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A Study on the Collapse Strength of

Composite Cylindrical Structure

Seung Geon Lee

Department of Naval and Marine System Engineering, The Graduate School,

Pukyong National University

Abstract

With the recent trends of increasing submarine operating in deep—-sea environment,
several research has been actively carried out to secure their stability and structural
intensity with lower weight. The submarine as a pressure hull structure should resist
many restrictions on loadings due to increase of depth, such as external pressure.
Increasing external pressure requires shell structure with a larger radius or length than
their thickness. Therefore buckling phenomenon is a main concern of submarine design.

In this study, buckling collapse characteristics of composite cylindrical structure were
examined. First of all, numerical methods using ANSYS and ANSYS Composit Pre—post
(ACP) were validated by comparing the experimental models: Aluminum cylinder, 8-layer
plate and composite cylinder. Second, aluminum and composite cylinder models were
compared to the same strength and weight. Also, comparison with design codes (NASA,
ASME) for cylinder composed of composite material was included. Lastly, several case
studies were performed to investigate the effect of stacking angle, stacking ratio. As a
result of the study, the smaller the angle, and the larger the stacking ratio, the greater

the collapse pressure value.
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Fig. 3 Pressure hull and non

(Kim, et al., 2010)
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Table 1 Material properties

Material properties Model
B Model C4 | Model C5 Model C6

(MPa) Cl~C3
Elastic modulus 69,700 67000 69900 71400
Hardening modulus 307 404 416 401
Yield strength 267 301 332 294

Ultimate compressive
298 334 364 322
strength
Table 2 Geometrical parameter of model
Model Geometrical parameter (mm)
L t D lLe
CIA 120 0.69 47.33 15
C2A 145 0.71 47.39 15
c3C 170 0.71 4758 15
C4B 190 0.83 4752 30
ChC 240 0.82 4754 30
CceD 320 0.86 4752 15
Metal hook~\
e
End plug ey /
‘D o
/ / 7t
=9
L+21,
Air trapped hole

Fig. 4 Aluminum cylinder model
(Teguh, 2020)
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I I

0.8 |-

04
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Figure. 6 Comparison results
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Fig. 7-a FEM model C1A Fig. 7-b FEM model C6D

UUiIIG@ﬂUIW

CIA CID CIB 2D C3A GD C4A C4B
Fig. 8 Experiment model (Teguh, 2020)
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Table 3 Material properties

Properties Value Unit
Young's modulus X direction 20000000 psi
Young’'s modulus Y direction 1450000 psi
Young's modulus Z direction 1450000 psi
Poisson’s ratio XY 0.3
Poisson’s ratio YZ 0.49
Poisson’s ratio X7 0.3
Shear modulus XY 1000000 psi
Shear modulus YZ 4870000 psi
Shear modulus X7 1000000 psi
Ply type Regular

Stackup.1 PP,AP

0.06
0.04
0.02

-0.02
-0.04
-0.06

z Coorddinate
=}

-0.08

Fig. 9 Stackup method
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Fig. 11 Boundary & loading

conditions
ANSYS ACPE o] &3t fstaisas 8 T Zhao (2016)2] ANSYS
Swiftcomp Z ¥} vluwstHT Wel, 9, ddHe] AxE vl
Figs. 12-169A4 & & Aol A7} dx3ts st
Displacement
0.000 ¥
ANSYS ACP ——
Zhao (2016) & &
-0.004 ~
E -0.008
N’
m
= -0.012
-0.016
-0.020 L L L L L L L L L d
05 -04 -03 -02 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

X1 (in)

Fig. 12 Displacement
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Normal Stress 611

20000
15000
10000
5000
0
-5000
& -10000
-15000
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25000 |
-30000 : : : : : : : -
008 006 004 002 000 002 004 006 0.8

x3(in)

ANSYS ACP ——
Zhao (2016) & &

7~
o
[72]
=)
A
v~

Fig. 13 Normal stress oy,

Normal Stress 62
4000 ¢

ANSYS ACP ——

3000 f Zhao (2016) & &

2000 f

1000 f

0 F

6 22 (psi)

-1000 F

-2000 f

_3000 1 1 1 1 1 1 1 J
-0.08 -0.06 -0.04  -0.02 0.00 0.02 0.04 0.06 0.08

x3(in)

Fig. 14 Normal stress o,
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Shear Stress 612

6000
4000
2000

0
-2000
-4000
-6000

_8000 1 1 1 1 1 1 1 J
-0.08 -0.06 -0.04 -0.02 000 002 004 0.06 0.08

x3(in)

ANSYS ACP ——
Zhao (2016) & &

G 12 (psi)

Fig. 15 Shear stress oy,

Shear Stress 613

200
0
-200
-400
-600
-800

013 (psi)

