

variations are presented in Table 10, which reports the con-

vection heat transfer. The thermal simulation results (in-

cluding thermal contours on previous sections) show that

the best performance is obtained by containermodelswith

a honeycomb core (general, cross, or square) made of alu-

minium 6061-O, which has good convection heat transfer.

This is evidenced by the maximum result obtained, which

is 3.13E+05. The heat transfer takes place by convection.

The results are in�uenced by the convection coe�cient,

which is calculated based on the thickness of each con-

tainer model. Although the thermal simulation results are

the same for the general honeycomb, cross honeycomb,

and square honeycomb, it is necessary to consider the

mass of each model, and the general honeycomb has the

lowest mass. However, it can also be adjusted as needed

for particular applications in the �eld.

For �eld applications that require slow heat transfer, a

common practice is to store objects that are vulnerable to

temperature changes in containers made of materials that

can maintain their temperature stability. The production

andmaintenance costs of the container are important con-

siderations, so aluminium 6061-O was chosen as the ma-

terial in this study. Compared with low carbon steel A304

and aluminium 7075 T6, aluminium 6061-O is reasonably

a�ordable, and the properties of thematerial are appropri-

ate for the studied application.

The simulation output is the convection coe�cient.

The value of the convection coe�cientwas obtainedon the

basis of dry air properties, including thermal conductivity,

the viscosity coe�cient, the Prandtl number, and speci�c

heat. These data were processed using formulas (6), (7),

(8), and (9). In addition, the wall thickness a�ects the cal-

culation. The wall thickness is directly proportional to the

Reynolds andNusselt numbers, whereas it is inversely pro-

portional to the convection coe�cient. Convection occurs

when the Rayleigh number exceeds its critical value. The

critical Rayleighnumber canbe estimated from theNusselt

number, which is one of the most critical parameters de-

termined by natural convection heat transfer: a higher Nu

number is obtained with an increase in load. Given a con-

stant ambient temperature, an increase in load increases

the temperature gradient of the container walls.

The properties of the material also a�ect the ther-

mal simulation results. Thermal conductivity is a material

property that indicates howquickly it conducts heat. An in-

crease in the value of a �uid’s thermal conductivity is due

to the addition of particles that have a higher thermal con-

ductivity than the �uid. The conductivity value represents

the ease of thermal �ow in a material and a�ects the tem-

perature distribution throughout the material and the rate

of heat transfer. The higher the conductivity, the lower the

temperature for each point, but the more signi�cant the
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Table 10: Summary of the thermal simulation results based on the model variations

Model Material Min (Kelvin) Max (Kelvin)

General honeycomb

A304 3.11E+05 3.13E+05

6061-O 3.13E+05 3.13E+05

7075 T6 3.13E+05 3.13E+05

Cross honeycomb

A304 3.12E+05 3.13E+05

6061-O 3.13E+05 3.13E+05

7075 T6 3.13E+05 3.13E+05

Square honeycomb

A304 3.12E+05 3.13E+05

6061-O 3.13E+05 3.13E+05

7075 T6 3.13E+05 3.13E+05

Corrugated

A304 3.13E+05 3.13E+05

6061-O 3.13E+05 3.13E+05

7075 T6 3.13E+05 3.13E+05

Flat

A304 3.13E+05 3.13E+05

6061-O 3.13E+05 3.13E+05

7075 T6 3.13E+05 3.13E+05

Flat with single sti�ener

A304 3.10E+05 3.13E+05

6061-O 3.12E+05 3.13E+05

7075 T6 3.12E+05 3.13E+05

Flat with cross sti�ener

A304 3.08E+05 3.13E+05

6061-O 3.12E+05 3.13E+05

7075 T6 3.12E+05 3.13E+05

Mean 3.12E+05 3.13E+05

Median 3.13E+05 3.13E+05

Sample variance 1.10E+06 2.45E+03

Standard deviation 1.37E+03 4.95E+01

Variance coe�. (%) 4.38.E−03 1.58E−04

Standard error 2.98E+02 1.08E+01

transfer rate. The incoming air velocity also a�ects the tem-

perature distribution throughout the material and the rate

of heat transfer. The higher the air velocity, the greater the

temperature and heat transfer rate, and the greater the ef-

fect of air on the Reynolds number. The simulation results

show that, if the air velocity is assumed to be 0.3m/s, then

the value obtained is not very signi�cant.

