Finite element analysis of a steel conoid shell P.C.J. Hoogenboom, 28 May 2022

Install SCIA Engineer on your computer.
You can download the software for free from
https://www.scia.net/en/forms/free-engineering-software-student-licence-subscription
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Choosing the functionality makes extra menu items visible.

Every finite element program consists of three parts.
1) Drawing the structure (pre-processing)

2) Performing the analysis

3) Displaying the results (post-processing)

We first enter 5 points for drawing a conoid shell.
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The shell is a 12 mm curved steel plate.
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7 2D member

Mame 51

Element type Standard
Element behaviour Standard FEM

Type shell (95)
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Click on the nodes N1, N2, N3, N4.
Click on “New circular arch”.
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Click on the nodes N5 and N1.
Click right mouse button and click Confirm action.
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The shell is supported by fixing the straight edges.
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B Line support on 20 member edge X

Mame Slel
Constraint Fixed v
% Rigid v
y Rigid v
7 Rigid v
Rx Rigid v
- Ry Rigid v
- R Rigid v
.~ 4 Geometry
e = System GCS v
Coord. definition Rela v

Position x1 ©.000
Position x2 1.000

Origin From start v

Cancel

Click on the straight edges.

Click right mouse button and click Confirm action.

One load case is already present: Self-weight. We add a load case: Snow.
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B Load cases >

HiEFES a2 O @ A v Y
LC1 - Self weight Mame LC1
Description Self weight
Action type Fermanent v
Load group LG1 ¥
Load type Self weight ¥
Direction -Z h
Insert Edit Delete Close
B Load cases ot
IR EW S O @ A - vy
LC1 - Self weight Mamfe LC2
LCZ - Snow Descriptidg Snow
; Action type anent v
Load group LG1 v i
Load type Standard v

Actions
Delete all loads ===

Copy all loads to another loadcase

Mew Insert Edit Delete

Now we can enter the snow load: 2 kN/m?
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87 Surface force X

Mame 5F1
Direction Z ¥

Value [kN/m*"2] -2.00
4 Geometry

Location Projectiol

ok || e

We make a load combination in which both Self-weight and Snow occur at the same time.
Safety factors are not used.
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B | Combinations >

BB E & 2 1 Inputcombinations ¥
ULS-Set B (auto) Name SLS-Char (auto)
ISL5-Char (auto) Description

Type EM-5LS Characteristic

Updated automatically
Structure Building
Active coefficients
4 Contents of combination
LC1 - Self weight [-] 1.000
' LCZ - Snow [[] 1.000

Actions
Explode to envelopes ===
Explode to linear ===

Show Decomposed EN combinations

Mew Insert Edit

We first perform a linear elastic analysis.
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The influence length is 2.4*sqrt(5*0.012) = 0.6 m. The element size should be 1/6 of this. Let’s set
the element size to 0.3 m. This is a bit large but we can always make it smaller later.

B " FE analysis

4 Mesh setup

Average number of 10 mesh element: 1

Calculations

Linear analysis

Average size of 10 mesh elementg
Load cases: 2

Average size of 2D mesh elems
Other processes Connect members/node
Test input of data Setup for connection of structural ent
' Advanced mesh settings
Save project after analysis 4 Solver setup
Specify load cases for linear calculati

4 Advanced solver settings

4 General
Neglect shear force deformation (ffy
Bending theory of plate/shell anal

Type of solver D



5CIA Engineer: End of analysis

o Mesh generation: OK

Note that the software has checked equilibrium of the loads and the support reactions.

Calculation of static load cases: OK

Linear analysis: OK

i rBEE-S. (load case LC2)
Sum of loads and reactions is OK

CK

If this would not be OK the arithmetic accuracy is not OK.

Let’s look at the results. Deflection due to the load combination.

)
-

£

ang

-

B2 9 |

i Ny

@ sciaEngineer

# SCIA 21130654 sudentversion
DG ¥ ma © 1

% 3p displacement
Values: Urotal
Linear calculation
Combination: SLS-Char (auto)
Selection: All
Location: In nodes avg. on macro.