ANSYS ACP ——
-1000 Zhao (2016) & @

_1200 1 1 1 1 1 1 1
-0.08 -0.06 -004 -0.02 000 0.02 004 0.06 0.08
x3(in)

Fig. 16 Shear stress o3
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(Cho et al., 2012)
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Table 4 Geometrical parameter

Hoop
thickness
(mm)

1.43

0.97

0.99

Thickness
(mm)

8.01

8.12

7.8

Inner radius
(mm)

150

150

150

Length
(mm)

686

695

695

Model

FWTS
30/90-1

45/90-1

FWTS8

FWTS
60/90-1

Stackup.1 PP,AP

o N - o T 8@ ¥
a)euIppioo Z

Fig. 17 Stackup method (-30°/-30°/30°/30°/90°)
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Table 5 Material properties

Properties Value Unit
Young's modulus X direction 121000 MPa
Young’'s modulus Y direction 8600 MPa
Young’'s modulus Z direction 8600 MPa
Poisson’s ratio XY 0.253
Poisson’s ratio YZ 0.421
Poisson’s ratio XZ 0.421
Shear modulus XY 3350 MPa
Shear modulus YZ 2680 MPa
Shear modulus XZ 2680 MPa
Tensile X direction 2060 MPa
Tensile Y direction 32 MPa
Tensile Z direction 32 MPa
Compressive X direction =2060 MPa
Compressive Y direction 232 MPa
Compressive Z direction =07, MPa
Shear XY 45 MPa
Shear YZ 64 MPa
Shear X7 64 MPa
Coupling  coefficient XY -1
Coupling coefficient YZ -1
Coupling coefficient XZ -1
Ply type Woven

Fig. 18 Boundary condition

Fig. 19 Loading condition
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Table 6 Material properties

Properties Value Unit
Young’'s modulus X direction 1.21E+05 MPa
Young’s modulus Y direction 8550 MPa
Young’'s modulus Z direction 8550 MPa

Poisson’s ratio XY 0.25

Poisson’s ratio YZ 0.42

Poisson’s ratio XZ 0.25

Shear modulus XY 3350 MPa

Shear modulus YZ 2680 MPa

Shear modulus XZ 2680 MPa

Tensile X direction 2060 MPa

Tensile Y direction 32 MPa

Tensile Z direction 32 MPa
Compressive X direction -2060 MPa
Compressive Y direction -32 MPa
Compressive Z direction =2 MPa

Shear XY 45 MPa

Shear YZ 64 MPa

Shear XZ 64 MPa

Coupling coefficient XY -1

Coupling coefficient YZ =l

Coupling coefficient XZ -1
Ply type Woven
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Table 7 Shell section thickness and half wave number

shell section thickness
Model t -0 +0 90° Slenderness
(mm) (mm) | (mm) | (mm) ratio
Cl1A 0.69 0.31 0.31 0.07 7.28 3
C2A 0.71 0.32 0.32 0.07 8.78 3
C3C 0.71 0.32 0.32 0.07 10.26 3
C4B 0.83 0.37 0.37 0.08 11.51 3
CbC 0.82 0.37 0.37 0.08 14.53 2
Cé6D 0.86 0.39 0.39 0.09 19.39 2

Stackup.1 PP,AP

Zz Coorddinate

Fig. 21 Stackup method
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Fig. 22 Boundary condition

i

Fig. 23 Loading condition
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Table 8 Comparison results to change stacking angle

Collapse strength (MPa)
Model
+15/90° +30/90° +45/90° +60/90° +75/90°
Cl1A 1.244 0.743 0.56 0.447 0.411
C2A 1.318 0.687 0.576 0.464 0.42
C3C 1.202 0.763 0.58 0.389 0.341
C4B 1.326 1.075 0.911 0.519 0.496
C5C 0.754 0.603 0.539 0.545 0.464
C6D 0.686 0.514 0.475 0.55 0.515
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Table 9 Same weight thickness

shell section thickness (mm)

Increase Weight
Model t. | -6 | +6 | 90° | Thickness

ratio (%) (kg)
Cl1A 069 | 0.31 0.31 0.07 1.204 174 0.033
C2A 071 | 0.32 0.32 0.07 1.240 175 0.041
C3C 071 | 0.32 0.32 0.07 1.240 175 0.048
C4B 0.83 | 0.37 0.37 0.08 1.452 175 0.063
C5C 0.82 | 0.37 0.37 0.08 1.434 175 0.078
CeD 0.86 | 0.39 0.39 0.09 1.501 175 0.109
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Change Thickness (-15/15/90 C3C)
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Collapse strength (MPa)
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Table 10 Change stacking thickness (C1A)

o Coll

Model G | | e | ratio Sg{z%ggﬁ
0.69 0.3105 | 0.3105 | 0.069 7.276 1.244

0.79 0.3555 | 0.3555 | 0.079 7.292 1.824

ClA 0.89 0.4005 | 0.4005 | 0.089 7.307 2.416
0.99 0.4455 | 0.4455 | 0.099 7.323 3.132

