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Abstract - An open-ended horizontal circular sandwich pressurized shell, constrained at both ends, is loaded by internal 

uniform pressure.  During the optimization process of the sandwich pressurized shell, the proper choice of the geometrical 

constraints, by ensuring that a minimum weight may make a problem.  The objective function of the weight per unit length 

of the corrugated (trapezoidal) core sandwich pressurized shell is solved as the optimization problem. The structure 

Optimization is subjected to constraints of the stress. In this paper, the optimal design variables of a series of a sandwich 

pressurized shell of given loads have been defined and validated by the finite element. The design optimization results are 

presented in diagrams form. 
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I. INTRODUCTION 

 

The Sandwich shell is a strong, high stiffnesssearch 

demand of the lightweight materialand therefore easy 

for handling, economical, ease-recycle for best 

ecosystem service, easily usable to any specific 

need[1],[2]ease of manufacturing[3],a fluting 

(corrugated core) and outliners (face sheets) are 

fabricated by either bonding or welding 

together[4].The design idea of the structure is catchy 

that by the suitable selection of the materials and 

geometry can be made. The sandwich corrugated core 

structure is well suitable which are conducive to 

avoid structural instability for buckling load 

situations due to its rigidity[5], results in lower lateral 

deformations, and more excellent performance under 

dynamic conditions than do other single-plate[6]. 

Therefore, The utilize of sandwich corrugated core 

structures is developing very quickly throughout the 

world [7]interest in a lot of applications ranging from 

aircraft, satellites, ships, automobiles[8], [9], rail cars, 

wind energy systems, minehunter vessels,rockets, in 

trucks and bridge construction to mention only a few. 

Hence, the necessary use of sandwich constructions 

and the asking for high-performance structure, low-

weight structures ensure that sandwich construction 

will perpetuate in demand[10], [11].Citing what was 

mentioned, The Sandwich pressurized shells are 

multilayered structures consisting of high-strength, 

stiff outliners (facings) carrying the major applied 

loads, bonded with adhesives to low-density, flexible 

fluting (corrugated core) serves to transfer the load 

between the facings and keeps them separated, to 

make a combination of the lightweight with stiff-

structure, high efficiency of the structural, and 

stability[6], [12], [13], [14]. Generally, the sandwich 

construction fabrication techniques, quality reliability, 

material characterization, design analysis, adhesive 

bonding, joint connection design, load introduction, 

and influences of moisture, temperature, and fire 

problems have been highly dealt for in many 

instances[15].Subsequently, the optimization of 

sandwich constructions is now a development step. 

Using the specific core type shape leads to a 

substantial decrease of shell weight to be optimized. 

The optimization problem has been solved by using 

the methodology of optimization under constraints. 

Finite-element simulations are carried out to validate. 

 

 
Fig.1. Corrugated core (a “trapezoidal”) unit cell 

 

The rest of this paper is organized as follows: firstly: 

Design of structure; secondly: modeling of the 

structure; thirdly: optimization design; fourthly: 

simulation; fifthly: results discussion; sixthly: 

conclusions. 

 

II. DESIGN OF STRUCTURE 

 

The design response of a sandwich pressurized shell 

structure, with two stiff outliners (face sheets) and a 

corrugated core, has to be calculated to ensure its 

performance is adequate[16].So the properties of the 

sandwich pressurized shell structure, such as its 

buckling highly depend on its core and can be 

designed to satisfy several design conditions[17]. 

Therefore, proper core design modeling is a Key of 

the design phase to achieve the desired design 

response.The corrugated core gives the great 

performance of the structure with extremely limited 

total thicknesses[18].Using corrugated core topology 

increases the design space additionally and 

consequently, further optimization of the structure 

can be done. From based on a viewpoint of the 
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structural design, the sandwich pressurized shell 

structurehas a multitude of design variables and 

failure modes. A sandwich pressurized shell of 

corrugated core fails under several loading conditions, 

largely depends on the geometric dimensions and 

selection of the material[19].the corrugated core has 

been selected due to that the sandwich corrugated-

core panel has unique properties of robust, damage 

tolerant performance and of having orders to measure 

various stiffness in various directions[20], [21].In our 

work (internal pressure) case, the longitudinally 

corrugated core structure is applied[22]. Therefore, 

interest will be focused more on core behavior 

modeling[23]. The sandwich panels unit cell is 

isotropic and of uniform total thickness with 

corrugated core (a “trapezoidal”) as illustrated in the 

figure. (1). Where consist ofsix design variables 

which notations are as follows. The inner face 

sheetthickness, Ti  outer face sheetthickness, 𝑇𝑜  the 

core thickness is,𝑇𝑐 the core depth,𝑐 thedistance of 

the web elements,fand the half of corrugation pitch, 

𝑝which is defined as𝑝 =  𝑓 + hctan α. Ɵ Isan angle 

between the vertical direction and the web.α , Isan 

Angle web material which makes with a line normal 

to the plane of faces. The total panel thickness is 

   𝑇 =  𝑐 + 𝑇𝑖 + 𝑇𝑜 , the radius of bothface 

sheetssurface is represented as𝑅𝑖 , 𝑅𝑂 respectively.  

