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Problem Description

y

— X
Nomenclature:
L=110m Length of beam
b =10m Cross Section Base
h=1m Cross Section Height
M=70kN*m Applied Moment
E=70GPa Young’'s Modulus of Aluminum at Room Temperature
v=0.33 Poisson’s Ratio of Aluminum

In this module, we will be modeling an Aluminum cantilever beam with a bending moment
loading about the the z-axis with three dimensional elements in ANSYS Mechanical APDL. Since
the exact solution to this problem is numerical, we will be using beam theory and mesh
independence as our key validation requirements. The beam theory for this analysis is shown
below:

Theory

Von Mises Stress
Assuming plane stress, the Von Mises Equivalent Stress can be expressed as:

1
o' = (0% — 0x0y, + o) +37%)) 2 (1.8.1)
During our analysis, we will be analyzing the set of nodes through the top center of the cross
section of the beam:

Due to symmetric loading about the yz cross sections, analyzing the nodes through the top center
will give us deflections that approximate beam theory. Additionally, since the nodes of choice
are located at the top surface of the beam, the shear stress at this location is zero.

(Txy =0, 0, = 0). (1.8.2)
Using these simplifications, the Von Mises Equivelent Stress from equation 1 reduces to:
o' =0, (1.8.3)
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Bending Stress is given by:

_ Mx)c

o, = M0 (184)

Where I = %bh3and c= % From statics, we can derive:

M(x) =M (1.8.5)

6M
Oy = —

= 3 = 42KPa (1.8.6)

Beam Deflection
As in module 1.1, the beam equation to be solved is:

d?y _ M(x)

dx2  EI (1.8.7)
Using Shigley’s Mechanical Engineering Design, the beam deflection is:
Mx?
&= (1.8.8)
With Maximum Deflection at:
2
& =2 = 726mm (1.8.9)
2E1

WARNING: We are using beam theory as a REFERENCE gage for the solutions ANSY'S will
provide. The real driver behind a correct solution will be mesh independence

Geometry

1. Go to Utility Menu -> = Open ANSYS File and open 3D Cantilever.db that you
created in module 1.7. To refresh your memory, this was a 1x10x110m Aluminum
cantilever beam with two SOLID 185 elements through the thickness. The file that opens
should look as follows:
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Preprocessor
Mesh

We are going to re-mesh this beam to have four elements through the thickness.

1. Go to Main Menu -> Preprocessor -> Meshing -> Mesh Tool
Size Controls : -> Global -> Set

2. Set Size Element Edge Length to 0.25. This will map 4

elements through the thickness of the beam.

Click OK

Select Mesh: -> Volumes -> Hex -> Mapped

Click Mesh

Click Pick All

o ks w

Ao oo, T T

[ESIZE] Global edement sizes and dvsions (aposes only
10 "unsized” ines)

SUZE Element edoe lenoth 2

NDIV No. of element drasions 0

- {used only ff element edoe lenath, SIZE. 1S blank of 2e0)

3 OK Cancel Help

If you go to Utility Menu -> Plot -> Nodes, use the | Fit View followed by
the @/ Front View and scroll in, the resulting mesh should look as follows:

MeshTool

Element Attributes:

Global hd Set
[~ Smart Size
ﬁne [ anrseJ
Size Controls:

Global Set Clear
Areas I Set Clear
Lines Set Clear

4

Mesh: Wolumes -

Shaper 7 Tet * Hex

i (# Mapped  Sweep
3 or 4 sided
5 Mesh | Clear |

Fiefine at: ’m
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Loads Apply UROT on Nodes
* pick " Unpick
(" Single 3 {* Box
Displacement (" Polygon ( Circle

~

1. The Triad in the top left corner blocks nodes. count
To get rid of the triad, type /triad,off in Utility Menu -> Meaximm
Command Prompt followed by /replot Hnimim

2. Go to Main Menu -> Preprocessor -> Loads ->

Node No.

Define Loads ->Apply ->Structural -> Displacement -> On Nodes QlecoGis T
3. Click Pick -> Box LEn, D Dns
4. With your cursor, drag a box around the first set of nodes on the
far left side of the beam:

5 OK Lpply |

Reset Cancel |

Pick R11 Help |

5. Click OK [\ Apply U,ROT on Nodes

6. Click All DOF to secure all degrees of freedom | 101 Apply Displacements (UROT) on Nodes
7. Under Value Displacement value put 0. The left [| eb2 POFstobe constrained

face is now a fixed end.
8. Click OK

Apply as |C0n5tantva|ue

If Constant value then:

VALUE Displacement value 7 l:l

QK | Cancel | Help |

The resulting graphic should be as shown:
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Force/Moment

In modules 1.2 and 1.5, we were able to apply an element’s moment boundary condition to the
end face of the beam to create the bending moment boundary condition. Unfortunately, 3D
elements in ANSY'S only have 3 Degrees of Freedom and thus Bending Moment boundary
conditions are not offered. We can overcome this hurdle however with a little bit of theory.