1.09 0.4905 | 0.4905 | 0.109 7.338 3.929

1.19 0.5355 | 0.5355 | 0.119 7.354 4.803

Table 11 Change stacking thickness (C2A)

Model -0 +0 90° Slenderness Collaps§
ode f (mm) (mm) (mm) (mm) ratio SH\%ID%S
0.71 0.3195 | 0.3195 | 0.071 8.785 1.313

0.81 0.3645 | 0.3645 | 0.081 8.803 1.843

oA 0.91 0.4095 | 0.4095 | 0.091 8.822 2.451
1.01 0.4545 | 0.4545 | 0.101 8.841 3.136

1.11 0.4995 | 0.4995 | 0.111 8.859 3.819

1.21 0.5445 | 0.5445 | 0.121 8.878 4.432

Table 12 Change stacking thickness (C3C)
o Coll

Model |t | oy | | ) | et ng\z%%?ﬁ
0.71 0.3195 | 0.3195 | 0.071 10.258 1.279

0.81 0.3645 | 0.3645 | 0.081 10.279 1.696

C3c 0.91 0.4095 | 0.4095 | 0.091 10.301 2.038
1.01 0.4545 | 0.4545 | 0.101 10.323 2.414

1.11 0.4995 | 0.4995 | 0.111 10.344 2.828

1.21 0.5445 | 05445 | 0.121 10.366 3.206
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Table 13 Change stacking thickness (C4B)

o Coll

Model |G |l | | ratio Sg{z%ggﬁ
0.83 0.3735 | 0.3735 | 0.083 11.508 1.326

0.93 0.4185 | 0.4185 | 0.093 11.532 1.637

C4B 1.03 0.4635 | 0.4635 | 0.103 11.557 1.965
1.13 0.5085 | 0.5085 | 0.113 11.581 2.330

1.23 0.5535 | 0.5535 | 0.123 11.605 2.734

Table 14 Change stacking thickness (C5C)

Model £ ( ) -0 +0 90° Slenderness Ctollapiﬁ
ode h (mm) (mm) (mm) ratio S(lr\?ﬁl)%)
0.82 0.369 0.369 0.082 14.527 0.840

0.92 0.414 0.414 0.092 14.558 1.060

50 1.02 0.459 0.459 0.102 14.589 1.343
iy 12 0.504 0.504 0.112 14.619 1.608

1.22 0.549 0.549 0.122 14.650 1.939

1.32 0.594 0.594 0.132 14.681 2.309

Table 15 Change stacking thickness (C6D)

-0 +0 90° Slenderness Collapse

Model t (mm) (mm) (mm) (mm) ratio Shr\fﬁl)%t)h
0.86 0.387 0.387 0.086 19.394 0.686

0.96 0.432 0.432 0.096 19.435 0.839

C6D 1.06 0.477 0.477 0.106 19.476 1.075
1.16 0.522 0.522 0.116 19.517 1.351

1.26 0.567 0.567 0.126 19.558 1.670
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Table 16 Comparison weight (C1A)

: Collapse _
) Thickness Weight
Material strength Save
(mm) (kg)
(MPa)
Aluminum 0.690 0.33 o
T700 0.892 243 0.25 32 %
Table 17 Comparison weight (C2A)
) Collapse )
) Thickness Weight
Material strength Save
(mm) (kg)
(MPa)
Aluminum 0.710 0.041 o
T700 0.843 2 0.028 46 %
Table 18 Comparison weight (C3C)
i Collapse i
) Thickness Weight
Material strength Save
(mm) (kg)
(MPa)
Aluminum 0.710 0.048 o
T700 0.847 1884 0.033 45 %
Table 19 Comparison weight (C4B)
) Collapse )
) Thickness Weight
Material strength Save
(mm) (kg)
(MPa)
Aluminum 0.830 0.062 o
T700 1.195 259 0.052 19 %
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Table 20 Comparison weight (C5C)

) Collapse )
) Thickness Weight
Material strength Save
(mm) (kg)
(MPa)
Aluminum 0.820 0.078 o
T700 1.251 204 0.069 13 %
Table 21 Comparison weight (C6D)
- Collapse ;
) Thickness Weight
Material strength Save
(mm) (kg)
(MPa)
Aluminum 0.860 0.109 o
T700 1.248 R 0.091 20 %
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Change Stacking Ratio (-15/15/90 C4B)

