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- Cylinder modelling - Modelling setup

. Height = 50in . Element =S4

- Radius = 30in - Boundary condition

. Access hole . Clamped-clamped, allow movement in cylinder axial direction
. Diameter = 10in on one end
. Distance of center from end = 25in . Characterized by 2 BCs
. Hole is in the middle of the cylinder . BC1: pin one end edge of cylinder
. Shell material . BC2: other end edge of the cylinder is only allowed

movement in cylinder axis direction (z-direction)
. Laminate = [0 /+30/-30/45/-45/+30/-30/0]

. Ply thickness = 0.008 in ’ Unit definition
. 0 degrees = parallel to cylinder axis ’ Length as inch
. Physical properties ) Mass as Ib.
. E11=12Msi = 12 6 psi *  Timeas seconds
- E22=12Msi=12 €6 psi «  Derived units
. V12 =0.05 . Pressure as psi
. G12 =0.7Msi = 0.7 e6 psi . Load as Ib.

. G13 =0.5Msi =0.5 eb psi
. G23 =0.5Msi = 0.5 e6 psi

https://www.youtube.com/watch?v=Ko8CfcbyDg0&t=1188s



https://www.youtube.com/watch?v=Ko8CfcbyDq0&t=1188s
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- Model construction
. 3D shell using extrusion
. Datum plane on selected principal plane
. Cut extrude set to go through one side of cylinder

. Partitioned one side of the cylinder with hole to refine mesh
control in that region

. Leads to better results
- Composite ply angle global orientation
. The ply rotation angle is defined relative to the reference axis
(refl)
. Refl needs to align along the cylinder’s axis to correctly define
fiber orientations
. To fix the misalignment
. The normal axis needed to be adjusted

. Axis 1 was set parallel to the cylinder's length

. We see this in the bottom image to the right, where the
blue arrow is pointing up
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. Material properties

. Mechanical — Elastic — Lamina properties set
. Based on given values from the problem statement — »
- Composite ply angle’s ol )

. 0-deg ply is along the axis of the cylinder Misteial Benmors
. 8 total ply’s, NOT SYMMETRIC

. Material orientation was assigned to the cylinder
. . General Mechanical Thermal Electrical/Magnetic  QOther &
. Assign composite layup so | don’t need to spend extra — :
computing time on calculating over every single ply Types Lamina v = Subsptons
[ Use temperature-dependent data
Number of field variables: 0
Moaduli time scale (for viscoelasticity): | Long-term M
& EditSection % [OMo compression
ONo tension
MName: CFRP_Sec Dsts
Type:  Shell / Continuum Shell, Composite E1 E2 Nu1z G12 G13 G23
Section integration: @ During analysis O Before analysis 1 12e6 1226 005 07e6 056

Layup name:

Basic Advanced

Section: "Section-ASSEMBLY_COMPOSITE_SHELL-1_ PICKEDSET5S"
Total thickness: 0.064000.
Plot of plies 1 to 8, of 8.

Thickness integration rule: ® Simpson O Gauss

I symmetric lavers

" OK Cancel
Material Thickness Orientation Angle Integ.ratlon Ply Name
Points
CRFP 0.008 0 3
CRFP 0.008 30 3
CRFP 0.008 -30 3
CRFP 0.008 45 3
CRFP 0.008 -45 3
CRFP 0.008 30 3
CRFP 0.008 -20 3
CRFP ooce  [NMDDNRNORNNNNE
Options: %
0K Cancel
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Question 1

Boundary conditions and load

The top and bottom edges are rigid bodies

Sets are made to represent the edges (easier to select)

Datum system is set to the bottom of the cylinder

Reference points for top (RP-1) and bottom (RP-2) are set

Boundary conditions

Bottom = fixed (Encastre)

Top = allows for displacement and rotation but, we
only move in the cylinder axis (z-direction)