By definition:
M = rxF (1.8.10)

Where r is a perpendicular distance (lever arm) and F is a force applied. Thus we can see that
moments are linearly related to forces. This means that we can model a moment as a linearly
varying load across the end face of the beam:

In order to determine the forces along the distribution, we will take advantage of the linear
relationship between force and distance when we sum moments about point P:

LMy, =M =3, Fx (1.8.11)

Where i is the i’th row of nodes up the y axis. The strategy here is to find the maximum force
from equation 1.8.11 from which the other forces can be determined:

F; = 3% Fpax (1.8.12)

2

Where y; is the height of the i’th row of nodes above or below point P. Once F; is determined, it
is distributed evenly across the elements of the end face:

F=" (1.8.13)

where n is the number of elements in a row.
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Now that we have calculated the forces to be distrubuted across the elements, we must calculate
the forces that we will place at each node. Since F, is constant across a given row of nodes and
each element has two nodes in a given row:

Frode = = e Fpoge F nod;v (1.8.13)
= -‘//) F
= 7
node

With four elements through the thickness of the beam, the resulting boundary conditions are
shown below:
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Using our model, we can calculate F,,,, from equation 1.8.11 since we have the moment load
specified (70 KN M). By symmetry and using equation 1.8.12, we can derive:

h 1
M = 2(Fmax * =+ = Fpax *

h

22 7
Solving for F,,,,, We get F,,, = 56000 N. Thus:
Row | Fi (N) Fe (N) Fnode (N)
1| -56000 -1400 -700
2| -28000 -700 -350
3 0 0 0
4 28000 700 350
5 56000 1400 700
Apply F/M on Nodes
Picking Loads in ANSYS * Bick (" Unpick
1. Go to Main Menu -> Preprocessor -> Loads -> (" single P Box
Define Loads -> Structural -> Force/Moment - > (" Polygon (" circle
On Nodes L
2. Check Pick -> Box and box row 1 of the end face as Count
shown below. Maximim
3. Click OK R
4. Under Direction of force/mom select FX fode fe-
5. Under VALUE Force/moment value enter -1400 £ it of Ttems
6. Click OK ~ vin e Tac
7. Repeat for rows 1-5. We have now assigned F, to all the end face o
nodes.

:3 OF | Apply |

Beset | Cancel |

Pick all | Help |

Ao iooe- SN ==
[F1 Apply Force/Moment on Nodes
Lab Direction of force/mom 4 FX =

Applv as Constantvalue  ~
If Constant value then:
VALUE Force/moment value 5 -1400

6 Ok Apply Cancel | Help |

I——
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Apply F/M on Nodes

Now we must assign F,,,4.t0 the relevant nodes.

o L‘ickz " Unpick
{* Single " Box
1. Go to Main Menu -> Preprocessor -> Loads -> Define Loads O Polygen ( cirele
-> Structural -> Force/Moment -> On Nodes &
2. Select Pick -> Single and select the nodes at the end of row 1. ;:m B zm_
3. Click OK winimn = 1
4. Under VALUE Force/moment value enter -700. rese e = €
5. Click OK & List of Ttems
6. Repeat Steps 1-5 for all F,,,4. Vvalues for all rows of nodes (" Min, Max, Inc
I
ok | merry |
3Reset | Cancel |
Pick All| Help |

T =
£ .

[F] Apply Force/Moment on Modes

Lab  Direction of force/mom =" o

Apply as |C0n5tantva|ue j
If Constant value then:
VALUE Force/moment value 4

Cancel ‘ Help ‘

The resulting picture should look as shown:
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Solution
Now that our boundary conditions have been specified, it’s time to solve the problem.

1. Go to Main Menu -> Solution -> Solve -> Current LS
2. Click OK

General Postprocessor

Now that ANSYS has solved the load step, lets create plots of Y Deflection and Equivalent VVon
Mises Stress.

