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Abstract 

Today, increasing the lifetime and improving the performance of structures 
through design and optimization, especially in marine structures, has become 
significantly important. Marine structures are divided into two groups of 
onshore and offshore structures. Marine structures are used in most cases 
inside the water and sea. These marine structures are divided into two 
categories: floating or sunken in water. One of the important parameters in the 
design of sunken structures is determining the critical load resulting from the 
buckling of walls, which can cause damage to structural. In this paper, three 
rectangular aluminum and steel compartments considering different conditions 
and sizes were modelled using design analytical methods. Then, different finite 
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element analysis were done and the compartments have been optimized in order 
to reduce the weight of the structure. Finally, the buckling results of three types 
of rectangular reinforced compartments were calculated and were compared 
with each other. The results shown that the stress calculated using analytical 
method are in good agreement with the results of finite element analysis. Also 
weight of the compartment is reduced by utilizing the reinforced conductors 
while respecting the design principles and the minimum thickness are 
considered. 

1. Introduction 

There are different types of pressure problems in various industries 
that have the potential to cause irreparable damages. One of these kinds 
of problems is to reinforce compartments by beam members to achieve 
higher strength against external loads. But, these structures are also 
subjected to local buckling, which should be carefully investigated at the 
design stage. A lot of researches has been done in this area. In 1744, 
Euler has described about the buckling of the columns for the first time. 
Afterthought, Brian has conducted the first theory tests for simple 
buckling [1]. The effect of slenderness ratio, influence of rectangular cube 
tanks on the local buckling and its general design for the application of 
aluminum alloys in a wide range of slenderness ratios have been studied 
[2, 3]. Rodriguez et al. [4] have evaluated the cyclic behaviour of 
rectangular reinforced concrete column under biaxial loading by utilizing 
experimental data. Avcar [5] has studied elastic buckling of steel columns 
under axial compression. Kervalishvili et al. [6] have presented a 
modified procedure for buckling of steel columns at elevated 
temperatures. Jiang et al. [7] have investigated the impact of two types of 
FCAW and SAW welding and different kind of heat treatment on the 
strength of high-strength steel (HSS) columns. The results indicated that 
applying appropriate heat treatment can increase the strength of the 
structure in the range of 3-7%. Moreover, a methodology has been 
present to test the HSS columns [8]. Schuman and Back [9] have done a 
series of different experiments on the rectangular flat plates under edge 
compression to assess strength. In addition, the strength of thin plates 
under compression condition has been reported [10]. The literature 
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review indicated that the published results have been reported through 
analytical relationships for buckling are in good agreement with the 
experimental data under different loading. Among them can be pointed to 
the Graves Smith’s which is about the final strength of the columns 
under the compressive load [11]. 

In the present study, a rectangular compartments made of different 
materials and sizes were analyzed by using FEM and analytical methods. 
Eventually, in order to reduce the weight of the structure, optimization 
was performed taking into account different variables such as thickness 
etc. 

2. Model Description 

Three compartments with different specifications were designed by 
using analytical method, utilizing finite element software, and applying 
available relationships and theories. The specifications of the rectangular 
compartment are reported in Table 1. 

Table 1. Specifications of the rectangular compartment 

External 
dimensions  

(mm) 

Internal 
dimensions 

(mm) 

Poisson 
ratio 

Young’s 
modulus 

(Gpa) 

yσ  
(Mpa) 

Safety 
factor 

Depth 
(m) 

Body 
material 

0.266 210 400 2.7 60 St60 

0.346 72.7 288 4 20 Al5083H321 828*898*1551 768*838*1493 

0.346 72.7 288 4 60 Al5083H321 

3. Analytical Solution 

The analytical solutions are used to design the compartments and 
calculate different parameters including deflection, maximum tension, 
and thicknesses based on Navier’s solution [12, 13]: 
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where the mna  coefficient is defined as follows: 
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And the 2D stress components can be calculated: 
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This equation can be simplified as follows: 
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By replacing the mnp  in the Equation (3): 
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Afterthought, the parameter of mna  is placed in the deflection equation: 
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Since m and n are odd, xyτ  is always equal to zero. In the design stage, 

the Von Misses stress is used as the criterion. The characteristics of 
compartments made of different materials including steel and aluminum 
are presented in Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2. Characteristics of compartments mate of different materials 