. System: LCS mesh element

g
I3
Q\/

x

18

GG

B Se 0

G e

o $ S

Please click here or press Space and type your text

== All categories

| Esaz.esa Esa3esa I

will be completed with lines below

INPUT PANEL & calculation & Results

@ALllagsv
B8 woaoo

Lc2

- ®
\
O - o mee BB S
i
= *|¥g
E
E RESULTS (1) v}
21
a9 i Name 3D displacement
: ]
16 w SELECTION

Type of selection  All
Filter No

v RESULT CASE

ad  Combinations
inAgn  SLS-Char (auto)
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&
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System  LCS mesh element |
Extreme 1D  Global
Extreme2D Global
¥ CALCULATE RESULTS ON
10 members (O )
2D positive face (@Y
2D negative face (%)
' DEFORMED STRUCTURE
Deformed structure  (@[¥)
Member deformation  for global maximum
For drawing useline... ()

» ERRORS, WARNINGS AND NOTES SETTIN...
Show Information a... @)

(@) Refresh
(>) Nemromoiaon from Combination key

(@) Drawing setup 3D
(@) Results table

G
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Ui

3
,\.n“ @ Report preview

9



The deflection is largest in the flat part of the shell. Nonetheless it is just 2.1 mm which is surely

acceptable.

The mesh is shown too. The elements may be too large to describe the red peak accurately. For now
we leave the element size as it is because we do not want to increase the computation time.

Note that the mesh consists of rectangles and triangles. Triangles are less accurate than rectangles.

Why does the program choose triangles?
Let’s look at the Von Mises stresses.
B A }
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In the picture below the mesh is not displayed. This can be selected in “Drawing setup 2D”.
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In most of the shell the stress is almost zero.
The largest stresses occur at the edges (edge disturbance).
A largest stress of 25.7 N/mm? is not much.

fr
i
1
}

System  LCS mesh element
Extreme1D Global ~
Extreme2D Global ~
w CALCULATE RESULTS ON ...
1D members () )
20 positive face  (@[Y)
2D negative face  ([Y)
w DEFORMED STRUCTURE
Deformed structure () )

¥ ERRORS, WARNINGS AND NOTES SETTIN...
Show Informationa... (%)
ACTIONS 23

(®) Refresh

@ New combination from Combination key
&) Drawing setup 2D
(®) Resultstable

But this will increase when the mesh is refined. (Not to infinity because it is not a singularity.)

Nonetheless, perhaps the shell can be designed much thinner.
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This view is at the outside surface of the shell. If you turn the shell
around you can see the stresses at the inside surface.

Let’s reduce the element size to check accuracy.

Element size: 0.300 m 0.150 m
Largest Von Mises stress 25.7N/mm?  26.1 N/mm?

The new linear elastic calculation takes a minute.

The difference between the two computations is just 0.4 N/mm?2. So an estimate of the error that we
make with the 0.150 mm mesh is 0.4 N/mm? or 2% which is sufficiently small for most applications.
In the following we will work with 0.300 m elements.

Let’s check buckling. Now we need to define stability load combinations.
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(The teacher does not understand why the software does not use the normal load combinations for
stability analysis too. Perhaps this extra step will be removed in future software versions.)

Stability combinations - 51 *

Contents of combination List of load cases

. | &4 Lead case
L. dp LCT - Self weight

Name: S1 Delete
Coeff : 1 | Correct Delete Al Add Al ) |

QK Cancel

Now we can perform the linear buckling analysis. Let’s compute 6 buckling modes.

