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Progressive damage analysis and optimization of winding angle and geometry for a
composite pressure hull wound using geodesic and planar patterns

Amir Molavizadeh! , Abdolmajid Rezaei?

Abstract Recently, it has been found that submarine pressure hulls constructed from fiber-reinforced multilayers have great poten-
tial to replace classical metallic ring-stiffened pressure hulls. The strength and stability of these structures are the most important
functional requirements and should be considered in any design procedure. This study aimed to optimize the strength and buckling
stability of elliptical composite deep-submerged pressure hulls  using two different filament winding patterns, namely geodesic
and planar. The numerical modeling of the pressure hull under hydrostatic was carried out using the Finite Element Method
(FEM) in ABAQUS using Python script and a damage model written as a User MATerial (UMAT) Subroutine. Puck failure
criterion was chosen for failure prediction. The results suggest that both buckling and static material failure should be considered
in the design of a composite pressure hull. Moreover, it was shown that the optimum pressure hull has a geodesic filament winding
pattern with a/b (the ratio between two diameters) =1.2 and the winding angle of 45°. Based on the progressive failure criterion, for
such an optimum design, failure initiates at an applied load of 28.6 MPa and the pressure hull withstands to 40.3 MPa.

Keywords: Composite pressure hull; Geodesic winding; Planar winding; Puck failure criterion; Python; UMAT

1. Introduction

Composite submersible pressure hulls have significant advantages over metallic pressure hulls due to their high stiffness to weight
ratio, low density, corrosion resistance, and improved formability [1]. Ideally, a pressure hull structure should have the minimum
weight for a given applied pressure. The hull density also must be adjusted as near as possible to the density of sea water. Using
these structural materials leads to a considerable reduction in operations and costs [2]. Composites also have considerable potential
stealth bonus [4] as there is scope for incorporating damping, decoupling and anechoic characteristics to improve the acoustic stealth
[2].

Among all composite manufacturing processes, filament winding (FW) stands out due to high precision in fiber positioning, high
fiber content, good automation capability, and low void content. These advantageous of filament winding make it the most common
process for manufacturing revolution and axisymmetric parts, such as pressure vessels [5]. Under excessive uniaxial or biaxial
compression loading, the shell structure initially starts to deform uniformly, a point is reached at which increasing compression load
yields buckling. Correspondingly, the composite under loading may fail due to global or local buckling. Typically, such a failure is
occurred in two distinct ways: the propagation of radial displacements followed by global buckling resulting in collapse, or just a
sudden collapse. It should be noted here that load prediction is much more difficult for composite structures than for metallic ma-
terials [7]. For instance, in the case where the composite is too thick, it is possible that buckling does not occur and the structure
fails due to material failure [8].

Many researches have been performed on buckling phenomenon, post buckling, and fracture of composite structures by experi-
ment and finite element method. Hojati [9] found that geodesic and semi geodesic winding methods have some limitations. He
suggested new method based on geodesic path and classical laminated theory. The results he obtained indicated that resin has an
important role in the design of composite pressure hull domes.

Blachet[10] studied buckling and failure based on Tsai-Hill criterion for a composite spherical shell. He also considered effect
of radius to thickness ratio, boundary condition and winding angle on buckling behavior of composite spherical shell. Mian et al.[11]
presented the optimization procedure for composite pressure vessel design considering both Tsai-Wu failure and the maximum
stress criteria for first-ply failure. The optimization results showed that for all of studied composite material systems the angle-ply

55 Amir Molavizadeh
a.molavizadeh@alumni.iut.ac.ir
* Mechanical Department, Isfahan University of Technology (IUT), Isfahan, 84156-83111, Iran



Appl Compos Mater

[£0] was the optimum lay-up. Walker [12] described a technique for combining genetic algorithms (GA) and the finite element
method to minimize both the mass and deflection using a multi-objective approach.