Y Component of Displacement

1. Go to Main Menu -> General Postprocessor -> Plot Results -> Contour Plot -> Nodal
Solu

2. Go to Nodal Solution -> DOF Solution Y-Component of displacement

Click OK

4. To give the graph atitle, go to Utility Menu -> Command Prompt and type
ftitle,Y-Component of Deflection of a Cantilever Beam with Bending Moment
followed by the return key and the command /replot
The resulting graph should look as shown below:

w

1

T
NODAL SOLUTION <]</AN SYS

Noncommercial use only

According to the graph, the max deflection is recorded as 0.007165 m.
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Equivalent (Von-Mises) Stress

1. Go to Main Menu -> General Postprocessor -> Plot Results -> Contour Plot ->
Nodal Solu

2. Go to Nodal Solution -> Stress -> von Mises stress

Click OK

4. To give the graph atitle, go to Utility Menu -> Command Prompt and type
ftitle,Equivalent Stress of a Cantilever Beam with BendingMoment
followed by the return key and the command /replot

w

The resulting graph should look as shown below:

SOLUTION <1/\<r:?-AN SYS

Noncommercial use only

Nov 12 2011

21:46:55

) 39833 53014
33243 46424 55604

eam with BendingMoment

If you notice, the Maximum Equivalent Stress is much higher than the expected value. This is
because of the localized stress concentration introduced in our model from the point load
application at the end face:

Stress Concentrations
(resulting from Singularity)

——
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Point Load Singularity

By definition:
o= g (1.8.14)

Since the point loads are applied at the nodes, there is effectively no area where the point load is
applied. This creates a false stress concentration in the model. As the mesh is refined, this
elevated stress level will approach infinity. In order to rid the model of this false stress, a small
pressure distribution can be applied at the element. In the interest of time and simplicity, we
will simply ignore this false stress in our analysis.

From our model we notice that far away from this false stress spike the beam displays more
expected stress behavior, varying linearly from the max value at the top and bottom surfaces to
effectively zero at the center of the beam:

70 = Opqx

_—

=0

PR = G

Since the chart values are skewed by the false stress concentration value, we will list the
equivalent stress values at each node and determine ;4.

1. Go to Utility Menu -> List -> Results -> Nodal Solution ...

2. Go to Nodal Solution -> Stress -> von Mises stress

3. Click OK

4. Inthe PRNSOL Command window, the column to the far right lists the Equivalent
stress at each node (SEQV)

A\ PRNSOL Command
File

#prk PIST] HODAL STRESS LISTING ek
PouarGraphics Is Currently Enabled

LOAD STEP= 0 SUBSTEP= 1
THE=  1.0000 LUAD CASE= 0
HODAL RESULTS ARE FOR HATERIAL 1

51 bird 33 STHT SEQY
3054.9 1723.9 -37457. 40512, 39864,
3054.9 1723.9 -37457, 40512, i

3054.9 1723.9 -37457, 40512, Errin

3054.9 1723.9 -39457, anse. 30863,
3054.9 1723.9 -39457, anse. 30863,
3054.9 1723.9 -39457, ans1e. 30863,
3054.9 1723.9 -39457, ans1e. 30863,
3054.9 1723.9 -37452. ans1e. 39563,
054.9 1723.9 -37452. ans1e. 39863,
I054.9 1739 - . . 39963,
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If there is any uncertainty pertaining to node numbers, you can plot the node numbers in a nodal

plot of the beam. T ——"

1. Go to Utility Menu -> Plot Ctrls -> Numbering ... o o o

2. Check the box next to NODE Node numbers UNE Line numbers o

3. Click OK S— -

4. Go to Utility Menu -> Plot -> Nodes NODE Node number p T

5. In the graphics window, you can inspect a few node Flm /At umbeing [Nommbeing =]
numbers in the top row of nodes. Once these node ::ELN J:Nm, ::
numbers are collected, look them up in the PRNSOL [/NUN Narbering shown wit BT —
Command window to determine the stresses at the UREPLOTI Replot upon OK/Appl? fRept 7]
top of the beam

i 3 o | Aprly Concel| Hep_|

According to the PRNSOL Command Window, the stress
At the top and bottom surfaces of the beam is 40106 Pa.
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Results

Max Deflection Error

The percent error (%E) in our model max deflection can be defined as:

%E = qbs (“hearetical_Smodel) ;10 = 1.310% (1.8.15)
theoretical

This is a very good error baseline for the mesh considering egation 1.8.9 is quadratic with

respect to displacement. Since the 3D Elements we are using linearly interpolate between nodes,

we can expect a degree of truncation error in our model. As we will show in our validation

section, our model will converge to the expected solution as the mesh is refined.

Max Equivalent Stress Error

Using the same definition of error as before, we derive that our model has 4.51% error in the
max equivalent stress. The error results from extrapolation of stress at the integration points of
the elements to the nodal values. We will see later that if higher order elements are used in this
problem, the error in equivalent stress will disappear!