Note that first a linear analysis is performed. This is to compute the membrane forces, which cause
buckling.
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B FE analysis

4 Mesh setup

Average number of 10 mesh elements 1

Calculations

! Li lysi
|nearana-'_.rs-ls Average size of 10 mesh element on cu 0.200

Average size of 2D mesh element [m] 0.300

Linear stability

Buckling modes: 6 Connect members/nodes

. Gl Setup for connection of structural entit
Buckling modes: 6 ' Advanced mesh settings
=g
Other processes Solver setup
4 Advanced solver settings
Test input of data i General
i . Meglect shear force deformation ( Ay,
Save project after analysis .
Bending theory of plate/shell analysis Kirchhoff
Type of solver Direct
Mumber of sections on average memt 10
Warning when maximal translation is 1000.0
Warning when maximal rotation is gr 100.0

Coefficient for reinforcement 1

P Effective width of plate ribs
' Nonlinearity
I Initial stress
F Dynamics
4 Stability
Type of eigen value solyf os
MNumber of buckling mdd
4 Soil _

SCI4 Engineer: End of analysis

Mesh generation: OK
Calculation of static load cases: OK

Linear analysis: OK

Maximal translation -1.2 mm

in node 1269 [-0.000,8.738,0.606] (load case LC2)
Maximal rotation 1.2 mrad

in node 1393 [-0.000,9.697,0,152] (load case LC2)
Sum of loads and reactions is OK

Linear stability: OK

Mumber of buckling modes: &
First critical load factor
51: 9.09



Let’s look at the results.
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First buckling mode:
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“ 3D displacement - = ‘?l
Values: Utota! ) R E
Stability calculation. Buckling shapes = RESULTS (1) M
are normalized, so that the maximum 'i Name 3D displacement
nodal displacement 3
resp. rotation component of each w SELECTION

mode is equal to 1m resp. 1rad.
Stability combinations: S1/1 - 9.09
Selection: Al
Location: In nodes avg.. System:
Global

Typeof selection  All
Filter No

w RESULT CASE

Type oige®8

B Stability combin®
Wireframe (3 )
% Location v
iy Value U_total
I3 System v
=3 Extreme 1D  Global
= — Extreme 2D Global
= w CALCULATE RESULTS ON ...
1D members (O )
& D positive face ()
\ 2D negative face  (@Y)
:‘H v DEFORMED STRUCTURE
a2 Deformed structure (@Y
g Member deformation  for global maximurr
I3 For drawing useline... (0 )
v ' ERRORS, WARNINGS AND NOTES SETTIN.
B Show Information a... (@)
\mx Show errors  All
ti g Show warnings  All ~~
AcTiOL
/(ﬁ/l ;’;3/ . INPUT PANEL & Structure T L Dmmwm —
B 3 /l P A [ W& & & B 2DMembers & 20, surface PR = h "'== 8Resuhsibtep
o aFsesdoleoccaase B | o vortrvion

It buckles in this shape when the load combination is multiplied with a load factor of 9.09. The
subsequent buckling load factors are 9.13, 12.37, 12.70, 13.70, 14.24 et cetera.

The figure shows that this buckling mode moves mostly inwards. However, the exact same mode is
sometimes displayed as moving mostly outwards. Does this make sense?

Clearly, an edge beam would supress most buckling modes. With an edge beam the shell could be
even thinner.

Let’s look at the natural frequencies. First we need to add mass to the load cases.

(The program already knows about the mass of the materials but it does not know whether other
loads have a mass. For example snow load has a mass and wind load has no mass.)

Let’s study the vibrations without snow.
The mass of the materials is in something called MGL1.



B ' Mass groups w |
FEEFE «2 O m Al vy
MG1 Mame MG1
Description
Bound to load case Yes ¥
Load case LC1 - Self weight v

Actions

I Mew Insert Edit Delste

Keep masses up-to-date with loads

Create masses from load case ===

We make a mass combination of just this mass.

iy 1F ¥°

Combinations of mass groups - CWM1

Contents of combination

i
k=

=l

7

Delete all masscs

List of mass eroups

...... @ MG
Mame: CM1 Delete
Description : Delete All Add All
Coeff ; 1 Correct
Cancel
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, " Combinatiens of mass groups

iCM1 Mame CM1
Description
4 Contents of combination

MG1 [] 1.000

I Mew Insert Edit Delete

Now we can compute the natural frequencies.
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|87 FE analysis
Calculations Average size of 1D mesh element on ¢ 9.200

Average size of 20 mesh element [m] ©.300
Linear analysis

Connect members/nodes 4
Load cases: 2 / .

