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Abstract: Submarine hulls are pressure vessels for which excellent structural integrity under un-
derwater pressure loads is essential. The use of light-weight materials contributes to reduced fuel
consumption, improved speed, and increased payload while strength properties are retained. The
focus of this paper is on the collapse behavior of a filament-wound cylindrical structure that serves as
the main hull of a submarine subject to hydrostatic pressure loads. This paper presents a computa-
tional modelling approach for the prediction of the collapse behavior mechanism using a commercial
finite element (FE) solver. The collapse strength obtained from the numerical model corresponded
closely to available experimental data. The composite and aluminum material models were compared
and the effects of stacking angle and thickness portion in the ply sequence on collapse strength were
investigated. The advantages and disadvantages of available design codes (i.e., American Society
of Mechanical Engineers (ASME) BPVC-X and National Aeronautics and Space Administration
(NASA) SP-8007) were reviewed by direct comparison with numerical results. It is concluded that the
application of effective engineering constants for the prediction of the collapse pressure of submarine
hulls may be feasible.

Keywords: composite; cylindrical structure; non-linear finite element analysis; effective engineering
constants; collapse strength

1. Introduction

Submarines are important for naval, recreational, and research purposes. A submarine
hull is typically composed of a thin-walled cylinder with end closures, and it should
be able to carry the hydrostatic compressive loads without buckling. Often, the hull is
ring-stiffened and doubled-skinned to prevent flooding in the case of failure of the outer
shell. The strength of the hull depends on principal particulars (diameter, length, etc.),
and the design should satisfy the structural safety against the pressure at the designed
diving depth. Most submarine structures are made of carbon steel, or composite and
lightweight materials (e.g., titanium, aluminum, etc.). Composite materials can offer
improved structural integrity, lower weight, better space-utilization, and improved fuel
consumption, as well as improvements in speed and maneuverability.

Over the years, several studies that focused on composite submarine pressure hulls
have been carried out. For example, Graham [1] realized excellent agreement with finite
element analysis for displacement, stress, and strain prediction of a thick, overall orthotropic
cylinder-type structure. Helal et al. [2] simulated sensitivity and optimization studies of
sandwich composite deep submarine pressure hulls using T700 and B(4)5505 Epoxy. Their
results revealed that the core thickness played a minor role at extreme depths and the
laminated angle had a major effect on the strength. Franco et al. [3] reported that carbon
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fiber reinforced polymer yields a 60% structural weight savings in submarine pressure
hulls. Craven et al. [4] suggested a robust composite pressure hull with a glass and carbon
skin and a syntactic foam core with a weight (9t) that is considerably lower than that of
steel (20t). Wang [5] demonstrated that pressure hulls made of composite sandwich designs
offered at least a 28% weight reduction with respect to the conventional design.

Pressure hulls may be prone to buckling and may fail considerably below their yield
strength. Thus, improved understanding of their buckling behavior is essential for safe
submarine design and to ensure asset and people safety. Table 1 summarizes recent
research papers of relevance to the mechanics of conventional and composite materials
hulls. To date, researchers focused on understanding the collapse (or buckling) strength by
experiments and numerical studies. As applicable, the majority of these studies assume
constant thickness for composite stacking sequences.

Table 1. Research publications with focus on the collapse strength of pressure hull [6-14].

Pressure Hull Stacking Sequence (Case of Composite Material)

. Effective
Material Author (Year) Type Feature Method Lay-Up Design Variable v .t . Engineering
ariation
Constant
Khalili ?;Sllglov‘]kah Cone-cylinder Stiffened E,N
Steel Muttagie et al. (2019) Cylinder structure N )
Cho et al. (2020) Hemisphere - E,N,D
. Muttagie et al. (2020) Cylinder E,N
Aluminum Stiffened )
Muttagie et al. (2021) Cylinder E,N
structure
GFRP . Sandwich i=4,511j=3,4,
CERP Wagqas et al. (2019) Hemisphere Structure N [£45:1,[0;/90;] 1 ) (@] X
Carb Jung et al. (2012) Cylinder N,D [+£6/90] 0 =30°,45°, 60° X O
?,; on Chun and Guang (2018) Cylinder - N [+£610/904] 0 =30°, 45°, 60° X X
e Cho and Paik 0 =30° 45%
Cylinder - N [90;/6/15;/6/90;] 60°, 75° X X
(2019) ) . .
i=23,j=2-6
Present Cylinder - N, D [£6/0] 0= 16%‘; 3;%0’ 45° (@] O

Note: E: Experimental method N: Numerical FE analysis, D: Design code; GFRP denotes Glass Fibre Reinforced
Polymer, CFRP corresponds to Carbon Fibre Reinforced Polymer.

The collapse pressure of composite submarine hulls could vary as it depends on
material lay-ups. It is therefore significant to identify a suitable ply sequence that can
ensure good hull strength. To address the problem, this paper investigates the effect of
stacking angle and thickness portion on ply sequences and questions the efficient use of
the method of “effective engineering constants” used in the design of submarine hulls [15].
Special focus is attributed to the potential use of collapse pressure predicted by finite
element (FE) solvers. Strain-hardening, durability, and fracture strain are not considered.
This is because experimental results for composite materials depend on lay-ups and are not
readily available.