Material Von Misses 
stress b a t ( )yxw ,  xyτ  yσ  xσ  Side 

2
51092.1

t
∗  1522 798 36 2.3 0 2

510987.0
t
∗  2

51021.2
t
∗  1 

2
51012.2

t
∗  1522 868 37.8 3 0 2

5102.1
t
∗  2

51045.2
t
∗  2 Steel 

2
51014.1

t
∗  868 798 27.7 1.1 0 2

51007.1
t
∗  2

5102.1
t
∗  3 

2
510646.0

t
∗  1522 798 30 3.5 0 2

510385.0
t
∗  2

510746.0
t
∗  1 

2
510724.0

t
∗  1522 868 31.7 4.6 0 2

510463.0
t
∗  2

510834.0
t
∗  2 

Aluminum 
(depth of 

20m) 

2
510404.0

t
∗  868 798 23.7 1.7 0 2

510384.0
t
∗  2

510421.0
t
∗  3 

2
51094.1

t
∗  1522 798 51.9 2 0 2

51015.1
t
∗  2

51024.2
t
∗  1 

2
51017.2

t
∗  1522 868 54.9 2.7 0 2

51039.1
t
∗  2

5105.2
t
∗  2 

Aluminum 
(depth of 

60m) 

2
51021.1

t
∗  868 798 41 1 0 2

51015.1
t
∗  2

51026.1
t
∗  3 
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Considering the thicknesses obtained for each compartment, the 
maximum thickness is selected in design. Then, the characteristics of the 
equivalent reinforced plates are obtained with T and L-shaped 
reinforcements in respect of standards and minimizing the sum of 
weight. The number of reinforcements required is obtained as follows: 
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where b, h, and t represent the width, height, and thickness of sheet, 
respectively. The variable of n is number of reinforcement, XI  means the 

moment of inertia. Also, parameter of s is reinforcement cross-section and 
.XXX ehe −=  Now, the number of reinforcements are obtained based on 

the calculations done for the T-shaped reinforcements. Properties of        
T-shaped reinforcements for different materials of the compartment are 
presented in Table 3. Final structures of reinforced compartments with   
T-shaped beam are shown in Figure 1. 

Table 3. Properties of T-shaped reinforcements for different materials of 
the compartment 

Material B Number of T Property of T h T Side 

798 4 50 10 38 1 

868 4 50 10 38 2 Steel 

1522 7 50 10 38 3 

798 3 80*80*9 10 55 1 

868 3 80*80*9 10 55 2 
Aluminum 
(depth of 

20m) 1522 5 80*80*9 10 55 3 

798 3 80*80*9 10 55 1 

868 3 80*80*9 10 55 2 
Aluminum 
(depth of 

60m) 1522 5 80*80*9 10 55 3 
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 (a)                                       (b)                                       (c) 

Figure 1. Final structures of reinforced compartments with T-shaped 
beam: (a) steel compartment, (b) aluminum compartment (depth of 20m), 
and (c) aluminum compartment (depth of 60m). 

It is clear that the buckling phenomenon is one of the important 
issues which is to be attend in the shell & plate theories. Therefore, it 
seems that the buckling analysis should be done for all compartments 
considering different conditions. Equation (13) shows the general 
equation of the plate under loading: 
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The boundary conditions are considered as: 

,NNN YX −==  

,0=XYN  

( ) .0, =yxq  (14) 

 

 



OPTIMUM DESIGN OF SUNKEN REINFORCED … 125

Since our plates have four hinge sides and using the above data, Navier’s 
solution is followed: 
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As a result, the critical load of buckling can be calculated in Equation 
(16): 
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In the last step, the results of buckling calculations for different 
compartments are represented in Table 4. 
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Table 4. Buckling results obtained using analytical solution 

Material N_critical n m b a t No. sheet 

3.01e7 1 1 868 798 38 1 

7.16e7 2 1 868 798 38 2 

1.8e7 1 1 1522 868 38 3 

3.2e7 2 1 1522 868 38 4 

2e7 1 1 1522 798 38 5 

Steel 

3.4e7 2 1 1522 798 38 6 

6.5e6 1 1 868 798 32 1 

1.5e7 2 1 868 798 32 2 

3.9e6 1 1 1522 868 32 3 

6.8e6 2 1 1522 868 32 4 

4.5e6 1 1 1522 798 32 5 

Aluminum 
(depth of 

20m) 