4.3 Vibration behavior

The vibration simulation results are shown in Table 11,

which contains the entire simulation dataset. The results

of the vibration simulation carried out on structures made

of aluminum 6061-O show that, of the four mode shapes,

the four-sided model obtains the highest average fre-

quency, which is 3.51E+02 Hz, and the �at model has the

lowest value, which is 7.14E+01 Hz. The reason for this is

that the square honeycomb has many gaps in the core and

sandwich-shaped plate that e�ectively absorb vibrations.

The results of the vibration simulation are reported for

�ve mode shapes with di�erent natural frequency values.

Eachmode shape has a di�erent form of vibration because

the external force is distributed di�erently in the mate-

rial, which a�ects its ability to absorb these forces. The fre-

quency also tends to vary between mode shapes because

the boundary conditions are di�erent, which a�ects the

natural frequency value. The frequency tends to increase

from mode shape 1 to mode shape 5 due to the increasing

length of vibrational waves. The greater the frequency, the

greater the amplitude. Of the �ve models, the four-sided

model is best at absorbing these forces because the direc-

tion of the force resulting from external vibrations can be

evenly distributed throughout the structure. This even dis-

tribution occurs because the quadrilateral shape has a cav-

ity in the core so it can e�ectively absorb vibrations. How-

ever, inmodels other than the honeycomb that do not have
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Table 11: Summary of the vibration analysis

Model Material Mode

Shape 1

Frequency

(Hertz)

General honeycomb

A304 4.03E+01

6061-O 4.26E+01

7075 T6 4.26E+01

Cross honeycomb

A304 4.11E+01

6061-O 4.34E+01

7075 T6 4.34E+01

Square honeycomb

A304 6.36E+01

6061-O 6.86E+01

7075 T6 6.87E+01

Corrugated

A304 5.14E+01

6061-O 5.35E+01

7075 T6 5.35E+01

Flat

A304 2.03E+01

6061-O 2.14E+01

7075 T6 2.14E+01

Flat with single sti�ener

A304 1.78E+01

6061-O 1.87E+01

7075 T6 1.83E+01

Flat with cross sti�ener

A304 4.13E+01

6061-O 4.32E+01

7075 T6 4.33E+01

Model Material Mode

Shape 2

Frequency

(Hertz)

General honeycomb

A304 4.82E+01

6061-O 5.09E+01

7075 T6 5.09E+01

Cross honeycomb

A304 4.95E+01

6061-O 5.23E+01

7075 T6 5.24E+01

Square honeycomb

A304 1.07E+02

6061-O 1.14E+02

7075 T6 1.15E+02

Corrugated

A304 5.21E+01

6061-O 5.42E+01

7075 T6 5.43E+01

Flat

A304 2.42E+01

6061-O 2.56E+01

7075 T6 2.56E+01

Flat with single sti�ener

A304 3.57E+01

6061-O 3.76E+01

7075 T6 3.76E+01

Flat with cross sti�ener

A304 4.23E+01

6061-O 4.43E+01

7075 T6 4.43E+01

Model Material Mode

Shape 3

Frequency

(Hertz)

General honeycomb

A 304 6.30E+01

6061-O 6.65E+01

7075 T6 6.66E+01

Cross honeycomb

A 304 6.54E+01

6061-O 6.92E+01

7075 T6 6.93E+01

Square honeycomb

A 304 2.03E+02

6061-O 2.18E+02

7075 T6 2.18E+02

Corrugated

A 304 5.35E+01

6061-O 5.56E+01

7075 T6 5.57E+01

Flat

A 304 3.14E+01

6061-O 3.31E+01

7075 T6 3.31E+01

Flat with single sti�ener

A 304 3.62E+01

6061-O 3.81E+01

7075 T6 3.81E+01

Flat with cross sti�ener

A 304 4.49E+01

6061-O 4.76E+01

7075 T6 4.77E+01

Model Material Mode

Shape 4

Frequency

(Hertz)

General honeycomb

A304 8.49E+01

6061-O 8.97E+01

7075 T6 8.98E+01

Cross honeycomb

A304 8.92E+01

6061-O 9.45E+01

7075 T6 9.46E+01

Square honeycomb

A304 2.18E+02

6061-O 2.35E+02

7075 T6 2.35E+02

Corrugated

A304 5.57E+01

6061-O 5.80E+01

7075 T6 5.80E+01

Flat

A304 4.19E+01

6061-O 4.41E+01

7075 T6 4.42E+01

Flat with single sti�ener

A304 4.58E+01

6061-O 4.88E+01

7075 T6 4.89E+01

Flat with cross sti�ener

A304 4.63E+01

6061-O 4.91E+01

7075 T6 4.92E+01
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Table 11: ... continued

Model Material Mode

Shape 5

Frequency

(Hertz)