The remaining part of the paper is structured as follows. Section 2 presents com-
putational methods for the prediction of the collapse pressure and buckling behavior of
cylindrical aluminum and composite material models using ANSYS and ANSYS Composite
Pre-post (ACP) [16]. Comparisons of buckling characteristics of aluminum and composite
material models for a given geometry, weight, and strength are given in Section 3. Section 4
presents a range of FE-based parametric studies by varying the stacking angle and thickness
portions of the ply sequences. Sections 5 and 6 compare ANSYS ACP numerical results
against available engineering standards (National Aeronautics and Space Administration
(NASA) SP-8007 [17] and American Society of Mechanical Engineers (ASME) BPVC-X [18]).
They also discuss the feasibility of using effective engineering constants (obtained from
three-dimensional laminate theory and numerical analysis tensile tests) for the prediction
of collapse strength. Conclusions and future research directions are presented in Section 7.
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2. Computational Method
2.1. Numerical Modelling

ANSYS and ANSYS Composite Prep/Post-processors were used to model the layered
composite structures presented in this section. Figure 1 shows the procedure followed for
the prediction of collapse strength. Material nonlinearity was not considered. Accordingly,
ANSYS Composite Post assumptions accounting for through-thickness stress/strain, failure,
progressive damage, and interface delamination were not considered.

Define material properties
Meshing

ANSY
ACP(PRE) NS
(Static Analysis)
+  Define composite fabrics * Apply boundary and loading conditions
«  Define the element orientation * Nonlinear large deformation analysis

*  Define the ply sequence
Figure 1. A process of ANSYS Composite Prep.

At pre-processing stage, stacking sequences and ply properties were defined. This
composite definition was then transferred to an FE model in which the mesh, load, and
boundary conditions were defined. Geometrically non-linear analysis was carried out by
the ANSYS mechanical solver with the aim of predicting the shape of initial imperfections.
Consequently, a small multiplier was used to initiate the non-linear analysis. The arc-length
method was implemented to describe the post-buckling behavior and compute the collapse
pressure of the structure.

2.2. Numerical Validation
2.2.1. Aluminum Material

Six test models (see Figure 2) were selected to develop (and validate) the FE modelling
techniques used for the prediction of collapse pressure. The geometrical parameters and
material properties obtained from tensile tests are summarized in Table 2 [19]. There are
based on the work of Muttaqgie [19] who examined the collapse pressure and structural
failure modes of an aluminium alloy used in a commercial pipe 6061-T6 extruded tube via
experimental and numerical methods. The radial and axial gridlines on the outer surface of
the test models were used to measure the initial ovality. Initial imperfections were applied
to the FE model from available measurement data. Figure 2c shows an example of the FE
model for C4B using 4-node shell elements in ANSYS, with an irregular shape resulting
from the geometrical measuring values [19]. Since the end plugs were not modelled, the
end-plug penetration was represented by applying constrained boundary conditions in
six-degrees-of-freedom. An external pressure of 5MPa was applied to the entire cylinder.
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Figure 2. Cylindrical tube model (reproduced from [19], with permission from Pukyong National
University, 2022). (a) Test model, (b) Model assembly, (c) FE model (C4B).

Table 2. Geometrical and material information (reproduced from [19], with permission from Pukyong
National University, 2022).

Parameters (mm) Material Properties (MPa)
Model

L t D, I, E oy or
Cl1A 120 0.69 47.33 15
C2A 145 0.71 47.39 15 69,700 267 298
C3C 170 0.71 47.58 15
C4B 190 0.83 47.52 30 67,000 301 334
C5C 240 0.82 47.54 30 69,900 332 364
Ce6D 320 0.86 47.52 15 71,400 294 322

Comparisons of the collapse strength values calculated from ANSYS, test, and com-
mercial FE solver ABAQUS [20] data presented by Muttaqgie were used in the numerical
benchmark (see Figure 3 and Table 3). ANSYS data showed a 5% difference in comparison
to experimental data and lower values than ABAQUS for Model C6D. The static solver
of the Riks arc length method was utilized to analyze the collapse strength. Numerical
deviations appeared because of different sub-steps used by FE solvers during the time
integration. In specific, the default number of increments used in ABAQUS simulations
was 100. For ANSYS, initially 200 were used and this number was automatically changed
from 100 to 500 to achieve convergence. In any case, collapse strength values lie within the
acceptable numerical margin.
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Figure 3. Comparison of collapse strength obtained for the aluminum material.
Table 3. Summary of collapse strength obtained for the aluminum material.
Collapse Strength (MPa)
N Finite Element Analysis Notation
®  Experiment [19]
Xperimen ANSYS Error ABAQUS Error
ACP (%) (%)
1 2.33 2.43 4.29 2.38 2.15 C1A
2 1.93 2.03 5.18 191 1.04 C2A
3 1.80 1.82 111 1.82 111 C3C
4 2.72 2.58 5.15 2.59 4.78 C4B
5 2.14 2.04 4.67 2.06 3.74 C5C
6 151 1.63 7.95 1.68 11.26 CeD