Further Analysis

In addition to this baseline data, we can export both the deflection and VVon-Mises data to Excel.

1. Go to Utility Menu -> List -> Results -> Nodal Solution ...
2. Select Nodal Solution -> DOF Solution -> Y-component of displacement

3. CI'Ck OK J\ PRNSOL Comman: d

Save as ..
Print

Copy to Output

DOH LISTING ekt

4. The list file should populate. Go to

PRNSOL Command -> File -> Save As ... || " i
. . . 4 -0, FSRsE-
5. Save the file as 3D_M_YDeflection.lis to the || i g&:
i s
path of your choice pimes
12 -0.12045€-02
13 -0. 16140602
14 -0.19614€-02
. A Save As
6. Goto PRNSOL Command -> Flle -> Close @ « Training Module Files » 2D Cantilever
Organize New folder = @
& Downloads = Hame ’ Date madified Type
] Recent Places ——— )
A Libraries
| Documents
& Music
&l Pictures
B videos
1% Computer
&, Local Disk (C3)
9 private_home (\
€ Network ~ |l
File name; | 20 P VDeflectionls S
Save as type: |Lister Files ("lis) 5 -
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Text Import Wizard - Step 1 of 3

The Text Wizard has determined that your data is Fixed Width.

7. Open 3D_M_YDeflection.lis in Excel
8. Click Fixed Width
9. Click Next >

If this is correct, chaose Next, ar choose the data type that best describes your data.
Original data type

Choose the file type that best describes your data:
() Delimited - Characters such as commas or tabs separate each field.

:

10. Click a location on the ruler between the NODE and v se 2. ==
UY columns. This will cause Excel to separate these st e e e o b

Lines with arrows signify a column break.

columns into separate columns in the spreadsheet
11. Click Next >
12. Click Finish

To CREATE a break line, dick at the desired position.
To DELETE a break line, double dick on the line.
To MOVE a break line, dlick and drag it.

This process can be repeated for VVon-Mises Stress data.

0.0000
-0.75225E-02
[ r

cancel | [ <Back | [THextz || [ Emesh |

Remember, we want to plot the centerline nodes as this will give us the best representation of
beam theory values.

Higher Order Elements (Midsize Nodes)

Mesh refinement is difficult to do with this model. If you are using the academic version of
ANSYS Mechanical APDL, you will be limited to 256,000 equations the FEA code can solve.
That means the software cannot handle more than five elements through the thickness of the
beam. Since we have already specified a beam with four elements through the thickness for this
tutorial, there is not much room for improvement.

Up until this point, we have only used elements with linear shape functions between nodes.
However, ANSY'S provides a variety of higher order element types with higher order
polynomial shape functions between nodes. This is achieved through the usage of midsize nodes,
nodes that lie midway between the nodes of the typical linear element. In the case of 3D
elements, a higher order 3D element such as SOLID 186 will have 20 nodes instead of 8.

—>

SOLID 185 SOLID 186
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1. Go to Main Menu -> Preprocessor -> Element Type ->
Add/Edit/Delete

2. Click Add...

w

5. Click OK
6. Click Close

Now you are ready to re-mesh with 20 Node elements.

Under Element type reference number enter 1
4. Select Solid -> 20Node 186 this will override the current
element settings.

A\ Uibrary of Element T

Library of Element Types

Element type reference number

/\ Element Types

Defined Element Types:
ype 1 SOLID185

2 Add.. |

Options... ‘

Delete |

E Close

Help

Only structural element types are shown

Structural Mass

Link

Axi-har 4node 25 -
8node 83 o
Brick8node 45 E
8node 185 A
20node 186 %

20node 186

Help |

WARNING: Be careful when applying equation 1.8.13 to determine the loads across each row of
nodes. Every row containing only midsize nodes will have half the number of nodes.
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Von Mises Stress vs Length of Beam

60000 , -
o) —Theoretical
o
— m 8 Node 70400 Elements
w
$ 55000 20 Node 1100 Elements|———
3 @ 20 Node 8800 Elements
il
€ 50000
<
©
2 n
S
o 45000
Ll
4 - s = s = - - - = &
Q .
2 10000 - m m m m = | =
= .
S
> 35000 I I I | |
0 20 40 60 80 100
Percent Length of Beam (%)
Y Deflection vs Length of Beam
0.008 -
—Theoretical
B 8 Node 70400 Elements
0.006 e 20 Node 8800 Elements
E
5
-5 0.004
|S |
9
(-
7]
o
0.002
O . T I I I 1
0 20 40 60 80 100
Percent Length of Beam
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