From problem statement, assuming clamped-clamped

Select everything except U3 (z-direction), only allowing
axial movement

Applied at top using RP-1
CF3 = z-direction, + and — follow axis directing as shown
Because compression, CF3 =-1

The load points into the cylinder (compression)

-1is arbitrary number to get eigenvalue (critical load)

Zeazh
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Elements is set as S4 by turning off reduced integration

. Majority of the cylinder (green) is set to “Structured” — makes
mesh more reasonable

. Hole and close surrounding area within the partition lines are
set to “Free” with medial axis turned on — makes it more
symmetric

. Global seed is set to 0.4 —shown in the image

. The two circles are meshed independently to make it finer, local
seeds are set “by number” and set to 300 element numbers

USC University of

Southern California

% Global Seeds X

Sizing Controls
Approximate global size:
Curvature control

Meaximum deviation factor (0.0 < hyL < 1.0 0.1
(Approximate number of elements per circle: 8)

Minimum size control

® By fraction of global size (0.0 < min < 1.0) 0.1
) By absolute walue (0.0 < min < global size) 0,83

Ok Apply Defaults Cancel
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. Results

Linear perturbation “Buckle” step is selected
“Subspace” eigen solver is appropriate for smaller models
We want 10 buckling modes (eigenvalues)

. Only the first mode is relevant

Set maximum number of iterations to about twice the number
of eignevalues

GIF video of all eigenvalues/buckling modes (PRESS PLAY) -

o= Edit Step 4
Mame: Lingar_Buc

Type: Buckle

Basic  Other

Description:

MNlgeom: Off

Eigensolver: (O Lanczos @ Subspace

Number of eigenvalues requested: 10
Maximum eigenvalue of interest, | 10

Yectors used per iteration: |20

Maximum number of iterations: | 1000

Cancel
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Step: Linear B Frame: 0
U, Magnitude Total Time: 0.000000
’

+1.024e+00
+9.383e-01 .
+8.530e-01 \
+7.677e-01 L
+6.824e-01

+5.971e-01
+5.118e-01
+4.265e-01
+3.412e-01
+2.55%-01
+1.706e-01
+8.530e-02
+0.000e+00

z
ODB: Comprssion.odb  Abaqus/Standard 2023 Tue May 06 17:00:36 Pacific Daylight Time 2025

l : tep: Linear_Buc
ncrement 0: Base State

Primary Var: U, Magnitude
Deformed Var: U Deformation Scale Factor: +6.000e+00

Play button
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Linear model results
. Eigenvalues (First 3 modes)
. 28429, 28997, 32409
. Our reference load was -1, so we can use these values as the critical load when the shell buckles
Knockdown factor = 0.5
Minimum load where buckling observed (Mode 1) = 28429 Ib.
Compression design load allowable = 0.5 * 28429 = 14214.5 Ib.
Mode shape of the buckle is shown in the image (leftmost image below = mode 1)
. Mode 1 is the lowest eigenvalue which is the most critical failure mode

U, Magnitude U, Magnitude U, Magnitude
+1.024e+00 +1.022e+00 +1.021e+00
+9.383e-01 +9.369e-01 +9.362e-01
+8.530e-01 +8.517e-01 +8.511e-01
+7.677e-01 +7.665e-01 +7.660e-01
+6.824e-01 +6.814e-01 +6.809e-01
+5.971e-01 +5.962e-01 +5.958e-01
+5.118e-01 +5.110e-01 +5.107e-01
+4.265e-01 +4.25%e-01 +4.255e-01
+3.412e-01 +3.407e-01 +3.404e-01
+2.559%e-01 +2.555e-01 +2.553e-01
+1.706e-01 +1.703e-01 +1.702e-01
+8.530e-02 +8.517e-02 +8.511e-02
+0.000e+00 +0.000e+00 +0.000e+00

» USCUniversity of
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Mode 2 and Mode 3 results
are just shown for context
Mode 1 is the most
important