Six models were used to compare the characteristics of strength and weight between the
aluminum and composite materials outlined in Section 3. The deformed shapes associated
with the shortest and longest models are shown in Figure 4. Buckling numbers 3 and 2 were
obtained for the circumferential buckling wave number.
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2020 R1

ACADEMIC

(b)

Figure 4. Examples of comparison of failure modes (reproduced from [19], with permission from
Pukyong National University, 2022). (a) C1A, (b) C6D.

2.2.2. Composite Material

Cho and Paik [14] presented hydrostatic buckling pressures of a filament-wound
cylinder. Three 8 mm-thick cylindrical composite tubes with winding angles of [+30/90],
[£45/90], and [£60/90] were compared. Figure 5 shows the nomenclature of a cylinder
and the direction of the stacking angle (6;). The latter corresponds to the kth layer, which
occurs at a certain angle in the longitudinal direction. The dimensions of each model are
summarized in Table 4. All layers were assumed to be perfectly bounded and comprised of
T700 carbon fibre, which is flexible and reduces the probability of cracking (see Table 5).

Figure 5. Notation of filament-wound cylinder.
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Table 4. Geometrical and material information (reproduced from [14], with permission from The
Society of Naval Architects of Korea, 2022).

Stacking Angle Length Inner Radius Thickness Hoop Thickness Notation
Model s
©) (mm) (mm) (mm) (mm) [14]
1 +30/90 686 150 8.01 1.43 FWTS8 30/90-1
2 +45/90 695 150 8.12 0.97 FWTS8 45/90-1
3 +60/90 695 150 7.80 0.99 FWTS8 60/90-1

Note: The £6 angle denotes the helical layer, 90 corresponds to the hoop layer.

Table 5. Material properties of T700 carbon fibre (reproduced from [14], with permission from The
Society of Naval Architects of Korea, 2022).

Description Direction Values
Elastic modulus (GPa) Tighzti;ze 1216-0
Shear modulus (GPa) TE;E?;; ;zg
Poi , . In-plane 0.253
oisson’s ratio Transverse 011
Tensile strength (MPa) Tg‘;lzl‘f‘;ze 2220
Shear strength (MPa) TE;E?;; ‘éi

ANSYS was used to define the FE model, material properties, linear buckling, and
non-linear buckling analysis. Engineering data for orthotropic elasticity were transferred
to ANSYS ACP where fabric definitions for the composite material, ply lay-up, thickness,
and stacking angle were implemented.

Composite laminates consisted of stacked layers with different fibre orientations in
the T700 carbon fibre material. Fabric properties included material type and ply thickness.
A rosette was created to set the orientation and material reference (0°) direction of the
composite lay-up. After assigning ply properties such as orientation point and direction,
ply material, angle, and number of layers, composite plates were created as shown in
Figure 6 where a denotes stacking angle, and ¢ represents thickness.

4 —
3 90, 2=90.0, t=1.43
2 —.

) 30, 2=30.0, t=1.65

(3+] 1 =

£

T 0— 30, a=30.0, t=1.65

o

o 4 B

© ) Stackup. 1, 2=0.0, t=8.01 30, a=-30.0, t=1.65
-3+ 30, a=-30.0, t=1.65

-4 =
Figure 6. An example of stack-up layers comprising the composite material shell.

The cylinder composed of 4-node shell elements and was fixed at one end. Uniform
pressure was applied to all surfaces including the other end. The collapse strength was
determined as the product of the applied load and a time factor that reached a maximum
value. Experimental and numerical results are shown in Figure 7 and Table 6. They appear
to be in good agreement (difference of less than 8%) [14]. The collapse strength increased
with increasing stacking angle. This confirms that appropriate modelling of stacking angles
is important in terms of determining the collapse strength.
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Model Number
Figure 7. Comparison of collapse strength obtained for composite material.
Table 6. Summary of collapse strength obtained for the composite material.
Collapse Strength (MPa)
N Finite Elemetn Analysis Notation
o Experiment [14]
ANSYS Error
ACP (%) NASTRAN Error
1 4.30 4.31 0.23 4.351 1.19 FWT8 30/90-1
2 5.80 5.35 7.76 5.498 521 FWTS8 45/90-1
3 e7.18 7.07 1.53 7.034 2.03 FWT8 60/90-1

3. Comparison of Aluminum and Composite Materials

Aluminum (Al) is a lightweight and corrosion-resistant material that reduces fatigue
crack growth. Al strength-to-weight ratio exceeds that of steel. This means that a 170 mm
thick hull withstands pressures of 52 MPa at a diving depth of 5200 m [21]. Accordingly,
the six models described in Section 2.2.1 were used to compare the collapse strength of Al
and composite materials with the same geometry, weight, and strength.