Rao et al. [13] tried to predict the minimum buckling load with and without stiffener for the composite shell of continuous
angle ply laminae. Jacob et al. [14] presented a methodology for the multi-objective optimization of laminated composite materials.
The fiber orientations and fiber volume fractions of the lamina were considered as the variables for optimization. Herbert et al. [15]
studied the structural optimization of laminated composite materials using the genetic algorithm and neural networks. Marin et al.
[16] developed an optimization procedure for the geometric design of a composite material stiffened panel. Topal [17] carried out
a multi-objective design for symmetrically angle-ply laminated plates under biaxial compressive buckling and uniform thermal
loads. Lee [18] optimized composite sandwich cylinders under external hydrostatic pressure and concluded that with increasing the
thickness of sandwich a point is reached where buckling load exceeds the critical failure load of material. Therefore, the optimum
point is determined based on material failure. Based on these results, Lee [18] proposed that both buckling and static material failure
should be considered in the design of composite sandwich cylinder. Moreover, Kaustav [19] studied the first-ply failure of thin
composite conidial shells subjected to uniformly distributed load to achieve higher failure value.

Liang et [21] introduced an optimized design of filament-wound multilayer sandwich submersible pressure hulls and showed
that facings become thicker and cores become thinner as operational depth increases. Zu et al [22], with an aim to maximize the
structural performance of pressure vessels, presented an optimal design of a half-cell dome profile for filament wound articulated
pressure vessels based on Tsai-Wu failure criterion. Tanguy et al. [24] studied the optimal design of deep submarine exploration
housings and autonomous underwater vehicles. The structures investigated by Tanguy et al. [24] were thin-walled laminated com-
posite unstiffened vessels. Structural buckling failure due to high external hydrostatic pressure was the dominant risk factor at
exploitation conditions. They also investigated the fiber orientations of composite cylinders that maximize the stability limits. A
genetic algorithm procedure coupled with an analytical model of shell buckling was developed to determine numerically optimized
stacking sequences. Karam and Maalawi [25] developed a practical approach for enhancing the buckling stability of thin-walled
anisotropic rings/long cylinders.

Almeida [26] investigated the failure of carbon fiber reinforced epoxy filament wound composite tubes subjected to hydrostatic
external pressure using experiment and numerical analyses. He also used finite element analysis through the arc length method
along with progressive failure analysis based on a proposed damage model was to predict external pressure. The failure pressures
were also estimated in [26].

Humberto [27], with an aim to predict the failure of carbon fiber/epoxy filament wound composite tubes under radial compressive
loading, focused on the development of a computational model with damage. Numerical analysis was performed using finite ele-
ment method (FEM) accompanied with a damage model written as a UMAT and linked to ABAQUS. Both numerical and experi-
mental results led to the conclusion that the predominant failure mode was delamination.

There are few studies concerning the composite pressure hulls constructed by a filament winding method. In all methods of
winding, parameters such as winding angle and the shape of dome area affect structure considerably. In the present study, in order
to obtain an optimum composite pressure hull, these two parameters are optimized. It is worth noting that obtaining an optimized
vessel necessitates considering buckling pressure criterion and failure criterion simultaneously. Moreover, in the simulation of fil-
ament wound composite pressure hull, considering the angle distribution and suitable sequence layup, especially in dome area, is
of great importance. In the simulations presented here, in order to obtain precise results, Python codes have been employed. This is
due to the fact that this method is able to model variations in thickness and winding angle of dome in a smooth manner. It is obvious
that choosing an appropriate criterion is essential in detecting initial and progressive failure of composite pressure hulls applied
pressure. In addition, a failure criterion which has the best agreement with experimental data is proposed. Moreover, a UMAT
subroutine is written to identify failure initiation and model progressive failure.

2. Winding equations

The first step in the designing a filament wound structure consists of designing a mandrel and the calculation of the fiber path.
Slippage of fiber winding on the surface of mandrel is one of the most important issues that must be addressed in this step.
The slippage tendency (A) is defined as the ratio of oblique force to normal force and can be written as Eq. (1):

v
fo

where f is fiber tension vector, F; is the force vector towards the center of curvature, E{ and ﬁ; are the normal force and tangential
oblique force applied to the surface of the mandrel, respectively and p is the friction factor between fiber and mandrel which de-
pends strongly on resin viscosity and varies from 0.2 (wet winding) to 0.39 (dry winding). The geometry of fibers path on the
surface of mandrel is shown in Fig. 1.
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Fig. 1 Geometry of fibers path on the surface [28]

By considering tangential and perpendicular forces applied on the surface and substituting them in Eq. (1), A can be expressed
as [24]:

27 sina+A3ree 2
A= &

A3sin2a-rr cos?a

where € is the variable of fiber Tm—ﬁé and r are the first and second differential of radial coordinate with respect to x-coor-
dinate, respectively and A equals |1+ 1 .