7.3e6 2 1 1522 798 32 6 

3.2e7 1 1 868 798 55 1 

7.7e7 2 1 868 798 55 2 

1.9e7 1 1 1522 868 55 3 

3.4e7 2 1 1522 868 55 4 

3.2e7 1 1 1522 798 55 5 

Aluminum 
(depth of 

60m) 

3.7e7 2 1 1522 798 55 6 

4. Finite Element Simulation 

Stress analysis was done to examine the reliability coefficient of 
every three enclosures. The amount of force imposed from the hydrostatic 
pressure on each side and on the whole body is defined in accordance 
Equation (17): 

.ghP ρ=   (17) 

The equivalent Von Misses stress contours for various modes extracted 
from the FE software are demonstrated in Figure 2. Moreover, the 
results of the deflection of different structures are illustrated in Figure 3. 
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(a) 

 

(b) 
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(c) 

Figure 2. Contours of Von Misses stresses for various modes of 
compartments: (a) steel compartment, (b) aluminum compartment (depth 
of 20m), and (c) aluminum compartment (depth of 60m). 
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(a) 

 
(b) 
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(c) 

Figure 3. Deflection contours as FE results for various modes of 
compartments: (a) steel compartment, (b) aluminum compartment (depth 
of 20m), and (c) aluminum compartment (depth of 60m). 

The results obtained from finite element analysis including critical 
stress and value of deformation are summarized in Table 5. More than 
this, the first three shape modes of buckling phenomenon for different 
materials are shown in Figure 4. The results indicated that the shape 
mode is independent of material. Hence, the corresponding images of the 
similar number of shape modes are same. 

Table 5. Critical stress and deformation extracted from FEA 

Compartment  
type 

Max. deformation  
(mm) 

Critical stress  
(Mpa) 

Safety factor 

St 60 0.586 241 3 

Al + depth 20 8.69 117 2.4 

Al + depth 60 4.73 188 2 
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Mode shape I Mode shape II Mode shape III 

Figure 4. The first three mode shapes of buckling of compartment. 

Finally, the buckling factor (BF) is obtained for different cases of 
compartments, as reported in Table 6. 

Table 6. Buckling factor for different cases of compartments 

BF Mode 
No. Steel Al + Depth 20 Al + Depth 60 

1 179.99 12.259 23.474 

2 288.64 18.950 37.018 

3 307.52 21.164 38.438 

4 316.34 22.921 43.353 

5 407.86 28.474 54.950 

6 436.16 30.11 56.925 

7 464.74 33.113 60.156 

8 480.94 34.016 60.847 

9 499.73 34.953 64.814 

10 536.31 35.862 65.657 
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5. Results and Discussion 

In this stage of study, the optimization with an aim of weight 
reduction was performed to choose the best design among all of them. 
This process was performed by using the FE software features (ANSYS 
WORKBENCH) and the details of optimum designs are presented in 
Table 7. Also, stress analysis was conducted for all the optimized 
compartments and the FE results are depicted in Figure 5. 

Table 7. Details of optimum design for different cases of compartments 

Compartment 
type 

Type of 
reinforced 

beam 

Number  
of beams 

Sheet thickness 
(mm) 

Safety  
factor 

Weight 
(kg) 

Steel 50 T 4, 4, 7 10 3 1199 

Al + Depth 20 40*80*7 T 3, 3, 4 12 2.83 305 

Al + Depth 60 80*80*9 T 3, 3, 6 8 3.51 446 
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(a) 

 
(b) 
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(c) 

Figure 5. Results of stress analysis of optimized compartments made of 
different materials including: (a) steel compartment, (b) aluminum 
compartment (depth of 20m), and (c) aluminum compartment (depth of 
60m). 

6. Conclusion 

The results of the research are as follows: 

• According to the prevailing conditions, the best compartments have 
been designed. Because the weight of the compartment is reduced by 
utilizing the reinforced conductors while respecting the design principles 
and the minimum thickness are considered. 
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• The stress results calculated using analytical method are in good 
agreement with the results of finite element analysis. 

• The final thicknesses computed against the load and local buckling 
had good and adequate strength. It seems that it can be used at arbitrary 
depths. 
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