 

III. MODELING OF THE STRUCTURE 

 

A disagreement in the geometric and constitutive 

between the outliners (facings) and the core of the 

sandwich panel provides the panel with great special 

bending stiffness which, indeed, provides beneficial 

influences across the buckling response[24]. The 

mechanical loads are distributed on the construction 

parts as follow: the outer face-sheet is subjected to an 

internal normal load𝑃𝑏  which is located at 𝑅 = 𝑅𝑜 −
𝑇𝑜  whilst the inner face-sheet is subjected to both 

internal load 𝑃𝑖  which is located at 𝑅 = 𝑅𝑖  and 

external load𝑃𝑎which is located at 𝑅 = 𝑅𝑖 + 𝑇𝑖and the 

core subjected to the compression load[25]. The 

principal requirement of sandwich- pressurized-shell 

is to resistinternal pressure which is exerted by liquid. 

When the internal pressure ishigher than a critical 

pressure value,the face-sheets yielding failure may 

createon the sandwich- pressurized-shell or the core 

may undergo yielding failure also core buckling. 

Actually, these failure modes appear when the Von 

Misses Stresses that occur in the face sheets or the 

core reach the yield stress value of the applied 

material[26]. 

 

3.1Maximum stress of the face sheets 

3.1.1Inner face sheet can be calculated from [25] 

𝜍𝛳𝛳
𝑖 = (𝑃𝑖−𝑃𝑎)

 𝑅𝑖+𝑇𝑖 
2+ 𝑅𝑖−𝑇𝑖 

2

 𝑅𝑖+𝑇𝑖 
2− 𝑅𝑖−𝑇𝑖 

2(1)   

𝜍𝑅𝑅
𝑖 = −(𝑃𝑖−𝑃𝑎)(2) 

 

3.1.2Outer face sheet can be calculated from [25] 

𝜍𝛳𝛳
𝑜 = 𝑃𝑏

 𝑅𝑜+𝑇𝑜  2+ 𝑅𝑜−𝑇𝑜  2

 𝑅𝑜+𝑇𝑜  2− 𝑅𝑜−𝑇𝑜  2(3) 

𝜍𝑅𝑅
𝑜 =  −𝑃𝑏 (4) 

 

3.1.3 Maximum stress in the core can be calculated 

from [27] 

𝜍𝑦
𝑐 = 𝜍𝑅𝑅

𝑐  𝑠11𝑠𝑖𝑛
2𝛼 + 𝑠12𝑐𝑜𝑠

2𝛼 

+ 𝜍𝛳𝛳
𝑐  𝑠12𝑠𝑖𝑛

2𝛼
+                       𝑠22𝑐𝑜𝑠

2𝛼 
+ 𝜍𝒁𝒁

𝑐  𝑠13𝑠𝑖𝑛
2𝛼 + 𝑠23𝑐𝑜𝑠

2𝛼  

       (5)  

𝜍𝒙
𝑐 =

𝜍𝑍𝑍
𝑐 sin 𝛼𝑝 𝑅𝑜

2− 𝑅𝑜−𝑐 
2 

2𝑐𝑇𝑐 𝑅𝑜−𝑐 
(6) 

 

𝜍𝑅𝑅
𝑐 , 𝜍𝛳𝛳

𝑐 , 𝜍𝑍𝑍
𝑐 , and 𝑠11 , 𝑠12 , 𝑠22 , 𝑠13 , 𝑠23Are the (radial, 

circumferential, longitudinal) stresses and 

homogenized effective compliance tensorof the core. 