On a given a mandrel’s surface , fibers tend to follow the geodesic path, which is, the shortest distance between two points on a
surface . In geodesic winding, winding angle is calculated by setting A to zero in Eq. (2). In Eq. (3) which is known as Clairaut’s
equation, a, and R are winding angle and radius of the vessel in the cylindrical segment, respectively (see Fig. 2).

. R .
sina,, = —Ssina,
n = 2-sina ®

where R, pp, o, and «, are cylinder radius, radius in the dome, winding angle in the cylindrical segment and angle winding
in dome, respectively. Moreover, p, Varies between the opening radius and R and a,, varies between o, and 90°
When the pressure hull is wrapped, resins are accumulated at the entrance due to the dome geometry. Considering a constant
number of fibers in all sections, the wound composite thickness distribution along the composite dome can be written as follows:

__ R cos(ap)

N Pn cos (an) 0

©

n

where t, and t, are the thicknesses of the helical layers on the dome and cylinder, respectively.
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Fig. 2 Schematic of geodesic winding path [29]
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Fig. 3 Schematic of planar winding segment [29]

where R; and R, are radii of openings and L indicates the length of pressure vessel.
In polar coordinate system, fiber position on the dome region is presented by xo, rand 6 that are longitudinal, radial and angular

positions, respectively. Obtaining the derivatives with respect to these variables are important to determine a and the tendency
towards slippage. Radius of bandwidth middle line (r,), depth of dome (d), band width (BW), opening radius (r,), angle of the line
perpendicular to geometry (¢ one), and height (h.,,) are the remaining parameters. The section area of the cylindrical segment of

composite region is given by Eq. (6) [30]:

2
Acyl = T[[(rcyl + tcyl) - rcylz] (6)
and Eq. (7) is used to calculate the wound composite thickness on the dome area
_ —2nr+J4n2r2+4n sin((p)ACyl(ccoos:;c) (7)

t= 2m sin(@)

T ~— irface excluding the band that is adjacent to opening [30].
n this region by considering the area as a planar ring (see

Fig. 4). Based on this approach, the thickness can be calculated as follows:
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& (e + BW)? — 1o?]

) Nas

(




Appl Compos Mater

Fig. 4 Schematic of the opening adjacent band in planar winding [30]

3. Failure theories

Soden et al. [31] studied the different failure criteria for failures occurring in composites. They compared existing failure criteria
in “The World Wide Failure Exercise (WWFE)” for different specimens with different boundary conditions and different loadings
modes. According to their study, the Puck failure criterion shows the best agreement with experimental in comparison with other
criteria. This is why this criterion was employed in this study.

3.1 Puck failure Criterion

Puckbelieves that the failure in fiber and matrix should be investigated separately.

Considering the linear elastic behavior of the material and the constraint between fiber and matrix, composite strain in the direc-
tion along fiber is the same as that in the fiber strain. Therefore, the tensile (X¢r) and compressive (X¢r) strengths of fiber can be
calculated using Eq.(9) [33].

— _Xr —
Xer = €p1Epy = E_lEfl = &rEp 9)
Xc
Xic = €p1Epy = E_Efl = & cEp
1

where €17, &¢, and &g are the composite failure strain under tension and compression and the fiber failure strain, respectively.
Xr and X, represent the tensile (X¢r) and compressive (X¢r) strengths of composite layer and Ef; is the fiber elastic modulus.

Due to the fact that the transverse Young’s modulus is different in matrix and fiber, Puck criterion uses a modification of Hook’s
equation for strain calculation.

