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1 Introduction  

Over the past few decades, the application of 

composite materials has been extended to various 

fields. Composite materials are particularly 

promising for underwater vehicles because the 

vehicular performance depends on the weight and 

the light weight is crucial [1]. Most underwater 

vehicles for deep sea operations are cylindrical 

because that shape enables them to effectively 

withstand external hydrostatic pressure by reducing 

the bending moment. If the cylindrical structure is 

not thick enough, it can be vulnerable to buckling 

under hydrostatic pressure because the buckling of a 

thin shell structure occurs at a stress level that is 

much lower than the static strength of the material. 

On the other hand, excessive thickness adds weight 

and degrades performance. For this reason, buckling 

is a critical factor that dominates the structural 

performance of underwater vehicles. Numerous 

papers have investigated shell buckling under 

external pressure. Tsouvalis et al. [2] used a finite 

element method to study the effect of geometric 

imperfections on the buckling behavior of composite 

laminated cylinders under external hydrostatic 

pressure. Graham [3] investigated the use of 

composites in deep ocean submersibles by analyzing 

and testing carbon composite pressure hulls. Gettel 

et al. [4] used a numerical method to verify the 

buckling strength of cantilevered cylindrical shells 

subjected to a transverse load at the free edge. Kim 

et al. [5] used practical design equations and charts 

to evaluate the buckling strength of geometrically 

perfect and imperfect cylindrical shells and tanks 

subjected to axial compression. 

In deep sea a vehicle experiences a high level of 

external pressure that cannot be supported by a 

simple shell structure; it needs reinforcement with a 

frame. Most underwater vehicles use a frame-

stiffened structure. Because the circumferential 

stress in the cylinder under external pressure is 

double the longitudinal stress, the frame is generally 

placed in circumferential direction. Several papers 

focus on the buckling of a stiffened composite panel 

and cylinder under external pressure. Perret et al. [6] 

used linear and nonlinear analyses to study the 

global buckling behavior of a composite stiffened 

panel. Kidane et al. [7] determined the global 

buckling load of a cross and horizontal grid-stiffened 

composite cylinder. Yazdani et al. [8] conducted an 

experimental study on the buckling behavior of thin-

walled glass composite-stiffened cylindrical shells. 

The high pressure of a stiffened cylinder may cause 

a local failure, such as matrix cracking in the 

vicinity of the stiffener before the buckling arises. 

Accordingly, the buckling and static failure should 

be considered together in the design optimization. 

Some researchers have examined the buckling 

optimization of a stiffened cylinder [9,10]; few have 

examined the buckling and static failure 

simultaneously [11]. 

This paper presents a basic research on the design of 

filament-wound underwater vehicles, with a focus 

on the optimization of the helical winding angle and 

the ratio of the hoop layer to the helical layer of a 

frame-stiffened composite cylinder. The objective is 

to maximize the design load for the external pressure. 

The total weight is fixed for each configuration, and 

consideration is given to the effects of the buckling 

and material failure. A microgenetic algorithm for 
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the optimization is used in conjunction with the 

commercial finite element program MSC 

NASTRAN. 

 

2 Optimization Algorithm 

A genetic algorithm [12] is a search heuristic for 

solving optimization problems. It is used for the 

optimization of many engineering problems because 

it obviates the need for an explicit relation between 

the objective function and the constraints [13,14].  

Fig. 1 shows the process of a typical genetic 

algorithm. 

 

 
Fig.1. Process of a typical genetic algorithm. 

 

The convergence probability can be increased if the 

genetic algorithm secures the diversity of the 

heredity factor by increasing the population size and 

by using crossover and mutation. Although this 

method can increase the convergence probability, it 

also increases the calculation time. The microgenetic 

algorithm [15] overcomes this problem. It uses 

nominal convergence and random numbers to make 

a new generation. Thus, although the microgenetic 

algorithm has a lower average fitness level than 

conventional genetic algorithms, it can secure the 

diversity of a genetic factor with a small population. 

Fig. 2 shows the microgenetic optimization 

algorithm combined with finite element analysis. 

The genetic information in this study, particularly 

the helical winding angle and the thickness of the 

hoop winding, is randomly generated and serves as 

the initial population. The microgenetic algorithm 

reads the buckling and failure load from the 

NASTRAN output file, and the lower value then 

becomes the design load. The objective is to 

maximize the design load. Tournament selection 

[16], which has a short calculation time and uniform 

crossover [17], is used for optimization. This 

microgenetic algorithm is based on elitism.  

 
Fig.2. Flowchart of micro genetic algorithm. 