Y lysi Setup for connection of structural ent
v amalysis
= Eigenmodes: 10 ' Advanced mesh settings

P Solver setup

Other processes
4 Advanced solver settings

Test input of data 4 General
Neglect shear force deformation ( Ay
Save project after analysis Bending theory of plate/shell analys Kirchhoff

Type of solver Direct
Number of sections on average men 10
Warning when maximal translation 1000.0
Warning when maximal rotation is g 100.0

Coefficient for reinforcement 1

Effective width of plate ribs

Monlinearity

v v v

Initial stress

[

Dynamics
Type of eigen value solver Lanczos

Number of eigenmodes 10
Lk Use IRS (Improved Reduced System)

Let’s look at the results. First vibration mode: The natural frequency is 8.71 Hz.

HEEEFE a2 O A v Y
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B SCIA 21130664-ucentversion Eatesa |
D@ ¥ m & © & f Please click here or press Space and type your text... It will be completed with lines below. v . & B | - i - A
i i
“ 3D displacement -] lql
Values: Utotal =g E
Modal shapes are normalized, so that N3 .E, RESULTS (1) U
the generalized modal mass of each ;-] a
N;
mode is equal 36.0 § lame 3D displacement
to 1kg. =0 v SELECTION
Mass combination: CM1/1 - 8.71 - Type of selection  All
Selection: All =6
Location: In nodes avg.. System: : Filter No
Global 24.0
20,0 Typeofload Mass combinations
H_. e ass combination  CM1/1-8.71
[T 120
o Location ~
IH' Value U_total
n 0
= System v
0.0
= Extreme 1D Global
= 0.0
. L — Extreme2D  Global ~~
= a |
¥ CALCULATE RESULTS ON
i 10 members ()
- i 2D positive face
4 1 2D negative face
A
o v DEFORMED STRUCTURE
i 8 T
g E Member deforma. for global maximm
I 1 For drawing useli.. (O )
» w ERRORS, WARNINGS AND NOTES S...
A Show Informatio...
E’ Showerrors  All ~
v > Show warnings  All
\ INPUT PANEL & Loads
Surface loads All ags < Refresh
(% & Al _ < [© >
-eam. i @SS mo # &R a9 s . -
: 3 | @ Resuttstable
] ﬁ T @ Report preview

The subsequent natural frequencies are 8.71, 12.61, 12.78, 15.37, 15.81, 16.34, 17.01, 18.18, 20.01
et cetera. Note that there is little space between the natural frequencies. This is typical for shell
structures.

Frame structures are sometimes designed such that the frequency of the load is no problem because
it is in between two natural frequencies. Is this possible for shells too?

The program has computed the 10 smallest natural frequencies. If you want to see more you can set
this just before starting the computation.

This shell is not sensitive to wind load because wind gusts have a frequency of approximately 1 Hz or
smaller.

This shell is sensitive to earthquakes. It would not be sensitive to earthquakes, if all natural
frequencies were larger than 10 Hz.

Vibration mode shapes often look like buckling mode shapes. There is a situation in which they are
exactly the same. This is when the load is so large that the structure almost buckles. If you give the
structure is little push it moves away slowly and comes back slowly. In this situation the natural

frequency is almost 0 Hz and the vibration mode shape is the same as the buckling mode shape.

Why does the program always perform linear analyses before computing natural frequencies?

16




Let’s do a nonlinear analysis. First we need to specify nonlinear load combinations. (The teacher
thinks that there is no difference between linear and nonlinear load combinations.)

Here we can specify a shape imperfection. We choose an imperfection shaped as the first buckling
mode with an amplitude of 24 mm (2 times the shell thickness).

B " Monlinear combinations >
HiEBEFE «2 O A v Y
HNC1 Mame NC1
NC2 Description
Type Ultimate v

4 (Contents of combination
LC1 - Self weight [] 1.000
LC2 - Snow [-] 1.000

Bow imperfection ¥
Global imperfectigh Buckling shape v
w |

Staffility S1
Eigen sHape 1

Max deformation [mNg

Mew from combinati... @ Insert Edit Delete Close

We also apply the imperfection in the other direction. So an amplitude of -24 mm.