Experimental results indicate thatas 7,, increases in compression mode (o; < 0), the compressive strength along fiber direction
decreases. Based on these observations, and using laboratory techniques, Puck modified Hook’s equation by adding the term
(10y,,)? and suggested the following equation:

i & + Ufim g, |=1ifa, =20
&1t ! Efl oree ' (10)
1 v
—(51 + ﬁmgf(;z) +(10y,;,)2 =—1if 0, <0
&1c Efy
ModeC [ Ty, =R a1+2P5, ithout any significant plastic deformation. Therefore, Puck con-
i ] f ture experiments performed under transverse pressure loading,
O R = t ilue is usually slightly more than 45°. As it can be seen from
-R¢ -R,/

Fig. 5, fracture angle varies between 6, = 0 (Mode A) and 8, # 0 (Mode B and Mode C).
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Fig. 5 Composite material Puck failure curve in the case of plane stressand @, = 0 for three different failure mode [34]

Afterwards, Puck incorporates the strength and material elastic properties separately using two degradation models.
Based on experiment weakening factor (f,,) can be expressed as follows:


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiB_7LYxqrSAhUFCywKHdLQAsIQFggZMAA&url=http%3A%2F%2Fwww.failurecriteria.com%2Ftheworldwidefail.html&usg=AFQjCNFPCtcvroPIJOsfq6cvEUslYJIGDw&sig2=A4iMwTSa0JSwjnm7BgjDEQ&bvm=bv.148073327,d.bGg
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where g, is 1.1X; and —1.1X, for tension and compression failure modes, respectively, and n is set 6 and 8 for matrices
with high and low failure strain [33].

This reduced properties produces factor  multiplying by initial moduli  (Eq.(12)). By introducing fzrry in Eg. (13), Puck
suggests that material reduction factor 7 can be calculated using Eqg. (14) for fzrr > 1 in the case where failure occurs in
matrix [33]:

() =(rz=) (12)

Tp1)? @ Yr A% +) 92
fz(w)Zj(g) +(1_Pu| 5_21> (Y_T> + Dy 5_21+

Inter fiber failure modes have different property reduction trends. In the modes A and C, the elastic moduli E,, and G, are
reduced, while in the mode B only modulus G, is reduced. Knops [35] studied graphite and glass internal pressure vessel exper-
imentally and reported the Puck property reduction curve under transverse tension (i.e. in cases where ¢, = 0). According to Knops
[35], this curve can be defined by Eq. (16). Parameters of the equation are given in Table 1. In the present study, two parameters,
namely n; and n; were used

1- Nre

Ne=—"" &
1+ CE(fE(lFF) - 1)&

— 1- Nre (14)
1+ c(frarr) — 1)%

41

(13)
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+ e
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Table 1 Proposed values in Knops reduction function for Glass and Carbon [35]

Parameter CFRP GFRP
Guy Ey Gy E,
0.95 5.3 0.7 53
1.17 13 15 13
0, 0.67 0.03 0.25 0.03

4. Optimization of composite pressure hull

A composite pressure hull with a length of 2200 mm and a diameter of 1200 mm was considered for simulation. Moreover, the
cone height was assumed to have a constant value of 20 mm in all the models. The simulation of composite pressure hull was
performed in ABAQUS.

In this study, two approaches were employed to simulate composite pressure hull. During the first approach, the thickness and
winding angle of each segment of vessel were calculated initially using MATLAB software. Afterwards, the thickness and winding
angle were determined for each segment. There were considerable amount of discontinues near the vessel opening because of the
extreme changes in the thickness and winding angle. During the second approach, scripting by Python language was employed
to determine the angle, thickness and layup for each element in ABAQUS.

The line graph in X{mm)

1 | - . .
0.0 ' * * ' T ' ' )site pressure according to the results obtained from
0 200 400 600 800 1000 1200 can be seen from

X{mm)

Fig. 6, the variation of the failure criterion along the length of composite pressure hull is smoother in the scripting method in
comparison with that in the partition method. This indicates that using scripting method leads to more reasonable results. It should
also be noted that all steps of simulation in the scripting method including geometry modeling, material assigning, and considering
boundary conditions executed autonomously. The flowchart of the method used for the optimization is shown in Fig. 7.
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Fig. 6 Tsai-Hill failure criterion results of modeling with scripting and partition methods through length of vessel