3.1. Application Model

The material T700 carbon fibre comprises of three layers with different stacking angles.
The thickness of each layer was assumed to be the same to that described in Section 2.2.2.
The stacking sequence was defined as 4-6/0. The fibre direction of the layer was in parallel
to the longitudinal direction (i.e., set to 0 degrees). Each ply thickness is presented in
Table 7. The stacking angle (0) varied between 15 and 75 degrees in 15-degree intervals.
Figure 8 shows the assigned fibre direction for the cases considered. Thirty computations
of composite material cylindrical models were conducted using ANSYS and ANSYS ACP
with the same loading and boundary conditions described in Section 2.2.1.
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Table 7. Geometrical information for application models.
Notation Dimension (mm) Slenderness Ply Thickness (mm)
n
[19] L D t Ratio +0 -0 0°
Cl1A 120 47.33 0.69 3 7.28 0.31 0.31 0.07
C2A 145 47.39 0.71 3 8.78 0.32 0.32 0.07
C3C 170 47.58 0.71 3 10.26 0.32 0.32 0.07
C4B 190 47.52 0.83 3 11.51 0.37 0.37 0.08
C5C 240 47.54 0.82 2 14.53 0.37 0.37 0.08
CeD 320 47.52 0.86 2 19.39 0.39 0.39 0.09

(b) ()
Figure 8. Lay-ups direction of § degree of composite material (Light green arrows denote the fibre
direction; Green arrows denote the transverse direction of fibre, and purple indicates the normal (out of
plane) direction in defining orientation for ANSYS ACP). (a) —30 degree, (b) —45 degree, (c) —60 degree.

3.2. Results of Comparison

Two hulls of the same dimension and cylindrical structure made of different materials
were compared as shown in Table 2. For the composite material model, the collapse strength
varied with 6 in the stacking sequence (+60/0); £75/0 and £15/0 recorded the highest
and lowest strength, respectively, in most of the models. The differences induced by the
stacking angle orientation have only a slight effect on the higher slenderness ratio models
and varied significantly among the lower slenderness ratio models. All composite material
models, regardless of their stacking angle, recorded lower collapse strength values than
the aluminum model. Figure 9 presents the results of computations performed for each
geometry model.

A given weight model was generated by increasing the total thickness of the composite
material model. The same proportion of each ply thickness to the total thickness was used.
Figure 10 shows the results of the computations. The collapse strength of all composite
material models was superior to the Al model. For a given weight, the cost varied with the
manufacturing and material costs.

For a given strength model, a target value with the same strength should be realized by
varying the thickness. To address this issue, the stacking angle (6) was fixed at 75 degrees.
This yielded the highest collapse strength. The three example cases considered are demon-
strated in Figure 11. Figure 12 presents the pressure-average deflection curve for the Al
and composite C4B models. Average deflections were calculated by taking the mean of
total deflections at entire nodal points of the FE model under consideration. For Al, the
first part of the graph shows a linear increase, and then it starts to flatten. This means that
the structure has a short range of elasticity and a wide range of plasticity. In general, the Al
displays stiffer behavior than the composite material.
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Stacking sequence (+6/0°)
: 0=15°
: 0=30°
1 0=45"
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Figure 9. Collapse strength comparison depending on stacking angle or material with identical
geometry. (a) Variation in composite material with stacking angle, (b) Comparison between aluminum

and composite material of +75/0.
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Figure 10. Collapse strength comparison depending on stacking angle or material with identical
weight. (a) Variation in composite material with stacking angle, (b) Comparison between aluminum

and composite material of +75/0.

6.0 —
Stacking sequence: +75/0°
1 —e-:ClA
5.0 — —A— : C4B
—m— : C6D
g
4.0 —
2
& -
o0
=
E 3.0 —
S Per a=2.58MPa
2 | A
= Per a=2.43MPa
= 2.0
&) Per a=1.63MPa /-
1.0 — /./././
—
T700 Carbon fiber
0.0 T T T T T T
0.6 0.8 1.0 1.2

Thickness (mm)

1.4

Figure 11. Search for the same collapse strength in the composite material model (See Table 7).

3.5 —
C4B model (L=190mm, D=47.52mm)
3.0 -
7 /Aluminum material
25— T
E 2.0 — Composite material(T700 Carbon fiber, *75/0°)
2 =
Z
2 1.5 —
1
A .
1.0 —
0.5 — :"" Material Thickness (mm)
3 Al 0.830
- C 1.195
0.0 T T T T T |
0.0 0.1 0.2 0.3

Average deflection (mm)

Figure 12. Pressure-average deflection curve for C4B model.