B " Monlinear combinations *
mIEFE «as O A v Y
" NC1 Mame MC2
NC2 Description
Type Ultimate w

4 Contents of combination
LC1 - Self weight [-] 1.000
LCZ - Snow [-] 1.000

Bow imperfection Mone v
Global imperfection Buckling shape v
Stability 51 =

Eigen shape
Max deformation [mm
Mew from combinati...| MNew Insert Edit Delete @
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The software applies the load in 10 equal steps (increments). After each step it uses the Newton-
Raphson method to compute the displacements. This involves a few iterations until sufficient
accuracy is obtained. The program would stop prematurely if more than 20 iterations have been
performed without finding sufficient accuracy (no convergence).

B " FE analysis »
“ A
Calculations General
Neglect shear force deformation ( Ay
Linearanalysis Bending theory of plate/shell analys Kirchhoff v
Type of solver Direct v

Monlinear analysis

Menlinear combinations: 2 Number of sections on average men 10

Warning when maximal translation 1000.0

Eigenmodes: 10 Warning when maximal rotation is g 100.0
v~ Linearstability Coefficient for reinforcement 1
' P Effective width of plate ribs
MNenlinear stability 4 Monlinearity

Buckling modes: 6

Geometrical ng, 3rd order (large defermation)

Other processes Method ¢f calculation Newton-Raphson

Number & increments 10

Test input of data
Maximum i

Save project after analysis Solver precision ratio 1
Solver robustness ratio 1
P Initial stress

P Dynamics

4 Stability (" Fem dialog

| Type of eigen value solw

Number of buckling mod W

I b Seil oM u fi 05
[m] [dea]

During the computation the load displacement diagram is shown.

The pink curve shows the displacement of node 5. ; - o
The blue curve shows the rotation of node 55, ncrement 9710
which apparently is the node with the largest rotation. heration _ 2

. . . Monlinear combination 2
The curve is not smooth because the results for all iterations

Show Paramete Mode Value Unit
are shown and not only the ones that are accurate. ) 5] 581500 )
fi 55 3,23E-001 | [deq]

[] Stop after this nonlinear combination No. 2.

| Redraw graph Show Data Table...

[ Break | Pause ]
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The imperfection with an amplitude of 24 mm gives the largest deflection.

@ 514 Engineer — ®

Esal.esa e

DG ¥ @@ © & ‘a ith ines below v N m Mo B | @@ S,
i 3D displacement - H l%i
Values: Utoral 52 E ;
Nonlinear calculation N3 E RESULTS (1) )
ggi}'-é:g:f;?mbh HeL - :-'% Name 3D displacement
Location: In nodes avg.. System: ¥ SELECTION
Global 42 Type of selection  All
3.6 Filter No
s ~ RESULT CASE
’ Typeof fad  NonLinear Combin:
I oo NonLinear C3 NCI
Ll Wireframe
[: 12 Location ~
ﬂ.!. e Value U_total
I]I=I System  Global v~
0.0
Extreme 1D Global ~~
= 0.0
= et ﬁ . Extreme 2D  Global ~~
N2 v CALCULATE RESULTS ON ...
I? 1D members () )
& i 20 positive face  ([¥)
1 2D negative face  (@[v)
B ~ DEFORMED STRUCTURE
S Deformed structure (%)
E=2 |]'| Member deforma... for global maximai
Iq I For drawing useli... (O )
p ~ ERRORS, WARNINGS AND NOTES ...
Ft Show Informatio... (@[~
- Showerrors Al
Show warnings  All
e INPUT PANEL & Loads v = /\momNsa )))g L
| e = Surface loads & Mg (@) Refresh
Compare the deflection of the linear analysis to that of the nonlinear analysis.
What causes the differences?
The Von Mises stress is largest for the imperfection with an amplitude of 24 mm. However, it is still
very small.
@ SCIA Engineer - x