Shell element (S4R) with reduced integration was used in this simulation. During all of the simulations, Tsai-Hill criterion is
applied to detect failure. In the scripting method for static analysis, in order to reduce the number of elements and save the analysis
time, one 360th part of a full circle (one degree) was modeled and the symmetry boundary conditions were applied (see Fig. 8).
However, in the buckling analysis, composite pressure hull is modeled completely. In the following, filament wound geometry,
material properties and the layup and the results obtained from the simulation of geodesic winding and planar winding are reported.
Finally, the optimum composite pressure hull for each filament winding method are selected. As is usual, first Eigen value (no rigid
motion) for buckling analysis is considered since it is more important than the other Eigen values.
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Fig. 7 Flowchart of composite pressure hull modeling using Python script
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“&
Fig. 8 The geometry model and boundary condition used in scripting method for simulation of composite pressure hull
Since ellipse mandrels are used widely, in this study filament wound geometry is assumed as an ellipse with 2a vertical diameter
and horizontal diameter of 2b.
4.1 Material properties and layup

The implemented T700/epoxy elastic material properties and Tsai-Hill failure criterion parameters are shown in Table 2. As it
can be seen, winding thicknesses in cylinder is 50mm for helical winding and 20 mm for hoop winding. Moreover, the thickness of
one helical layer is 0.5mm.

By changing a/b ratio and the winding angle in two approaches used for winding within a certain range, an optimum model
(which considers both failure criterion and buckling) based with the maximum safety factor is obtained. In these models, the total
length was assumed to be constant. Therefore, any variation in winding angle and a/b ratio may lead to different cylinder lengths of
composite pressure hull.

Table 2 Material properties of T700

E,(Gpa) 133 Xr(MPa) | 2507
E,(Gpa) 9.1 Xc(MPa) 1201
Nuy, 0.31 Yr(MPa) 61.8
G, (Gpa) 5.67 Yc(MPa) 186
013 (Gpa) 5.67
MP 4.
Gp3(Gpa) 3.5 S12(MPa) 848

4.2 Optimization results in planar winding method

In Fig. 9, results obtained from different simulations performed using planar winding method are represented. Using these sim-
ulations the dependence of safety factor obtained based on the Tsai-Hill failure criterion and buckling pressureon winding angle
and a/b ratio were studied. In order to study the influences of winding angle and a/b ratio more precisely, one of these two parameters
was kept constant and the variations in safety factor against the other one was investigated periodically (see Fig. 9).
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Fig. 9 Comparison of safety factor based on failure and buckling (a) winding angle with a/b=1 ratio vs (b) a/b ratiowith 20° winding angle for planar
winding in composite pressure hull.

Results obtained from these simulations showed that the optimum winding angle and a/b ratio in planar winding are 11 and 1.2°,
respectively. Two important results can be obtained from Fig. 9 (a). The first one is that the failure criterion is more critical than
buckling and the second one is that neither of them shows a monotonic trend. From Fig. 9(b) one can conceive that failure criterion
is more critical than buckling when a/b ratio is less than 1.2.

4.3 Optimization results in geodesic winding method

In this section, we first study the effect of winding angle on failure criterion and buckling pressure while keeping a/b constant. It
is obvious from Fig. 10(a) that the winding angle is between 20° and 72° which is the angle of the opening adjacent band width.
Afterwards, the effect of a/b ratio on failure criterion and buckling pressure for a winding angle of 20° are studied. The results
obtained from this study are represented in Fig. 10(b)Error! Reference source not found..

According to Fig. 10(a), neither the failure criterion nor buckling show a monotonic trend. In Fig. 10(b)Error! Reference source
not found., however, as the safety factor for bucking decreases, it increases for failure criterion. Finally, the results obtained from
simulations show that for geodesic winding method, optimum winding angle and a/b ratio (i.e. the optimum safety factor) occurs
at 45" and 1.2°, respectively.

It can be easily found from Figs. 9 and 10 that in both winding approaches, the safety factor shows the same trend. In both
approaches, safety factor of buckling increases by increasing a/b ratio, while failure criterion decreases simultaneously. This phe-
nomenon may be related to the increase of cylinder length.