And (𝑃𝑖 , 𝑃𝑏 , 𝑎𝑛𝑑 𝑃𝑎) are the loads' structure ( for 

more details, see[25],[27]) 

 

IV. OPTIMIZATION DESIGN 

 

The design improvement of a sandwich pressurized 

shell with the corrugated core can be done 

significantly by doing the methods of the 

optimization in which the material properties and 

design variables of the structure represent a ruling 

role[28].The goal is to find   the minimumweight (w) 

of the structure as light as possible, with 

(𝑇𝑖 , 𝑇𝑜 , 𝑇𝑐 , 𝑐 , 𝑓, 𝑝 ) in the sandwich shell as design 

variables.  The structure is subjected to constraints of 

the stress.  The weight and the constraints are 

nonlinear functions of the design variables. 

 

the weight per unit length of corrugated core 

sandwich pressurized shellcan be calculated from [27] 

𝑊

𝜌𝑅𝑜
2

=   𝜋ĉ  1 −  1 −
𝑐

𝑅𝑜

 
2

 

+ 2𝜋

𝑝

𝑅𝑜

𝑇𝑜

𝑅𝑜
+ 0.5  1 −

𝑐

𝑅𝑜
 

𝑓

𝑅𝑜

𝑇𝑐

𝑅𝑜

𝑓

𝑅𝑜

+                                          2𝜋  1

−
𝑐

𝑅𝑜

 

𝑝

𝑅𝑜

𝑇𝑖

𝑅𝑜
+ 0.5

𝑓

𝑅𝑜

𝑇𝑐

𝑅𝑜

𝑓

𝑅𝑜

 

(7) 

Where ĉ is The relative density of the corrugated core 

= ĉ =  
2
𝑐

𝑅𝑜

𝑡𝑐
𝑅𝑜

 1−
𝑐

𝑅𝑜
 

𝑠𝑖𝑛𝛼
𝑝

𝑅𝑜
(1− 1−

𝑐

𝑅𝑜
 

2
)
[27] 

The optimization problem constraints are face sheets 

yielding strength, core yielding strength and core 

buckling. can be calculated from [25]-[27] 

 2

2
  

𝜍𝛳𝛳
𝑗

𝐸
−

𝜍𝑅𝑅
𝑗

𝐸
 

2

+  
𝜍𝑅𝑅

𝑗

𝐸
 

2

+  
𝜍𝛳𝛳

𝑗

𝐸
 

2

 

1

2

≤
𝜍0.2

𝐸
 

                                                                                           

(8) 
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(j=i, o)   (Face sheet yielding) 

 2

2
  

𝜍𝑥
𝑐

𝐸
−

𝜍𝑦
𝑐

𝐸
 

2

+  
𝜍𝑥

𝑐

𝐸
 

2

+  
𝜍𝑦

𝑐

𝐸
 

2

 

1

2

≤
𝜍0.2

𝐸
(9) (Inclined 

core member yielding) 

𝜍𝑥
𝑐

𝐸
≤

𝜋2 
𝑇𝑐
𝑅𝑜

 
2
𝑠𝑖𝑛 2𝛼

12 1−𝑣2  
𝑐
𝑅𝑜

 
2   (10) 

(Inclined core member buckling) 

The problem of optimization is solved using 

𝑀𝑎𝑡𝑙𝑎𝑏Nonlinear Optimization. 

 

V. SIMULATION 

 

In this work, Simulation aims to validate the 

sandwich pressurized shell of the corrugated 

(trapezoidal) core loaded of 0.15𝑀𝑃𝑎  internal 

pressure. For the tested cases; the pressurized shell 

length is taken based on ratio(
𝐿

𝑅𝑜
= 10.476). The face 

sheets and the core are made of the same material of 

(Aluminum Alloy 5083) which is used in a pressure 

vessel. And the mechanical properties are specified as 

follows: density, 𝜌 =  2.7 ∗ 10^3 𝑘𝑔/𝑚3 , young’s 

modulus  =  70 𝐺𝑃𝑎 , Poisson’s ratio v =0.33, yield 

stress𝜍0.2 = 115MPa,tensile strength𝜍𝑏 = 270𝑀𝑃𝑎 . 

A full geometrical model simulation of internal 

pressure is implemented. 

 

 
Fig.2. Mesh of the finite element model. 

 

Structural calculations are performed for static 

analysis in the ANSYS 12 .1 finite element program. 

The eight nodes quadrilateral shell elementsare 

selected for modeling the behaviors of face 

sheets.The core parts have been modeled by both 

theeight nodes quadrilateral shell elements,and the 

four nodes quadrilateral shell elements because has 

both bending and membrane capabilities.Normal 

loads are permitted. These shell elements are 

compatibleand containing six degrees of freedom 

each. Therefore, the simulation can be done 

accurately by implementing those two types of shell 

elements in the sandwich pressurized shell with a 

corrugated core.Bonding the corrugated core to the 

inner and outer face sheets has been implemented. 

