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Question 1

Material Properties:
Elastic modulus E = 210 GPa,
Poisson’s ratio v = 0.29,

Geometric Properties:
Length L = 1m,

Height h = 5 mm,

Width w = 20 mm,
Boundary Conditions:
Tip load FF'=5N,
Cantilever at the other end.

Ansys 2020 R1 is used for solution. A 3D solid model of geometry is constructed using Spaceclaim. For all of
the different sizes, only 1 element used throughout the height of the beam for hexahedral elements and only
1 element used throughout the width of the beam for tetrahedral elements. Only linear elements are used in
the mesh. Boundary conditions (fixed support and force) are applied from the surfaces of the beam. Boundary
conditions can be found in Figure 13.

Results

Results can be seen in Table 1 for hexagonal elements and Table 2 for tetrahedral elements. From the results
of the analyses we can see that number of elements in the thickness effects the results very dramatically in the
tetrahedral mesh, yet hexahedral mesh is not effected from number of elements in the thickness. To understand
this, we have to look at the element formulations of Ansys.

Linear hexahedral element (SOLID185) schematic is given in Figure 1. Even though this element is linear, it has
differing integration points and integration points are determined using key options in Ansys. Corresponding
key option is KEYOPT(2):

KEYOPT(2)

Element technology:

0 — Full integration with method (default)

1 — Uniform reduced integration with hourglass control

2 — Enhanced strain formulation

3 — Simplified enhanced strain formulation

From output file of the analysis, we can see that KEYOPT(2)=3 is selected for this model.

Listing 1: Solver output

xx% SELECTION OF ELEMENT TECHNOLOGIES FOR APPLICABLE ELEMENTS
—— GIVE SUGGESTIONS AND RESET THE KEY OPTIONS ——

ELEMENT TYPE 1 IS SOLID185. IT IS ASSOCIATED WITH LINEAR MATERIALS ONLY
AND POISSON’S RATIO IS NOT GREATER THAN 0.49. KEYOPT(2)=3 IS SUGGESTED AND
HAS BEEN RESET.

KEYOPT(1-12)= 0 3 0 0 0 0 0 0 0 0 0 0

This means that simplified enhanced strain formulation is selected for our analysis. Which prevents shear
locking in bending-dominated problems. It adds 9 additional internal DOFs to the element. This is why we
don’t see the effect of shear locking in different mesh sizes.

For tetrahedral elements, even though element is still SOLID185 (same as hexahedral), three nodes of the
hexahedral element (N, O, P) is reduced to one node (M), see Figure 1. Because of this, simplified enhanced
strain formulation can not prevent shear locking. Results are given in 2. Maximum deformation is similar to
hexahedral solution in refinements 3 and 4, yet there is still some difference. So using of tetrahedral linear
elements is not recommended.

Figures for boundary conditions, mesh, deformation and stress is given in Appendix 1.
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Figure 1: SOLID185 3-D 8-Node Structural Solid element.

Mesh size | Maximum Deflection [mm]| ‘ Maximum von-Mises Stress [MPa)

126 36.75 51.31
2z12 37.14 95.56
4212 37.08 56.34

Table 1: Maximum deflection and von-Mises stress for hexahadral elements.

Mesh size (coarsest to finest) ‘ Maximum Deflection [mm] ‘ Maximum von-Mises Stress [MPa]

1 7.57 12.2
2 23.06 23.8
3 35.81 35.8
4 33.47 33.47

Table 2: Maximum deflection and von-Mises stress for tetrahedral elements.



Question 2

A plate fixed at the outer corner having outer dimension of 1m? and inner hole of 0.5 m?, thickness of 5mm,
elastic modulus of £ = 210 GPa, Poisson’s ratio v = 0.3 and fillet radius of 10 mm is applied an inner pressure
of 50 MPa.

Number of elements at the right bottom corner of the hole is changed by using different element sizes and curve
for maximum von-Mises stress versus total number of elements is obtained. Also, more data points (mesh sizes)
are used to obtain a smooth curve.

Results

Ansys 2020 R1 is used for analyses. 2-D 4-node structural solid linear shell elements (PLANE182) are used in
the analyses with plane stress formulation (see Figure 2). Element size at the corner is defined as parameter
and maximum von-Mises stress at the corner defined as output. See Figure 4 for the graph. Also
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Figure 2: PLANE182 2-D 4-node structural solid element.
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Figure 3: Boundary conditions.
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Figure 4: Maximum von-Mises stress at the corner versus total number of elements.

(a) Coarse mesh (b) Fine Mesh

Figure 5: Two different mesh sizes.




B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

Deformation Scale Factor: 1.0 (True Scale)

B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

Deformation Scale Factor: 1.0 (True Scale)

303.72 Max 836.85 Max
27221 5 74611
24069 65537
209.17 564.64
177.65 4739
14613 383.16
11461 29243
83.092 201.69
51573 11095
20.055 Min 20.216 Min
(a) Coarse mesh (b) Fine Mesh

Figure 6: von-Mises stress.