0.4

Table 8 summarizes the weight associated with the obtained thickness. The composite
models, having the same strength as the Al material model, yielded weight savings of
13-46%. Notwithstanding this, further consideration should be given to lifecycle costs (i.e.,
cost of pre-fabricated materials, manufacturing and maintenance, inspection and repair,

recycling and disposal).
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Table 8. Obtained thickness and weight information.
Dimension (mm) Weight (kg)
Notation A C - Weight Saving
[19] . omposite (%)
L D t Aluminum (+75/0°) °
Cl1A 120 47.33 0.892 7.31 0.330 0.250 32
C2A 145 47.39 0.843 8.81 0.041 0.028 46
C3C 170 47.58 0.847 10.29 0.048 0.033 45
C4B 190 47.52 1.195 11.60 0.062 0.052 19
C5C 240 47.54 1.251 14.66 0.078 0.069 13
Ce6D 320 47.52 1.248 19.55 0.109 0.091 20

4. Parametric Studies

To better understand the structural behavior resulting from different ply sequences,
parametric studies were performed using FE computations for various stacking sequences.
Three models with different thicknesses but the same strength as an aluminum model (C14,
C4B, and C6D), were selected.

At first, the effect of stacking angle was re-examined. Figure 13 shows the dependence
of the collapse strength on the stacking angle, with 0 degree in the hoop layer. Typically,
collapse strength has decreased by increasing L by D or slenderness ratio for the same
thickness. However, decreasing D by t causes increasing collapse strength for the same
length. The modified C4B model recorded the largest collapse strength, despite being
associated with only a medium slenderness ratio. This resulted from the fact that L/D
for the C4B model has a medium value, while its D/t has a lower value. The modified
C6D model was associated with the highest slenderness ratio. It yielded the lowest values
regardless of stacking angle. The collapse strength increased with the increasing stacking
angle of the helical layer. For a given model dimension, the strength varied by a factor of
2.82 between the lowest and the highest values in C1A. Therefore, the stacking sequence
played a key role in the collapse strength of the composite material models.

3.5 M
Stacking sequence: * 6/0°
—@— : C1A (t=0.892mm)
3.0 = —A— : C4B (t=1.195mm)
—— : C6D (t=1.248mm)

N
n
]

2.0 —

Collapse Sterngth (MPa)

1.0 —
0.5 —
T700 Carbon fiber
0.0 — T T T T T T T T T 1
0 15 30 45 60 75 90

Stacking Angle (6, Degree)
Figure 13. Dependence of collapse strength on stacking angle (+6/0).

In the second parametric study, the influence of the thickness portion in ply sequence
(i.e., each layer thickness in relation to the total thickness) on collapse strength was ex-
amined. Accordingly, the overall thickness was kept constant, while the thickness of the
stacking angles in three laminations (£75/0 deg.) varied (see Table 9). Figure 14 shows



J. Mar. Sci. Eng. 2022, 10, 466 13 of 22

the different proportions of helical layers in the composite material model and the corre-
sponding collapse strength of these layers. The strength increased with an increasing ratio
of thickness in helical layers (t4 75), regardless of the model. The highest slenderness model
(C6D) was only slightly affected when the thickness of the helical layer increased. On the
other hand, the lowest slenderness model (C1A) was severely affected. It was concluded
that the strength can increase substantially by changing the proportion of each layer in a
short and stubby cylindrical structure. However, the effect varies with the stacking angle
of the ply sequence.

Table 9. Each ply thickness for three lamination stacking sequence.

Thickness in Thickness in
Model total Helical Layers Proportion Hoop Layer Proportion
(mm) t:l:75 (0/0) t() (0/0)
(mm) (mm)
0.401 0.45 0.089 0.10
0.357 0.40 0.178 0.20
0.312 0.35 0.268 0.30
cla - 0892 0.268 0.30 0.357 0.40
0.178 0.20 0.535 0.60
0.089 0.10 0.714 0.80
0.538 0.45 0.120 0.10
0.478 0.40 0.239 0.20
0.418 0.35 0.359 0.30
C4B 1195 0.359 0.30 0.478 0.40
0.239 0.20 0.717 0.60
0.120 0.10 0.956 0.80
0.562 0.45 0.125 0.10
0.499 0.40 0.250 0.20
0.437 0.35 0.374 0.30
ceb 1248 0.374 0.30 0.499 0.40
0.250 0.20 0.749 0.60
0.125 0.10 0.998 0.80
3.5
Stacking sequence: *8/0° (6=75°)
—@— : C1A (t=0.892mm)
3.0 —&— : C4B (t=1.195mm)
. —— : C6D (t=1.248mm)
= 25—
- s
£, 2.0 —
£ 4
Z
2 1.5 —
E- | .\.—_/./././.
=
O 1.0 —
0.5 —
T700 Carbon fiber
00 — 1 T T 1 1
0 0.1 0.2 0.3 0.4 0.5

Proportion of t, 4.

Figure 14. Three models with different thickness portion in helical layers (+£75/0 deg.).
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5. Comparison against Engineering Standards

Structural analysis results were compared against the NASA SP-8007 [17] and ASME
BPVC-X[18] design codes” buckling criteria for cylindrical structures under external pres-
sure. The comparison was based on the following assumptions:

(1) The laminate thickness is very small;

(2) The layers are perfectly bonded;

(38) Vertical edges perpendicular to the cross-section surface of the small element in
laminate remains straight after deformation;

(4) The laminate is linear elastic;

(5) The through-the-thickness stresses and strains are negligible.