General honeycomb

A 304 1.10E+02

6061-O 1.16E+02

7075 T6 1.17E+02

Cross honeycomb

A 304 1.15E+02

6061-O 1.22E+02

7075 T6 1.22E+02

Square honeycomb

A 304 2.24E+02

6061-O 2.40E+02

7075 T6 2.41E+02

Corrugated

A 304 5.90E+01

6061-O 6.15E+01

7075 T6 6.16E+01

Flat

A 304 5.42E+01

6061-O 5.72E+01

7075 T6 5.73E+01

Flat with single sti�ener

A 304 5.73E+01

6061-O 6.05E+01

7075 T6 6.06E+01

Flat with cross sti�ener

A 304 7.08E+01

6061-O 7.48E+01

7075 T6 7.49E+01

a cavity in the core, the maximum frequency tends to be

low because the vibrations are not evenly distributed, so

the stress is concentrated at a fewpoints,which can reduce

the performance of the material.

The di�erent simulation results based on mode shape

show the possible scenarios thatmay occur in realitywhen

the container is loaded onto a ship; of course, the con-

tainer will experience varying vibrations from di�erent

sources. An important objective of simulating the mode

shape is to determine the maximum frequency that can

be absorbed by the structure. Once the maximum value

is known, further optimization can be carried out, or new

models can be constructed with better vibration absorp-

tion. The maximum frequency obtained for each mode

shape shows the ability to absorb vibration and resist de-

formation. The frequency can be reduced by the addition

of rubbermaterial because it can absorb vibrations very ef-

fectively, so it can be used in the outer layer of containers

that come into contact with other containers. In addition

to its ability to absorb vibration, rubber is alsowidely used

because it is light.

The static simulation was performed by adjusting the

load until the critical load was obtained based on a buck-

ling safety factor of 1. The results show that the square

honeycomb made of aluminium material 6061-O has the

best results, as evidenced by its critical load of 3.40E+06 N.

Conversely, the worst result is obtained by the �at model,

which has a critical load of 1.60E+06 N. This result is ex-

plained by themany gaps in the core and plate in the sand-

wich construction of the square honeycomb, which can ef-

fectively dampen vibrations.

4.4 Buckling pattern

Core plates under compression and/or shear loading are

sensitive to buckling failures. When the load reaches a

critical value, the member no longer remains straight but

de�ects sideways at a more or less constant value of the

load. Analysis of the idealized behavior sheds light on the

real structural problem of buckling columns. Buckling de-

scribes the process of switching from the straight, sti� con-

�guration to a bent one that has very low sti�ness. The

load at which this transformation takes place is the criti-

cal buckling load.

The critical buckling load can be predicted by calculat-

ing the eigenvalues of the structure based on the speci�ed

properties. In this study, �nite element analysis was per-

formed to obtain linear buckling results. The results of the

linear-buckling or eigenvaluebuckling analysis ona single

column only rest on the bottom. The critical load can also

be calculated based on Euler’s formula in Equation (13).

The column data in Table 12 reveal that the buckling sim-

ulation results are di�erent among the models. The corru-

gatedmodelmadeof aluminum6061-Ohas thehighest crit-

ical load of 5.90E+05N,while the �atmodel has the lowest

critical load of 2.79E+04 N for mode shape 1. The critical

loads are greater for mode shapes 2, 3, and 4, which de-

termines mode shape 1. This shows that the critical load

of the container wall is a�ected not only by the thickness

of the wall but also by its structural shape. These results

were also obtained by adjusting the load until the critical

loadwas obtained based on a buckling factor of safety of 1,

which is an indicator of the safety against buckling or the

ratio of the buckling load to the applied load.

Modes 1 and 2 are identical and represent a repeated

mode: any arbitrary axial orientation of the fundamental

shape is possible. Modes 3 and 4 are also repeated roots.

The implication is that any small variation in boundary

conditions, component details, or load eccentricity can

cause any of themodes to occur. Themodes are completely

independent in the linear analysis; thus, mode 1 or 2 or 3,
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Table 12: Summary of the results for the buckling factor of safety