Question 3

A plate having dimension of 1 mx2m, thickness of 2mm, central hole with radius 25cm, elastic modulus of
E = 210 GPa and Poisson’s ratio v = 0.3 is applied distributed total in plane tensile load of 1000 N.

In this question, linear triangular, linear quadrilateral, quadratic triangular and quadratic quadrilateral elements
are used with 150, 100, 75, 50, 25, 10, 5 mm mesh sizes.

E: Tensile
Tensile
Time: 1.s

. Force: 1000. N
[Bl Fixed Support

..

0.00 500.00 1000.00 (mm)
— )
250.00 750.00

Figure 7: Boundary conditions for tensile loading.

Results

Result for 10 natural frequencies are given in Figure 9. As we can see, first 2 modes of the no boundary condition
is 0 because they are rigid motion modes. After that they are similar to the tensile modes, yet there is some
difference. However there is no difference between 1000 N and 0.01 N tensile loading, so loading magnitude has
no effect on frequencies but supports have some effect.

Figures for comparing the effect of element type and size are given as, Figure 10 for maximum displacement,
Figure 11 for maximum von-Mises stress, Figure 12 for 5th natural frequency (chosen arbitrarily). It can be
seem that linear elements are struggling to converge when quadratic elements are converging quickly. The fastest
one to converge is quadratic quadrilateral and the slowest one is linear triangular. Element size should be at
least 25 mm for 2nd order quadrilateral elements; 10 mm for 1st order quadrilateral and 2nd order triangular.
First order triangular elements should be avoided.

Displacement plots for first 5 modes of linear quadrilateral are given in Appendix 2.



(a) Coarse mesh (b) Fine Mesh

Figure 8: Two different mesh sizes (fine mesh is zoomed).
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Figure 9: First 10 natural frequencies for different loading conditions (quadratic quadrilateral 5 mm element
size).
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Figure 10: Maximum displacement for different mesh types and sizes.
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Figure 11: Maximum von-Mises stress for different mesh types and sizes.
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Figure 12: 5th mode natural frequencies for different mesh types and sizes.
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1 Appendix for Question 1

C: HW2 Q1 Hex 1x6
Static Structural
Time: 1.s

A Force:5.N
I8l Fixed Support

0.00 150.00 300.00 (mm)
I

75.00 225.00

Figure 13: Boundary conditions.
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Figure 14: Mesh for 1x6 elements (top view, 1 element through height).

C: HW2 Q1 Hex 1x6

Total Deformation

Type: Total Deformation

Unit: mm

Time: 1

Deformation Scale Factor: 1.4 (Auto Scale)

36.753 Max
32669
28.586
24.502
20418
16.335
12.251

8.1673 m

4.0837

0 Min

0.00 200.00 400.00 (mm)

100.00 300.00

Figure 15: Deformation for 1x6 elements.
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C: HW2 Q1 Hex 1x6

Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

Deformation Scale Factor: 1.4 (Auto Scale)

51.311 Max
46.248
41.185
36.123
31.06

25.997
20935
15.872
10.809
5.7465 Min

0.00 200.00 400.00 (mm)

100.00 300.00

Figure 16: von-Mises stress for 1x6 elements.
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Figure 17: Mesh for 2x12 elements (top view, 1 element through height).

E: HW2 Q2 Hex 2x12
Total Deformation

Type: Total Deformation

Unit: mm

Time: 1

Deformation Scale Factor: 1.3 (Auto Scale)

37.135 Max
33009
28883
24757
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12378
82522
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Figure 18: Deformation for 2x12 elements.
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E: HW2 Q2 Hex 2x12

Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

Deformation Scale Factor: 1.3 (Auto Scale)

55.55 Max
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37.062
30.899

24737 —{E—
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0.00
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Figure 19:

E: HW2 Q2 Hex 2x12

Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

Deformation Scale Factor: 1.3 (Auto Scale)

55.55 Max
49.387
43.225
37.062
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24737
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62492

75.00 225.00

von-Mises stress for 2x12 elements.
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Figure 20

I I
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Figure 21: Mesh for 4x12 elements (top view, 1 element through height).

75.00 225.00
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G: HW2 Q2 Hex 4x12
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1

Deformation Scale Factor: 1.3 (Auto Scale)
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24723
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Figure 22: Deformation for 4x12 elements.

Type: Equivalent (von-Mises) Stress

Unit: MPa
Time: 1

Deformation Scale Factor: 1.3 (Auto Scale)
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43.998

3773
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0.11899 Min

0.00 150.00 300.00 (mm)
I I
75.00 225.00

Figure 23: von-Mises stress for 4x12 elements.
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Figure 24: Mesh for 1. tetrahedral model (side view, 1 element through width).
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D:HW2 Q2 Tet 1
Total Deformation

Type: Total Deformation

Unit: mm

Time: 1

Deformation Scale Factor: 6.6 (Auto Scale)
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Figure 25: Deformation for 1. tetrahedral model

D: HW2 Q2 Tet 1

Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

Deformation Scale Factor: 6.6 (Auto Scale)
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Figure 26: von-Mises stress for 1. tetrahedral model

D: HW2 Q2 Tet 1

Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

Deformation Scale Factor: 6.6 (Auto Scale)
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Figure 27: von-Mises stress for 1. tetrahedral model
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Figure 28: Mesh for 2. tetrahedral model (side view, 1 element through width).