ODB: Comprssion.odb  Abaqus/Standard 2023 Tugg¥ay 06 17:00:34 ODB: Comprssion.odb Abaqus/Standard 2023 Tue May 06 17:00:3§ ODB: Comprssion.odb Abaqus/Standard 2023 Tue May 06 17:00:36 P4
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Results o T
tyesicor

Modes 4,5,6,7 1555801

- +5.107e-01

Just shown for context to show I did FEA correctly JEF

thaaes:

+0.000e+00

ODB: Comprssion.odb Abaqus/Standard 2023 Tue May 06 17:00:36 Pacific |

U, Magnitude U, Magnitude U, Magnitude
+1.021e+00 +1.021e+00 +1.018e+00
+9.355e-01 +9.359e-01 + +9.334e-01
+8.505e-01 +8.508e-01 +8.485e-01
+7.654e-01 +7.657e-01 +7.637e-01
+6.804e-01 +6.807e-01 +6.788e-01
+5.953e-01 = +5.956e-01 +5.940e-01
+5.103e-01 B +5.105e-01 +5.091e-01
+4.252e-01 +4.254e-01 +4.243e-01

- +3.402e-01 +3.403e-01 +3.394e-01
+2.551e-01 +2.552e-01 - +2.546e-01
- +1.701e-01 +1.702e-01 +1.697e-01
+8.505e-02 +8.508e-02 — +8.485e-02
+0.000e+00 — +0.000e+00 — +0.000e+00

ODB: Comprssion.odb Abaqus/Standard 2023 Tue May 06 17:00:36 ODB: Comprssion.odb Abaqus/Standard 2023 Tue May 06 17:00:3 ODB: Comprssion.odb Abaqus/Standard 2023 Tue May 06 17:00:36 P4
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Results
Modes 8, 9, 10
Just shown for context to show | did FEA correctly

U, Magnitude U, Magnitude U, Magnitude
~ +1.019e+00 +1.019e+00 ( +1.015e+00
+9.345e-01 +9.340e-01 +9.303e-01
+8.495e-01 +8.491e-01 +8.458e-01
+7.646e-01 +7.642e-01 - +7.612e-01
+6.796e-01 +6.793e-01 +6.766e-01
+5.947e-01 +5.944e-01 - +5.920e-01
+5.097e-01 +5.095e-01 — +5.075e-01
+4.248e-01 - +4.246e-01 +‘1-2228'01
+3.398e-01 +3.396e-01 +3.383e-01
+2.549e-01 +2.547e-01 +2.537e-01
+1.699%e-01 +1.698e-01 +1.692e-01
+8.495e-02 f +8.491e-02 +8.458e-02
+0.000e+00 —L +0.000e+00 —L +0.000e+00

ODB: Comprssion.odb Abaqus/Standard 2023 Tue May 06 17:00:36 { ODB: Comprssion.odb Abaqus/Standard 2023 Tue May 06 17:00:36 ODB: Comprssion.odb Abaqus/Standard 2023 Tue May 06 17:00:36 P3
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. Conclusion

. No nonlinear analysis was required for this Bonus Project but from 585 experience, we do know it is more accurate/less conservative for buckling
modeling
. The linear model underpredicts buckling capabilities
. Composite cylinder shells buckle differently than metal structures with cutouts
. Buckling response is dominated by nonlinear effects
. To determine structure buckling loads, it is ideal to run physical testing and compare those results to analytical buckling loads found in FEA
. In Mode 1, our minimum load where buckling was observed = 28429 |b.
. Compression design load allowable accounting for knockdown factor
. = 0.5*28429=142145Ib.
. Mode shape of the buckling shown below in images (Mode 1)

U, Magnitude U, Magnitude

— +1.024e+00
+9.383e-01 83e-! +1.024e+00

38 +9.383e-01
| +8.5300-01 '530e- 2 308
| 47.677e-01 677e- oAl
+6.824e-01
[ +5.971e-01
B 2118e-01 +5.118e-01
[ +4.265¢-01 +4.265¢-01
[ 43.412¢-01 : +3.412¢-01
B 13 500e 01 i 50ee01
& ind . (=fed &
| 1§.530e-02 [ $8.530e-02 BN
I +0.000e+00 L +0.000e-+00 e