 

The gene with the best fitness in the parent 

generation survive is compared with the child genes 

that pass through the selection, crossover and 

mutation. Nominal convergence is reached if the 

difference between the parent and child genes is less 

than a certain threshold, generally 5% [15]; in this 

situation, an elite gene is generated for the next 

generation. After the nominal convergence has been 

reached, the new generation consists of the elite 

gene from the previous generation and new random 

genes. The calculation stops at a predefined 

maximum number of generations. 

 

3 Optimization of a Stiffened Composite Cylinder 

3.1 Description of the Problem 

Fig. 3 shows the geometry of the stiffened composite 

cylinder. The cylinders with 0, 1, and 3 frames were 

analyzed. The geometry was designed to be tested in 

a further study. In some test chambers [18], the left 

side of the cylinder is clamped to the equipment 

wall; thus, no cap is required to cover the cross 

section. 

 

 
Fig.3. Geometry of cylinder with three frames. 
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Fig.4. Details of I-frame. 

 

In contrast, the right side needs a strong cap for the 

application of hydrostatic pressure. A composite I-

frame was used for reinforcement in circumferential 

direction. The mid-plane of the cylinder has a 

diameter of 1000 mm, a length of 3000 mm, and a 

thickness is 15 mm. Detail dimensions of the I-frame 

are shown in Fig. 4. 

Fig. 5 shows the finite elements model and boundary 

conditions. A four-node quadrilateral finite element, 

CQUAD4 in MSC NASTRAN [19], was used for 

the modeling of the composite cylinder and frame. A 

rigid bar element, RBE2 in the same software, was 

used to idealize the right cap and connect the 

stiffeners with cylinder. The nodes along the left 

side of the cylinder are fixed. The nodes on the right 

edge are clamped and covered with a steel cap. 

However, they are also subject to longitudinal 

displacement, which means the cylinder may be 

deformed in a longitudinal direction.  

The applied load is the uniform hydrostatic pressure. 

For the pressure over the right cap, however, an 

equivalent concentrated force is applied to the node 

at center. By using RBE2 element, the nodes along 

the right edge have a uniform axial displacement. 

 

 
 

Fig.5. A typical finite element model. 

The composite cylinder is assumed to be 

manufactured by filament winding process and thus 

consists of helical winding and hoop winding layers 

as shown in Fig. 6. Twenty-seven layers are 

considered, including the hoop and helical winding 

layers. The number of the hoop winding layers is n 

and the wind angle is 90° (90n, 0≤n≤27).  

 

 
Fig.6. Structure of filament wound cylinder. 

 

Accordingly, the number of helical winding layers is 

27-n and the winding angle is θ° (±θ27-n, 

0°≤±θi≤89°, where i=27-n). The number of hoop 

winding layers and the helical winding angle are the 

design variables.  

The material properties given in [18] for the filament 

wound composite cylinders were used for this study. 

The effective moduli are used for the frame and the 

failure of the frame is not considered. The material 

properties of composite cylinder are Ex = 120.8 GPa, 

Ey = 8.552 GPa, νxy = 0.253, Gxy = 3.352 GPa, Gyz = 

2.682 GPa, Gxz = 3.352 GPa, XT = 2064 MPa, YT = 

32 MPa, and SXY = 45 MPa. The material properties 

for the frame are Ex = 30.7 GPa, Ey = 65 GPa, νxy = 

0.205, Gxy = 15.8 GPa, Gyz = 3.13 GPa, and Gxz = 

2.91 GPa. 

The strategy of using a laminated shell element for 

the filament wound composite cylinder was 

validated in a comparison with the test results of 

another paper [18]. 

3.2 Optimization Results 

The optimization parameters for this study are as 

follows: the population size is 10, the probability of 

crossover is 0.5, and the nominal convergence is 

0.05. The algorithm is based on three assumptions: 

elitism, tournament selection, and a uniform 

crossover. The maximum number of generations is 

200. Table 1 shows the optimization results for four 



examples which have 0, 1, and 3 frames, 

respectively. All the examples were successfully 

explored to the global optima, which are exactly the 

same as the maximum design loads in the feasible 

region. 

 

Table 1. Results of optimization. 
Micro-GA 

 
Optimum 

(MPa) 

Helical 

angle 

(° deg) 

No. 

hoop 

layer 

Failure 

mode 

Example 1 2.011 75 0 Static  

Example 2 2.707 67 0 Buckling 

Example 3 4.903 56 0 Buckling 

Feasible Region 

 

Design 

Load 

(MPa) 

Helical 

angle 

(° deg) 

No. 

hoop 

layer 

Failure 

mode 

Example 1 2.011 75 0 Static  

Example 2 2.707 67 0 Buckling 

Example 3 4.903 56 0 Buckling 

 

The optimum values of the design load are highly 

dependent on the number of frames. Regardless of 

the failure mode, the optimal helical winding angles 

decrease as the number of frames is increased. This 

behavior means that a strong frame can carry a 

greater load in the circumferential direction; it also 

means there is a decrease in the contribution of the 

helical winding layers to the load in the hoop 

direction. The role of the hoop layer in a pressure 

vessel is to support the stress in the circumferential 

direction. In frame-reinforced cylinders, however, 

the frame takes over the role of the hoop layers. 