F: HW2 Q2 Tet 2

Total Deformation

Type: Total Deformation

Unit: mm

Time: 1

Deformation Scale Factor: 2.2 (Auto Scale)
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7.9942
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Figure 29: Deformation for 2. tetrahedral model
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Figure 30: von-Mises stress for 2. tetrahedral model
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F:HW2 Q2 Tet 2

Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

Deformation Scale Factor: 2.2 (Auto Scale)

23.803 Max
21.168
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0.000 15.000 30.000 (mm)

7.500 22.500

Figure 31: von-Mises stress for 2. tetrahedral model
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Figure 32: Mesh for 3. tetrahedral model (side view, 1 element through width).

H: HW2 Q2 Tet 3
Total Deformation

Type: Total Deformation

Unit: mm

Time: 1

Deformation Scale Factor: 1.8 (Auto Scale)

28.297 Max
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Figure 33: Deformation for 3. tetrahedral model
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H: HW2 Q2 Tet 3
Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

Custom

Deformation Scale Factor: 1.8 (Auto Scale)
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Figure 34: von-Mises stress for 3. tetrahedral model
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Figure 35: von-Mises stress for 3. tetrahedral model
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Figure 36: Mesh for 4. tetrahedral model (side view, 1 element through width).



I:HW2 Q2 Tet 4

Total Deformation

Type: Total Deformation

Unit: mm

Time: 1

Deformation Scale Factor: 1.5 (Auto Scale)
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Figure 37: Deformation for 4. tetrahedral model

I: HW2 Q2 Tet 4

Equivalent Stress

Type: Equivalent (von-Mises) Stress
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Time: 1

Deformation Scale Factor: 1.5 (Auto Scale)
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Figure 38: von-Mises stress for 4. tetrahedral model
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Type: Equivalent (von-Mises) Stress
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Time: 1

Deformation Scale Factor: 1.5 (Auto Scale)
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Figure 39: von-Mises stress for 4. tetrahedral model
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2 Appendix for Question 3

F: Tensile Modal
Tensile 1

Type: Total Deformation
Frequency: 177.52 Hz
Unit: mm

10.844 Max
! 96393
84344
| 7225
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48197
36147
24098
12049
0 Min

F: Tensile Modal
Tensile 2

Type: Total Deformation
Frequency. 633.74 Hz
Unit: mm

82764 Max
! 7.3568
64372
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4598
36784
27588
18392
091959
0 Min

F: Tensile Modal

Tensie 3
Type: Total Deformation
Frequency: 700.43 Hz
Unit:mm

11.479 Max

B oo

89281
76527
63772
51018
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12754
0 Min

F: Tensile Modal
Tensile 4

Type: Total Deformation
Frequency: 1324.3 Hz
Unit: mm

Deformation Scale Factor: 11 (Auto Scal
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B o
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Deformation Scale Factor: 14 (Auto Scal
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F: Tensile Modal
Tensile 1

Type: Total Deformation

Frequency: 1765 Hz

Unit: mm

Deformation Scale Factor: 11 (Auto Scal

10.824 Max
! 96216
84189

| 72162
y 60135 .
48108
36081 I
© 24054 ©
x 1.2027 x
0Min
000 50000 100000 (mm) 000 50000 1000.00 (mm)
— — — —
75000 75000 75000 75000

(a) Coarse mesh (b) Fine Mesh

Figure 40: 1. mode deflections for 2 different mesh size (linear quadrilateral).

F: Tensile Modal
Tensile 2
Type: Total Deformation

Frequency. 630.24 Hz
Unit: mm
Deformation Scale Factor: 13 (Auto Scal
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(a) Coarse mesh (b) Fine Mesh

Figure 41: 2. mode deflections for 2 different mesh size (linear quadrilateral).

F: Tensile Modal

Tensie 3
Type: Total Deformation

Frequency. 693.38 Hz

Unit: mm

Deformation Scale Factor: 14 (Auto Scals

11.415 Max

B o
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(a) Coarse mesh (b) Fine Mesh

Figure 42: 3. mode deflections for 2 different mesh size (linear quadrilateral).

F: Tensile Modal
Tensile 4

Type: Total Deformation

Frequency: 1282.9 Hz

Unit: mm

Deformation Scale Factor: 11 (Auto Scal
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Figure 43: 4. mode deflections for 2 different mesh size (linear quadrilateral).
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F: Tensile Modal
Tensile 5

Type: Total Deformation
Frequency: 1824, Hz

Unit:mm

Deformation Scale Factor: 11 (Auto Scal

10.319 Max
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(a) Coarse mesh

F: Tensile Modal
Tensile 5
Type: Total Deformation
Frequency: 1787.9 Hz
Unit:mm
Deformation Scale Factor: 10 (Auto Scal

10.764 Max
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(b) Fine Mesh

Figure 44: 5. mode deflections for 2 different mesh size (linear quadrilateral).
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