U, Magnitude

ODBRCOomprssion.odb  Abaqus/Standard 2023 Tue May 06 17:00:S6 8 ODB: Comprssioniodb  Abaqus/Standard 2023  Tuggdday 06 17:00:34 X ODB: Comprssien.odb  Abaqus/Standard 2023 Tue May 06 17:00:36 Pac

Step: Linear_Buc ] byl | Step: Linear Buc

gn Scale Factor: +6.008
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- Setup Changes

. Same setup as Question 1 for modeling

. Only thing that changes is laminate stacking sequence and
new core material properties y
& EditMaterial
. Core material properties are inputted Name: Core & it section
. E11 = 1 ksi i .7 | Name: CFRP_Sec
. Material Behaviors Twpe:  Shell / Continuum Shell, Composite
* E22 = 1 ksi Section integration; @D s O Before analysis
M V12 = 0.01 Layup name:
) Basic  Advanced
* Glz - 06 kSI Thickness integration rule: ® Simpson O Gauss
. General Mechanical Thermal Electrical/Magnetic  Other &
. G13 = 20 kSl — O symmetric layers
° 623 = 20 kS| Type: |Lamina ™ ~ Suboptions Material Thickness Orientation Angle Int:cg,it::sion
. O Use temperature-dependent data CRFP 0,008 0 3
. Plys are changed to match new stacking sequence Nurber of field varizbles: 0% CRFP 0.008 45 3
Moduli time scale {for wiscoelasticity): Long-term M CRFP 0.008 -45 3
. [O /+45/—45/0/CO re/0/+45/—45/0] OMNo compression EE:) 888: 8 :
_ LiNclienst CRFP 0008 0 3
¢ Core=0 dEgreeS Data CRFP 0.008 45 3
. E1 E2 Nu12 G12 G13 G23 CRFP 0,008 -45 3
i Not symmetric 1 a3 163 001 0.5e3 2063 CRFP 0.008 0 3
. Started with 0.008 in. thick core to establish baseline test
resul
esults Options: %
. Thickness of core was iterated from here = - - =
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. Problem statement

. Problem statement says we need to determine core thickness to
survive a max compression load of 2,000,000 lbs.

U, Magnitude
. Need to incorporate a knockdown factor for material e
' ' 8.533e-01
imperfection and a F.O.S. e
. Knockdown = 0.5 12950l
. F.0.S = 1.4 for human spaceflight i e
, +3.413e-01
. We need the buckling loads to exceed: +2.560e-01
: €=
. (20000000) x (1.4) /(0.5) = 5,600,000 lbs. +8.533e-02

+0.000e+00
. So, buckling load in the FEA needs to exceed 5,600,000 Ibs.

while still being as light as possible

. Mode 1 is the lowest eigenvalue which is the most critical
failure mode (looking at these values)

* First Run
*  First trial was with 0.008 in. core thickness
* Mode 1 Eigenvalue = 35,579 |bs.
* Fartoo low, but good test for a baseline ODB: Question2.odb Abaqus/Standard 2023 Tue May 06 19:32

tep: Linear_B
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. Second Run

. Core thickness set to 0.8 in. U, Magnitude

. Mode 1 Eigenvalue = 1,165,310 Ibs. ié:gégifoolo

: : . : . +8.453e-01
. Still buckling load was still too little but, getting close to value +7.608e-01
+6.763e-01
+5.917e-01
+5.072e-01
+4.227e-01
o Edit Section +3.381e-01
+2.536e-01
Mame: CFRP_Sec +1.691e-01
+8.453e-02

Type:  Shell / Continuum Shell, Composite
yP / P +0.000e+00

Section integration: ® During analysis ) Before analysis
Lavup name:

Basic  Advanced

Thickness integration rule: ® Simpson O Gauss

O symmetric layers

Material Thickness Orientation Angle Int:ogil;::t;on
CRFP 0.008 a 3
CRFP 0.008 45 3
CRFP 0.008 -45 3
CRFP 0.008 0 3
Core SN R 0 3
CRFP 0.008 0 3
CRFP 0.008 45 3 ODB: Question2.odb Abaqus/Standard 2023 Tue May 06 19:39:46 Pa
CRFP 0.008 -45 3
CRFP 0.008 0 3
Options: %
Ok Cal
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«  Third Run

. Core thickness set to 4 in. U, Magnituide
. i = +1.015e+00
Mode 1 Eigenvalue = 5,780,140 lbs. e
. Buckling load is greater than our expected load when including Ig-ggggg%
knockdown factor and F.O.S +6.763e-01
+5.918e-01
. 5,780,140 > 5,600,000 lbs. +5.073e-01
_ . _ _ +4.227e-01
. We can do more iterations; we want the lightest available core, Ig-gﬁfgg-g%

. . o o =

and we can slightly reduce the core thickness to achieve that +1.691e-01
+8.454e-02
= Edit Section +0.000e+00

Name: CFRP_Sec
Twpe:  Shell / Continuum Shell, Composite

Section integration: ® During analysis O Before analysis
Layup name:

Basic  Advanced

Thickness integration rule: ® Simpson O Gauss

O Symmetric layers

Material Thickness Orientation Angle Integration
Points
CRFP 0.008 0 3
CRFP 0.008 &5 3
CRFP 0.008 45 5
CRFP 0.008 0 3
core 0 :
CRFP 0.008 0 3
R 0008 s ; ODB: Question2.odb Abaqus/Standard 2023 Tue May 06 19:59:
CRFP 0.008 0 .
Options: %
QIS Car
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. Last Run

. Core thickness set to 3.9 in. .
. Mode 1 Eigenvalue = 5,632,670 lbs. . Maff_'gﬁeemo
. Buckling load was greater than our expected load when 12;322::81
including knockdown factor and F.0.S e
. 5,632,670 > 5,600,000 Ibs. 12675001
. This eigenvalue is perfect, we keep the weight of the core as Ig‘;%é;"::gi
light as possible and still exceed our necessary load e ooee )l
requirements +8.454e-02

+0.000e+00

2= Edit Section

Name: CFRF_Sec
Twpe:  Shell # Continuum Shell, Composite
Section integration: ® During analysis O Before analysis
Layup name:

Basic = Advanced

Thickness integration rule: ® Simpson O Gauss

[ symmetric layers

Material Thickness Orientation Angle
CRFP 0.008 0
CRFP 0.008 45 ODB: Question2.odb Abaqus/Standard 2023 Tue May 06 20:14:1{
CRFP 0.008 -45
CRFP 0.008 0 Step: Linear_Buc
Core 0 - o T i 1.
CRFP 0.008 0
CRFP 0.008 45
CRFP 0.008 -45
CRFP 0.008 0
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-  Conclusion
. The buckling load from linear buckling analysis with a 3.9 in.
core thickness = 5,632,670 |bs.
. No need to reduce more

. This is slightly greater than our required minimum buckling load
(after applying knockdown and F.O.S)

. This minimizes weight of the core as much as possible, of course
| could reduce the core thickness more by removing a 100t of
an inch but, | deemed it was unnecessary and hard to
manufacture in real life

. | also like the “pocket margin” with the 3.9-inch-thick core

. We also know that linear analysis errs very conservatively, so |
am happy with a 3.9 in. core and even happier with a 4.0-inch
core if weight requirements allow it

. 4.0 in. is an easy even number that could be easier to
manufacture in real application. (just a
suggestion/commentary)

. The sandwich design of the core significantly improves buckling
resistance with minimal weight penalty

. Thank you, Professor Goyal and Aniket!
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