Thus, as indicated by the results in Table 1, no 

additional hoop winding is needed over the helical 

winding in a stiffened cylinder. Fig. 7 separately 

shows the optimized design loads which consider the 

buckling and failure together, the buckling-only 

loads which are optimized by considering the 

buckling only, and failure-only loads which are 

optimized by considering the static failure only. 

It should be noted that even though the example 1 

fails in static failure mode at the optimization point, 

the optimized failure load is much lower than the 

one from the failure-only load. When only the static 

failure is considered for optimization, the failure-

only load is higher than 8 MPa. However, the 

optimized design load considering the buckling and 

static failure is about 2.0 MPa which is slightly 

lower than the buckling-only load. 

 

 
Fig.7. Comparison of optimized design loads and 

buckling-only and failure-only loads 

 

Similar phenomena are found in example 2 and 3. In 

the examples, the optimized cylinders show the 

buckling. However, the optimized buckling loads are 

slightly lower than the buckling-only loads. It means 

that the cylinders fail in static failure mode at the 

optimal points when only the buckling is considered. 

The buckling loads should always be interpreted in 

conjunction with the buckling mode shapes. Fig. 8 

shows the buckling modes. In the no frame cylinder, 

when the buckling occurs, three waves are formed 

along the circumference and a long wave is formed 

in the longitudinal direction. The shape of the 

buckling mode is much different in each of the 

cylinders with frames (examples 2 and 3). Clearly, 

the buckling modes are greatly affected by the 

frames. The number of longitudinal waves is 

determined by the number of frames. 

 

 
(a) Example 1 

 
(b) Example 2 

 
(c) Example 3 

Fig.8. Buckling modes at optimum. 
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Complicated buckling modes generally lead to 

higher buckling loads. This principle is confirmed 

through the relation between the buckling loads and 

buckling modes in the examples. An increase in the 

buckling load can induce local compressive failures 

before the onset of buckling. That is why the 

optimized design load, which is determined from the 

buckling, is different from the buckling-only load. 

Fig. 9 shows the points which the microgenetic 

algorithm explored to search an optimum point over 

the feasible region of example 2. The figure shows 

that the calculation points are concentrated around 

the optimal point. 

 

 
Fig.9. Calculation points for the optimization of no-

frame cylinder (example 2) 

 

3.3 Feasible Region 

As shown in Fig. 10, the accuracy of the 

optimization process was verified by examining the 

feasible regions of the examples. Each figure has 

two feasible surfaces: one for a static failure load 

and one for a buckling load. There were 2403 

analysis points. The fringe on the bottom plane 

shows the design loads at every hoop winding ratio 

and helical winding angle. 

In the example 1 (which has no stiffener), the 

buckling load surface dominates the structural 

performance of cylindrical structures. At a 75º of 

helical winding angle and a zero hoop winding ratio, 

however, the static failure load becomes slightly 

lower than the buckling load and it determined the 

global optimum. Because a frame around the 

circumference is reinforced in example 2, two 

feasible surfaces overlap each other near the range 

of a 70º helical winding angle and a zero hoop 

winding ratio. 

 
(a) Example 1 

 
(b) Example 2 

 
(c) Example 3 

Fig.10. Feasible region 

 

When three frames are stiffened in example 3, the 

overlapped region becomes much complicated in the 

range of a 60º helical winding angle and a zero hoop 

winding ratio.  

 

4 Conclusion 

This basic research shows how the application of 

composite materials to underwater vehicles can be 

optimized by the helical winding angle and the hoop 



winding ratio of a stiffened composite cylinder 

under hydrostatic pressure. The design variables are 

the helical winding angle and the hoop winding ratio, 

and the objective is to maximize the design load. 

The buckling load and static failure were both 

considered. The adapted micro genetic algorithm 

successfully found the global optimum of all the 

considered examples. 

The optimized results of the stiffened composite 

cylinders provide interesting information. They 

show that, regardless of the failure mode, the 

optimal helical winding direction moves far from the 

hoop direction as the number of frames increases. 

The results also confirm that, in the frame-reinforced 

cylinders, the frame takes over the role of the hoop 

layers, obviating the need for an additional hoop 

winding layer over the helical winding layers. 
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