Supposing a constant radius, increasing a/b ratio results in an increase in cylinder length, which in turn reduces buckling safety
factor.
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Fig. 10 Comparison of safety factor based on failure and buckling () winding angle with a/b=1 ratio vs (b) a/b ratio with 20° winding angle in geodesic
winding for composite pressure hull
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On the other hand, by increasing the a/b ratio, the length of ellipse part of composite pressure hull decreases. Therefore, the
stressapplied on the interface between cylinder and dome is reduced as a result of the reduction of moment. These will result in an
increase of failure criterion safety factor, since the interface between cylinder and dome is related to the maximum failure criterion.

According to the results obtained for the composite pressure hull, a composite pressure hull with a winding angle of 45°and a a/b
ratio of 1.2 was simulated separately and it was shown that this model the maximum safety factor, confirming that the optimum
model has been selected correctly.

5. Puck failure implementation

UMAT subroutine based on Puck failure criterion equations (see Table.1) was used in ABAQUS software. The flowchart of
UMAT subroutine is shown in Fig. 11. The validation of the subroutine was performed first, afterwards the optimum model obtained
in the previous section was analyzed by considering material degradation. Such a program can distinguish between different modes
of failure. The validation of the program was performed by constructing a comparison between the curves of puck failure criterion
in ref [36] for several types of loading and different material properties as follows:

Stagel: Combination of loading perpendicular to the fiber direction and shear loading

Stage2: Combination of fiber direction loading and shear loading

Stage3: Combination of fiber direction loading and perpendicular to the fiber direction loading

Fig. 12, 13, and 14 represents the results of simulation conducted using UMAT subroutine and compare them with Puck failure
curve for these three loading stages [36], respectively.
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Fig. 11 UMAT subroutine flowchart for Puck progressive failure
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Fig. 12 Comparison between UMAT subroutine results and ref [33] to identify failure initiation in combination of perpendicular to the fibers direction
loading and shear loading of E-glass (21xK43Gevtex)/LY556 composite
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Fig. 13 Comparison between UMAT subroutine results and ref [33] to identify failure initiation in combination of fibers direction loading and shear loading
of T300/BSL914C composite
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Fig. 14 Comparison between UMAT subroutine results and ref [33] to identify failure initiation in combination of fiber direction loading and perpendicular
to the fiber direction loading of E-Glass/MY 750 composite

As it can be seen from Figs. 11-14, there is a good agreement between UMAT subroutine results and results presented in ref [36].

6. Application of Puck failure for optimum composite pressure hull

Optimum composite pressure hull was simulated in ABAQUS software. During such a simulation, composite pressure hull was
modeled thoroughly. Geometric properties of the optimum composite pressure hull is shown in Table 3. In addition, shell element
(S4R) was used and one point of model was fully constrained to restrain rigid motion. Loading was performed in two steps. In the
first step, loading was performed to identify failure initiation and in the second, load increased to the fiber failure. It is worth noting
that during the second step, the applied load was increased gradually to guarantee the precise modeling of the progressive failure.
Puck failure criterion was to determine the initiation and propagation of failure. In this configuration, failure initiates at 28.6 MPa,
however, the hull withstands up to 50.6MPa. As the pressure exceeds 50.6 MPa, failure occurs.

Table 3 Geometry properties and winding angle of optimum composite pressure hull model

Winding Angle 45 degree
2 ratio 12
Diameter 2200mm
Length 1100mm
Helical Winding 50mm
Hoop winding 20mm

Fig. 15 indicates that the distribution of stress in the cylinder region, where hoop layer is wounded on helical layers, is uniform.
In addition, as can be seen in Fig. 15 and Fig. 16, failure initiates in bottom layer near the interface between cylinder and dome in
mode C (28.6MPa). Bending in this region due to the non-uniformity in thickness and high stress concentration leads to this failure.
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Fig. 15 Stress in fiber direction for bottom and top layers of composite laminate in composite pressure vessel