Esalesa

ey PN - M.E’.E‘-Hrgn_

DB ¥ v & © o fa

i

“ 3D stress
Values: oE
Nonlinear calculation

a

N3 RESULTS (1)

or [MPa]
|

Name 3D stress

NonLinear Combi: NC1 3L4
Selection: All 28.0
Location: In nodes avg. on macro. 26.0 ¥ SELECTION
System: LCS mesh element e LT
Frincipal magnitudes 24.0 yp
22,0 Filter No
1

20.0
18.0
16.0
14.0
12.0

 RESULT CASE
Type of Igfff

NonLinear Combini
NonLinear CoNgbi

Location
10.0
8.0
6.0
4.0
0.2

Trajectories
Principal magnitud
o EV
Consider torsion d...

System  LCS mesh element

N2 Extreme 1D Global

Extreme2D  Global
¥ CALCULATE RESULTS ON
1D members ()
20 positiveface  (@[Y)
2D negative face ()
v DEFORMED STRUCTURE
Deformed structure (O )
* ERRORS, WARNINGS AND NOTES S...

A i | shownformatio.. @9
% Showerrors  All ~
v Show warnings  All ~~
INPUT PANEL é Loads ~ S ACTIONS 3>
Hﬁ ) W B Ssurface loads - & Mg v @ Fefresh
[ =B P U i | = I P4 e A o| = ~N A= () Bl
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Let’s see if the load factor of the linear buckling analysis is correct.
We increase the loads with a factor 9.09.
This is the buckling load factor computed in the linear buckling analysis.

B | Maonlinear combinations

H-iEBEFE &« O A

INC1
NC2

Mew from combinati...

F

Mew

Mame NC1

Description

T}rpe Ultimate

Contents of combination
LC1 - Self weigh{[-] 2-09¢
LCZ - Snow\-] 9.090
Bow imperfection
Global imperfection Buckling shape
Stability 51
Eigen shape 1
Max deformation [mm] 24.0
Insert

Edit Delete

We apply the load in 90 increments.

B " FE analysis

Calculations

Linear analysis
| Load cases: 2

Monlinear analysis
Monlinear combinations: 2

Modal analysis
Eigenmodes: 10

Linear stability
. Buckling modes: 6

Monlinear stability
Buckling modes: 6

Other processes

Test input of data

Save project after analysis

Calculate

4 General

Kirc hhoff

Neglect shear force deformation ( Ay
Bending theory of plate/shell analys

Type of solver Direct
Number of sections on average men 10
Warning when maximal translation 1000.0

Warning when maximal rotation is g 100.0
Coefficient for reinforcement 1
B Effective width of plate ribs
4 Monlinearity
Geometrical nonlinearity

Method of calculatig

Number of incremgnts
Maximum iteratfgns
Solver precision ratio
Solver robustness ratio 1
B Initial stress
P Dynamics
4 Stability
Type of eigen value solver Lanczos
Number of buckling modes

B Soil

Close

3rd order (large deformation) ¥

on-Raphson v
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FEM dialeg

Calculation  Monlinear

[m] [deg]
0 100 200
8750
fteration 4
Monlinear combination 1
Show Paramete Mode Walue LInit
u L 1.33E-001 [m]
fi 45 6. 78E=+000 [deq]
FE-Calculation &4 - Warning >
[ ] Stop after this nonlinear combination No. The stiffniess matrix is singular!

! The structure is unstable. Instability found

in FE-node No. 1007 [-1.1115286634493; 6.97167688220049:
Redraw graph s 1.4524502825973] (macro 51}, direction phi_Y, increment 48 .
1
—
Break Pa .

For the amplitude of 24 mm the Newton-Raphson procedure diverges at load increment 48.
The load factor is then 48/90 x 9.09 = 4.85. The deflection is then 133 mm.

Often, this is the maximum load.

We need to assume that the shell buckles at this load. What is the knockdown factor?

This shell is sensitive to shape imperfections but not very sensitive.

This design can be improved: The thickness can be reduced. If an edge beam is added, the thickness
can be reduced even further.
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