3.5
| | ANSYS ACP *o—e
3.0 |
=25
E ./
= I o
= /
= -0} Y /.
o~ e
5] s
St
=
o 15|
n
=
S L
=
o Lor (mm)
[ | Model L t D Slenderness ratio
0.5 |
C4B 190 1.195 47.52 11.597
0.0 1 1 1 1 )
0.0 0.1 0.2 0.3 0.4 0.5
Stacking Thickness Ratio
Fig. 40 Change staking ratio (C4B)
Change Stacking Ratio (-15/15/90 C5C)
3.0 -
ANSYS ACP e—e
25F
~— ]
ﬂ:f ® °
= o
= 2.0 = ®
N
= L
i
g 1.5
=
o L
n
=
=10}
S | (mm)
Model L t D Slenderness ratio
0.5 |
Cs5C 240 1.251 47.54 14.660
0.0 1 1 1 1 )
0.0 0.1 0.2 0.3 0.4 0.5

Stacking Thickness Ratio

Fig. 41 Change staking ratio (C5C)

_39_



Change Stacking Ratio (-15/15/90 C6D)
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Table 22 change staking ratio (C1A)
Model t -0 +0 Stacking 90° Stacking chlc}ig%ﬁ
(mm) (mm) (mm) ratio (mm) ratio (MPa)
0.4014 | 0.4014 0.45 0.0892 0.1 2.432
0.3568 | 0.3568 0.40 0.1784 0.2 2.088
C1A 0.3122 | 0.3122 0.35 0.2676 0.3 1.814
0.892 709676 | 0.2676 | 030 | 03568 | 04 1631
0.1784 | 0.1784 0.20 0.5352 0.6 1.494
0.0892 | 0.0892 0.10 0.7136 0.8 1.552
Table 23 Change staking ratio (C2A)
. o . Collapse
t -0 +0 Stacking 90 Stacking
Model (mm) (mm) (mm) ratio (mm) ratio SEIl'\?[l’E%t)h
0.3794 | 0.3794 0.45 0.0843 0.1 2.030
0.3372 | 0.3372 0.40 0.1686 0.2 1.726
C2A 0.2951 | 0.2951 0.35 0.2529 0.3 1.483
0843 702529 | 02529 | 030 | 03372 | 04 1314
0.1686 | 0.1686 0.20 0.5058 0.6 1.185
0.0843 | 0.0843 0.10 0.6744 0.8 1.244
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Table 24 Change staking ratio (C3C)

_ . : 0 . Collapse
Model (mm) (mgl) (mgl) Stgggéng (r?q?n) Sta;zlgg ¢ | strength
(MPa)
0.3812 0.3812 0.45 0.0847 0.1 1.820
0.3388 0.3388 0.40 0.1694 0.2 1.719
0.2965 0.2965 0.35 0.2541 0.3 1.472
€3 0.847 0.2541 0.2541 0.30 0.3388 0.4 1.310
0.1694 0.1694 0.20 0.5082 0.6 1.168
0.0847 0.0847 0.10 0.6776 0.8 1.248
Table 25 Change staking ratio (C4B)
_ " : 0 . Collapse
Model (mm) (mgq) (mil) Stgggéng (r?q?n) Stizlgg ¢ SErength
MPa)
0.5378 0.5378 0.45 0.1195 0.1 2.590
0.4780 0.4780 0.40 0.2390 0.2 2.342
CAB 1 5 0.4183 0.4183 0.35 0.3585 0.3 2.301
j 0.3585 0.3585 0.30 0.4780 0.4 2.089
0.2390 0.2390 0.20 0.7170 0.6 1.939
0.1195 0.1195 0.10 0.9560 0.8 2.019
Table 26 Change staking ratio (C5C)
ul % : o . Collapse
Model | L OV iy | Gy LB  (mmy | et strength
MPa)
0.5630 0.5630 0.45 0.1251 0.1 2.040
0.5004 0.5004 0.40 0.2502 0.2 2.038
C5C 1951 0.4379 0.4379 0.35 0.3753 0.3 2.014
) 0.3753 0.3753 0.30 0.5004 0.4 1.995
0.2502 0.2502 0.20 0.7506 0.6 1.977
0.1251 0.1251 0.10 1.0008 0.8 1.922
Table 27 Change staking ratio (C6D)
_ . : 0 . Collapse
Model | (b Gom) | Gmm) | rato | (mm) | rado. | Stength
MPa)
0.5616 0.5616 0.45 0.1248 0.1 1.630
0.4992 0.4992 0.40 0.2496 0.2 1.458
C6D 1248 0.4368 0.4368 0.35 0.3744 0.3 1.335
: 0.3744 0.3744 0.30 0.4992 0.4 1.256
0.2496 0.2496 0.20 0.7488 0.6 1.213
0.1248 0.1248 0.10 0.9984 0.8 1.235
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