The “ABD matrix” below describes the relationship between the loads and deflections
of a composite laminate according to Classical Lamination Theory (CLT) [15,22]. A, B and
D denote the extensional, coupling and bending stiffnesses of the laminate. And they are
defined by using the z-coordinate in ply k (z;), ply k+1 (z,1), and stress-strain relations (Q)
of each ply [22]. It is assumed that the laminate is loaded only in tension or compression
along the principal material axes without shear strain. It is noted that couplings between
normal stresses and shear deformation and between shear stress and normal strains were
not considered in CLT.

Ny Ann A A Bin Bz Biyg €x
Ny A Ax Az B Bxn By &y
Nyy | _ | Ae Az Aes Bis Bas  Bes Ty )
M, Biy Bz Big D11 D Dis K
M,y Biz By By D1z Dz Dy Ky
My Bis Bz Bes Dig Dazg Des Ky
n JR—
Ajj = Z{sz} (zk — 2k-1) 2
k=1 "
1~ 2 2
Bij = E;{Qij}n(zk - Zk—l) 3
-1
e 3.3
DR XCANERE o
-1

NASA SP-8007 [17] suggested buckling equations for an orthotropic cylinder under
axial compression/bending, external pressure, and torsion. For external pressure, the
equations are as follows:

Cnn Cp Ci3
det| Cy1 Cop Cp3
P, — R i C31C C32C Cs3 5)
p[nz +3(m) ] det[ o e ]
Cnt :All($)2+A66(%)2 (6)
Co=Co = (A + A66)(an) (%) 7)
Ciz=0Cs1 = %(%) +B11<an)3+(Blz+2366)<mTﬂ) (%)2 (8)
Cyp = AZZ(%)2+A66<an)2 9)

o= Cn= G s 2 (W) (1) + 22 () +ha(l) o
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_ mrry\4 mm\2/n\2 n\4 Ay 2By /n\2 2By ymm\2
Co =D (") +200+206) () (5) +P=(g) + 78 + 72 (5) + = () ()
ASME BPVC-X [18] demonstrated the use of the rigorous NASA SP-8007 solution and
presented a simplified equation for cylinder buckling due to external pressure, where,

(kD)-0.8531-y-Ep¢t-Egf *#°/2
P, = TRR—TE (12)
(1-vx0y) Y L (B)F

(ABD71);,
_ , 1
o (ABD1),, (19
’ B (ABD_1)5,4 (14)
Y (ABD 1) 5
_ ApAp— A
Egt = T (15)
12
Ef=————— 16
" B(ABD )5 (16)
12
Ef=———"—+— 17
“f 7 B(ABDY),, 17
£3/2.p1/2 L g2
hf at 1 L
Zy= 2L (1= o) (18)
af (Tf)
v =1-0.001Z, (Z, < 100) or 0.9 (Z, > 100) (19)

A comparison of the collapse strength values calculated by ANSYS ACP and the
design codes is shown in Figure 15. The codes applied the coefficients of the ABD matrix
and inverse ABD matrix directly to the buckling formula for external pressures. The ABD
matrix could be changed by varying the composite information, and the values in the
design code could be changed by varying the safety factor, F = 1.

Figure 15 shows that the collapse strength increased with the increasing stacking angle
of the ply sequence. The values obtained from NASA SP-8007 increased more sharply
than the other values. Collapse pressure values in ASME BPVC-X were recorded as the
lowest. This is because in contrast to ASME BPVC-X, NASA SP-8007 requires a longitu-
dinal/circumferential wave number of buckling The FE results match well against the
experimental data of Section 2.2.2. This is also confirmed in several references [7-10,12,14].
Based on these comparisons, the accuracy of design codes for the prediction of collapse
strength could be considered insufficient.
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Figure 15. Comparison of ANSYS ACP and design codes. (a) Modified C1A, (b) Modified C4B,

(c) Modified C6D.
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6. Effective Engineering Constants of Laminate

FE-based structural analysis of composite materials is time-consuming as it requires
the definition of ply sequences. Generally, it may be complex to assign plies by setting
lay-ups, stacking thicknesses, and orientations. To overcome these challenges, effective
engineering constants can be used to predict stiffening behavior. These constants represent
equivalent material properties for the entire ply. Tavakoldavani [23] showed comparisons
for longitudinal, transverse, shear modulus, and Poisson’s ratio varying on an orientated
angle-ply in unidirectional laminas. Hudisteanu et al. [24] concluded that the angle-ply
laminates for all elastic constants show greater values than the orthotropic laminas for
specific ranges. Farooq and Myler [25] confirmed that effective engineering constants
obtained from various equations have shown a good agreement (over 90%) between
laminates having different types of stacking sequences by performing tensile and bending
tests. Jung et al. [12] compared the buckling pressure obtained from FE analysis for different
stacking and effective material properties. They concluded that a single layer with effective
engineering constants is adequate.