The pressurized shell is constrained at both ends in 

directions of x, y, and z-axis. and from rotating in the 

y-directionalso has been constrained. This constraint 

condition has been treated as the situation of the tank 

when it is fixed to the rail car or truck.[29], [30], [31]. 

 
Fig.3.Mesh sensitivity analysis 

 

5.1 Mesh Sensitivity Analysis 

The sensitivity of mesh analysis both in the face 

sheets and core structure has been performed in order 

to ensure the optimum mesh elements number for 

satisfactory result prediction. The maximum stress 

value of von Mises (𝜍Mises max) in the structure has 

been generated as the convergence criterion. The 

results are shown in Figure. 3; several levels ofa finite 

element is employed, an initial fine mesh was 

inevitable to start with, to achieve better accuracy. 

The FE analysis is controlled step by step in face 

sheets and the core, ensuring maximum von Mises 

stress reaches a plateau, accuracy and less computing 

time, at a point that the mesh in the structure is 

converged.  A convergence study showed that further 

mesh refinement did not improve significantly the 

simulations' accuracy [32]-[33]-[34]. 

 
Fig.4. Non-dimensional minimum weight plotted as a function 

of non-dimensional load index 

 
Fig.5. Geometrical constraints 

𝐓𝐢

𝐑𝐨
 versus load index  𝐏𝐢/𝐄 
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Fig. 6.design variables 

𝐩

𝐑𝐨
,

𝐟

𝐑𝐨
,
𝐡𝐜

𝐑𝐨
 versus load index  𝐏𝐢/𝐄 

 

 
Fig.7.Geometrical constraints 

𝐓𝐨

𝐑𝐨
 and design variables 

𝐓𝐜

𝐑𝐨
 versus 

load index  𝐏𝐢/𝐄 

 

 
 

Fig.8. Stressdistribution on the whole Sandwich pressurized 

shells parts structure 

 

 

 
Fig.8.The maximum stress occurs in the core at the contact 

place 

 

VI. RESULTS DISCUSSION 

 

The optimization is performed by imposing an upper 

and lower bound on the (total shell wall 

thickness,  10mm ≤ 𝐓 ≤ 12𝑚𝑚  inner face sheet 

thickness, 2mm ≤ Ti ≤ 2.5𝑚𝑚  outer face sheet 

thickness,  1.5mm ≤ To ≤ 1.8𝑚𝑚  core 

depth,  7.5mm ≤ hc ≤ 8.5𝑚𝑚 ), the geometrical 

constraints of inner face sheet thickness, outer face 

sheet thickness0.005 ≤
𝑇𝑖

𝑅𝑜
,
𝑇𝑜

𝑅𝑜
≤ 0.01.  

They reveal that the dimensionless weight of the 

sandwich pressurized shell varies towards in linear 

with respect to load index increment as in fig.(4), 

increasing the load index leads to an increase in the 

inner face sheet thickness towards a linear increase as 

in fig.(5), The distance of the web elements and 

corrugation pitch have nearly no effect on the 

dimensionless weight increase with respect to load 

index increment as in fig.(6). but the effect of the 

outer face sheet thickness and core thickness on 

increasing of dimensionless weightlinear with respect 

to𝑃𝑖/𝐸 increment is not remarkable, as in fig. (7).The 

solutions have been made for aluminum panels with 

small (
𝝈𝒚

𝑬
= 0.0016).  

 

A conservative choice of the optimization condition 

has been put by assuming that both ends of the 

sandwich pressurized shell are security fixed. by 

Increasing the load index, significant-high stresses 

arose in-core in correspondence of face sheet, so 

highlighting that widespread of the core stress can 

sensibly affect the stress level of the sandwich 

pressurized shell at the face stress expense. This can 

be indicated to the fact that the inner face sheet 

contribution to avoid the failure increases with the 

rising weight towards a linear. 

 

VII. CONCLUSION 

 

 The dimensionless weight of the sandwich 

pressurized shell varies towards in linear with 

respect to load index  increment 

 Increasing the load index leads to an increase in 

the inner face sheet thickness towards a linear 

increase. 

 The effect of the outer face sheet thickness and 

core thickness are not remarkable. 

 The distance of the web elements and  

corrugation pitch have nearly no effect on the 

dimensionless weight increase with respect to 

load index  increment 

 The presented solution for the optimal design 

variables allows reasonable acceptance of the 

geometrical constraints of the sandwich 

pressurized shell.  
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