Failure mode C is an indication of matrix weakness. Therefore, the pressure at which damage initiates may be increased in the
case of a stronger matrix. When the pressure increases to 37.4 MPa, mode A of Puck failure in the opening of pressure hull is
activated (see Fig. 17 ). This failure happens due to the bending in the interface between plug and composite pressure hull. When
the stress reaches 40.3MPa, failure of fiber under compression occurs. This failure leads to buckling and fiber failure under tension
consequently (see Fig. 17). The reason of this kind of failure is weakness in some region due to fiber failure.
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Fig. 16 Mode C failure initiation contour in optimum pressure hull with E-glass (21xK43Gevtex)/LY556 composite material

Linear buckling analysis was performed. According to Fig. 18.a., the shape of the first mode is the same as the final shape of
progressive puck failure criterion analysis (see Fig. 18.b). From this observation, one can conclude that progressive failure causes
buckling.

Moreover, the risk analysis of composite pressure hull was performed. In Table 4 , buckling pressures for three approaches of
simulation are reported. As can be seen, the pressure buckling of progressive failure analysis and the risk analysis have the same
value, both of which are less than linear buckling. This seems reasonable, since buckling is originally a nonlinear phenomenon.
Radial displacement against pressure diagram in element A by considering types of failure is shown in Fig. 17 and is determined in

Fig. 18.
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Fig. 17 Radial displacement vs. Pressure in element A (Fig. 16) by considering types of Puck failure in composite pressure hull
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Fig. 18 (a) First mode shape of linear buckling analysis and (b) Final shape of progressive puck failure criterion analysis of composite pressure hull

Table 4 Buckling pressure for three methods of composite pressure hull simulation
Method Progressive Failure analysis Risk analysis Linear buckling analysis

Buckling pressure(MPa) 43 43.8 44.61

7. Conclusion

In this paper, the strength and stability of an elliptical composite deep-submerged pressure hull was optimized. The optimization
was performed considering two different filament winding patterns, i.e. geodesic and planar. The numerical modeling of the pres-
sure hull under hydrostatic pressure was carried out in ABAQUSusing Python script and a damage model subroutine. Puck failure
criterion was chosen for failure prediction. Two approaches, one based on partitions and the other based on scripting were intro-
duced for the simulation . In the first method, sequence layup and thickness were calculated in MATLAB framework and assigned
to each segment. In the second method, after meshing the model, position of each element were calculated and by considering
geodesic winding or planar winding equation, thickness and sequence layup were assigned through scripting. The results indicate
that the second method, in comparison with the first one, would be more reasonable choice because of more smoothness and less
discontinuities of failure criterion. Angle and elliptic geometry optimization for planar and geodesic winding by python scripting
method showed that geodesic winding with 45°winding angle and a/b=1.2 (feature of elliptic geometry) was the optimum composite
pressure hull to withstand external pressure against failure and buckling. Tsai-Hill failure criterion were used to detect failure initi-
ation in the composite pressure hull. In addition, the ultimate pressure for the composite pressure hull was determined. To this
purpose, it is required that the failure initiation be detected precisely. Based on WWFE, Puck failure criterion was selected and a
UMAT subroutine was written and verified with Puck curve (Ref [36]). Finally, the optimum composite pressure hull using the
UMAT subroutine was simulated using the UMAT subroutine to detect progressive failure. It has been demonstrated that, the
ultimate pressure was almost 1.5 times more than the pressure in failure initiation.

In addition, the following observations were obtained during the study:

1- Damage in composite pressure hull initiates in mode C. This indicates that failure occurs due to the weakness of matrix.
Failure position is in the connection between the cylinder and dome. It happens due to discontinuity and stress concentra-
tion.

2-  Asthe load increase, mode A failure in opening will appear. This failure can occur due to bending in the opening in the
interface between plug and composite.

3- By further increasing the load, fiber failure under compression occurs and this follows by buckling. Afterwards, tensile
fiber failure under bending occurs. This post-buckling phenomenon be described using both linear and nonlinear analyses.

8. Recommendations

For future studies, these works are suggested:
1-  Using 3D continuum element to reduce error.
2- Implementation of angle variation within thickness due to changes in radius.
3-  Using other materials like glass/epoxy and Kevlar/epoxy and comparing results with this simulation.
4-  Using composite wound modeler commercial plug-in for ABAQUS for simulation of composite pressure hull and com-
paring the results with the scripting method presented in this study.
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