6.1. Three-Dimensional Laminate Theory

For a given composite stacking sequence, in-plane effective engineering constants
can be determined from the so-called ABD matrix. Engineering constants refer to the
extensional modulus in the x, y, and z directions; Poisson’s ratios (Uxy, Vyz, and vx;),
and the shear modulus in the x-y, y-z, and x-z planes. Chou et al. [26] formulated a
three-dimensional stress-strain constitutive relation that can be used as an equivalent
representation for laminated media. The coefficients of this relation are given as follows:

Ci  (i#])
Jp— ]
Cij —{ Ci=0(i,j=1,236]=4,5) 20

kcok  CKY! vy
n CiLCx. i3 ~I=1 (I
Cy= Y V¥ |Ch— 2+ — = CS? (i,j=1,23,6) (21)
k=1 C33 C33 21:1 cl
33
kck
Zz’?:1 A .
Cif = Kl . (i,j =4,5) (22)
Yio1 X Kok (ChyChs — ChsCEy)
ck, ck
Ay = ’ 4 5 (23)
C54 C55
Vi, = t?k (24)

The laminate compliance matrix (Hi*;-) was obtained as the inverse of the laminate
stiffness matrix (CZ-*]-) and was directly converted to nine engineering constants. Table 10
lists the effective engineering constants (based on the three-dimensional laminate theory)
associated with different stacking angles. For longitudinal modulus (Ey), it shows a gradual
drop as the angle increases. It also shows an increasing trend as the angle increases in
transverse modulus (Ey). The shear modulus (Gyy) records the highest value in +45/0. The
Poisson’s ratio has a sudden increase at £30/0.
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Table 10. Effective engineering constants (three-dimensional laminate theory).

Stacking Sequence

Properties

+15/0 +30/0 +45/0 +60/0 +75/0
E. (GPa) 100.48 47.46 23.32 19.54 19.61
E, (GPa) 8.41 9.25 17.53 48.90 93.58
E. (GPa) 8.70 9.31 9.99 9.85 9.60
Uiy 0.934 1.405 0.823 0.321 0.087
Vyz 0.394 0.309 0.160 0.055 0.195
Vs ~0.033 —0.205 0.070 0.282 0.383
Gay (GPa) 9.67 22.32 28.65 22.32 9.67
Gy: (GPa) 2.71 2.81 2.95 3.10 3.22
Gyxz (GPa) 3.30 3.17 3.01 2.87 2.77

6.2. Numerical Analysis of Tensile Test

Numerical analysis of tensile tests, that comprised of three composite layers with
different stacking angles, was used to derive representative engineering constants along
the x, y, and z axes. To describe the specific ply sequence of the composite material
properties and apply tensile loadings, ANSYS ACP, and ANSYS were interlinked, as shown
in Figure 16.

- hd B b4 =
Sl 'cP ACP (Pre) S8 = Static Structural
2 & EnginesringData 4 .2 @ Model v 4
External Model —e3 @ Model v 4 3 @ setup v 4
4 Setup v = 4 @3 solution v 4
ACP (Pre) 5 @ Resuits v 4
Static Structural

Figure 16. Workflow for numerical analysis of tensile test.

An FE specimen using 8-node solid elements was created. The specific dimensions of
the specimen were set in accordance with ASTM E8-04 [27]. The FE model was transferred
into the ANSYS ACP environment where the ply thickness and stacking information were
assigned. Figure 17 shows the fibre direction in ANSYS ACP and the applied tensile loading
in ANSYS. The tensile test was conducted in the x, y, and z directions, respectively.

=

& e e

2000 [Ty

(@) (b)

Figure 17. A specimen for the tensile coupon simulation. (a) Assigned ply information in ANSYS
ACP, (b) Applied load in ANSYS.
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Effective engineering constants for the elastic modulus, shear modulus, and Poisson’s
ratio for the entire thickness are shown in Table 11. As compared to three-dimensional
laminate theory, the values decreased in a similar manner in the x direction. A slight
difference in the z direction occurred for the elastic modulus. A considerable difference
in the transverse elastic modulus was noted. The shear modulus in the y-z and x-z planes
exhibited the same properties regardless of the stacking angle, while it shows that a slight
difference was noted for the theoretical method. Large shear modulus values and significant
differences in Poisson’s ratio were observed in the x-y plane. These differences may have
resulted from the thin plate approximation, which stipulates that the laminate remains
straight and perpendicular to the surface after deformation. The solid FE model generated
more accurate results as it allows modelling the effect of transverse shear deformation.
Stacking sequence is not considered in the accumulating laminate stiffness matrix in the
CLT theory. This means that it has the same matrix between 30/—30/0 and —30/30/0
when it has the same thickness of each ply.

Table 11. Effective engineering constants (numerical analysis of tensile test).