Model Material Mode shape Force (N) Buckling factor of safety

General honeycomb

A304

1

1.36E+06

1.00E+00

2 2.00E+00

3 5.95E+00

4 8.65E+00

6061-O

1

5.04E+05

1.00E+00

2 1.94E+00

3 5.69E+00

4 8.63E+00

7075 T6

1

5.25E+05

1.00E+00

2 1.94E+00

3 5.69E+00

4 8.63E+00

Cross honeycomb

A304

1

1.37E+06

1.00E+00

2 1.99E+00

3 5.87E+00

4 8.89E+00

6061-O

1

5.11E+05

1.00E+00

2 1.93E+00

3 5.60E+00

4 8.87E+00

7075 T6

1

5.33E+05

1.00E+00

2 1.93E+00

3 5.60E+00

4 8.87E+00

Square honeycomb

A304

1

1.36E+06

1.00E+00

2 2.00E+00

3 5.91E+00

4 8.86E+00

6061-O

1

5.07E+05

1.00E+00

2 2.09E+00

3 7.28E+00

4 1.04E+01

7075 T6

1

5.29E+05

1.00E+00

2 2.09E+00

3 7.28E+00

4 1.04E+01

Corrugated

A304

1

1.62E+06

1.00E+00

2 1.04E+00

3 1.18E+00

4 1.56E+00

6061-O

1

5.90E+05

1.00E+00

2 1.04E+00

3 1.18E+00

4 1.55E+00

7075 T6

1

6.16E+05

1.00E+00

2 1.03E+00

3 1.18E+00

4 1.55E+00
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Table 12: ... continued

Model Material Mode shape Force (N) Buckling factor of safety

Flat

A304

1

7.50E+04

1.00E+00

2 2.00E+00

3 5.92E+00

4 9.00E+00

6061-O

1

2.79E+04

1.00E+00

2 1.93E+00

3 5.65E+00

4 8.98E+00

7075 T6

1

2.91E+04

1.00E+00

2 1.93E+00

3 5.65E+00

4 8.97E+00

Flat with single sti�ener

A304

1

7.61E+04

1.00E+00

2 2.10E+00

3 6.78E+00

4 9.03E+00

6061-O

1

2.84E+04

1.00E+00

2 2.04E+00

3 6.50E+00

4 9.03E+00

7075 T6

1

2.96E+04

1.00E+00

2 2.04E+00

3 6.50E+00

4 9.03E+00

Flat with cross sti�ener

A304

1

2.26E+05

1.00E+00

2 1.31E+00

3 3.86E+00

4 5.56E+00

6061-O

1

8.12E+04

1.00E+00

2 1.33E+00

3 3.94E+00

4 5.50E+00

7075 T6

1

8.47E+04

1.00E+00

2 1.33E+00

3 3.94E+00

4 5.50E+00

etc., can occur. One of the practical implications is that

if mode pair 1 and 2 were not possible due to snubbing

against adjacent components, for example, then mode

pair 3 and 4 could occur. It is important to assess the clas-

si�cations of higher mode shapes and eigenvalues to iden-

tify any practical implications for the response. However,

there may be only one dominant �rst mode, with the next

set of modes completely infeasible and having very high

critical loads. These can be ignored. These results demon-

strate that applying the corrugated wall model to a ship-

ping container in practical situations can improve its abil-

ity to withstand bucklingwhen stacked because its critical

load is increased.

5 Conclusions

This work was conducted to analyze several proposed

panel geometries of a shipping container for potential new

designs. A number of physical loadings were applied to
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panels, i.e., static, vibration, buckling, and thermal. Based

on the analyses, the �ndings are summarized as follows:

– The static simulation shows that the corrugated de-

sign has the best performance compared with other

models. Corrugated walls are generally used for con-

tainers for this reason. However, in the simulation,

the square honeycomb model has the best vibra-

tion characteristics, with an average frequency of

3.51E+02 Hz. The static strength of the square hon-

eycomb is not much di�erent from that of the cor-

rugated design, but its ability to absorb vibrations

is the best among the analyzed models. This could

form the basis for further research on containers

with square honeycomb walls.

– The square honeycomb also outperforms the other

models when it is assessed in terms of the factor of

safety. However, in the buckling simulation, the best

critical load strength is obtained by the corrugated

model, with a value of 5.90E+05 N.

– Based on the thermal analysis, the recommended

model is the square honeycomb. From the evalua-

tion, the von Mises stress is 8.34E+04 N/mm2, the

displacement is 1.39E+03 mm, and the safety factor

is 4.76E+05. Furthermore, in the thermal simulation,

the results for the honeycomb core are better than

those of the other core models. The maximum con-

vection heat transfer is 3.13E+05.

– The static strength of the square honeycomb is not

much di�erent from that of the corrugated design,

but the former has the best critical load. This could

form the basis for further research on containers

with square honeycomb walls.

– The �ndings of this research can be used as a

reference for future design considerations in the

manufacturing of shipping containers. These results

demonstrate that the container performance and

characteristics can be adjusted according to the

needs of the market and operational demands.
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