Stacking Sequence

Properties

+15/0 +30/0 +45/0 +60/0 +75/0

Ey (GPa) 71.95 39.70 23.15 18.60 18.63
Ey (GPa) 8.42 8.28 9.37 15.14 32.86
E, (GPa) 10.15 10.21 10.30 10.35 10.39
Vay 0.589 0.824 0.616 0.301 0.095
Vyz 0.393 0.332 0.240 0.192 0.259
Viz 0.134 0.054 0.153 0.289 0.377
Gyxy (GPa) 5.06 5.68 16.37 22.08 26.82
Gy (GPa) 2.68 2.68 2.68 2.68 2.68
Gy (GPa) 2.68 2.68 2.68 2.68 2.68

6.3. Application of Strength Analysis

The collapse strength pressure was predicted by applying two effective engineering
constants to a composite cylinder. Three modified models, each consisting of five different
orthotropic elasticity models that represent +6/0, were generated. For running ANSYS
computation, the elastic stiffness matrix (stress-strain) matrix must be positive definite [28].
ANSYS checks each material property to ensure that the matrix is indeed positive definite
using the following equation:

1-— vxyzl;; — vyzzg—z - vxzz% - ZUvayzvleé—z (25)

Normally, the maximum possible value of Poisson’s ratio for common materials is 0.5.
In the cases of +£15/0, +30/0, and £45/0, the Poisson’s ratio is larger. This means that the
volume decreases when the material is in tension, which is contrary to ordinary physical
behaviour. Therefore, a numerical error arises “the stress-strain matrix of a material is not
positive definite, which is required for real materials” in ANSYS. Moreover, it leads to a
negative value of (25).

Table 12 lists the values generated by Equation (25). It can be solved by reducing the
Poisson’s ratio. However, it is not reasonable to proceed with computations by arbitrarily
changing the values at the stage of applicability by using effective engineering constants.
The values obtained from Equation (25) that were below zero have been excluded from
the computations. Figure 18 compares the collapse strengths of the target models. The
elastic modulus in the y direction obtained from a three-dimensional laminate theory is
three times higher than the values in the numerical analysis of the tensile test. The collapse
strength decreased for a stacking angle of £75/0 when a three-dimensional laminate theory
was employed. This is because the shear modulus in the x-y plane for a stacking angle
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—8— : ANSYS ACP with composite material
- ANSYS with effective engineering constant
A :3D laminate theory

W : Numerical tensile test

Collapse Sterngth (MPa)
N

10—

of £75/0 is lower than £60/0. This observation leads to the conclusion that the elastic
modulus in the y direction and the shear modulus in x-y mostly affect the collapse strength
and should be considered in the definition of the ABD-matrix.

Table 12. The values obtained by Equation (25).

Stacking Sequence

Method
+15/0 +30/0 +45/0 +60/0 +75/0
3D laminate theory —9.2921 —8.5383 —0.0021 0.7662 0.3015
Numerical analysis ~2.6608 —2.4705 ~0.1427 0.6242 0.4950

of tensile test

C4B modified model C6D modified model
4 —@— : ANSYS ACP with composite material E|
ANSYS with effective engineering constant

—8— : ANSYS ACP with composite material
ANSYS with effective engineering constant
A :3D laminate theory A :3D laminate theory

M : Numerical tensile test W : Numerical tensile test
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Figure 18. A comparison of the collapse strength
(a) Modified C1A, (b) Modified C4B, (c) Modified C6D.

using the effective engineering constant.

7. Conclusions

This paper presented an investigation into the collapse behaviour of a filament-wound
cylindrical structure that may serve as the main hull of a submarine subject to hydro-
static pressure loads. This paper presents a computational modelling approach for the
prediction of the collapse behaviour mechanism using a commercial Finite Element (FE)
solver. Numerical comparisons demonstrated that weight savings when using composite
materials may rise to 46% as compared to aluminium structures with similar strength
characteristics. Notwithstanding this, composite and lightweight material and fabrication
costs may be significant and should be taken under consideration. The results of numerical
simulations using ANSYS and ANSYS Composite Pre-post (ACP) for the prediction of the
collapse pressure under hydrostatic pressure loadings concurred with those of reference
test models. They also verified that changing the stacking sequence may result in different
collapse strengths.

Effective engineering constants were introduced to simplify the numerical analysis
process by assigning one single material property to composite material models without
composing different lay-ups. These values were obtained from three-dimensional laminate
theory and numerical analysis of tensile tests. Models with the effective engineering
constants from numerical analysis of tensile tests show better results. This is because they
account for the influence of transverse shear deformation and stacking order. Whereas
this is a practical approach that does not require the definition of composite lay-ups, it is
limited to hypothetical material properties used in numerical solvers.

Comparisons against available design codes (i.e., ASME and NASA) justify that, in
the future, buckling knockdown factors for composite cylinders should be developed to
assist with the rapid evaluation of strength at the preliminary design stage. As part of this
process, experimental tensile tests for various combinations of composite materials will
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be carried out with the aim of determining effective engineering constants. Consequently,
applications for submarine design will be considered in greater detail.
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