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ABOUT THE STRESSCHECK® RESULTS

The following StressCheck® results were generated using StressCheck® Professional v10.3 (Build 40322). Learn
more about StressCheck’s Numerical Simulation Technology, including how the degrees of freedom (DOF) are

increased on a fixed mesh until convergence is achieved.

STRESSCHECK® MINIMUM MESH VS. DENSE MESH

The authors define “Minimum Mesh” as the least-refined mesh required to achieve numerical convergence within
1% of the target extraction, and “Dense Mesh” as an overly-refined mesh relative to the “Minimum Mesh” to
demonstrate that adding more elements produced insignificant changes in the target extraction.

e The “Minimum Mesh” for each benchmark was determined by first generating the minimum number of
elements (either manually or using our automatic mesh generator) required to fill the geometric domain.
We then increased the DOF on this fixed mesh by p-extension and determined if convergence within 1%

of the target extraction was achieved.
o If not, the mesh was refined accordingly until convergence was achieved with the fewest possible
elements. Note: in most cases only one iteration of mesh refinement was needed.
e The “Dense Mesh” is provided for comparative purposes to show that the approximation of the solution
was already achieved for the Minimum Mesh within the required error tolerance.

STRESSCHECK® CONVERGENCE GRAPHS

Numerical convergence was evaluated independently of the NAFEMS reference solutions, hence StressCheck®
results for each fixed mesh included graphical convergence evidence to automatically quantify the discretization
error in the target extraction. Note: graph numbering (e.g. Graph10) is inconsequential to this report.

Converged StressCheck® results for the solution with highest DOF are extracted from each graph and reported in
the StressCheck® results table. Note: the estimated limit in each graph is for reference only and should not be
reported for the target extraction.

Remark: the discretization error was reported to be < 1% for all StressCheck® results in all benchmark models.

STRESSCHECK® RESULTS TABLES

Each StressCheck® result table row includes the following information:

e Element topology

e Number of elements for the Minimum Mesh of the element topology

e Converged StressCheck® result for the Minimum Mesh, with the relative % difference between the
converged StressCheck® result and the NAFEMS reference benchmark solution.

e Number of elements for the Dense Mesh of the element topology

e  Converged StressCheck® result for the Dense Mesh, with the relative % difference between the converged
StressCheck® result and the NAFEMS reference benchmark solution.

Remark: the StressCheck® results and the NAFEMS reference benchmark solutions differed by < 3% for all
benchmarks.
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NAFEMS LE1: PLANE STRESS— ELLIPTIC MEMBRANE

2 2
)+ ) -

/

1.0m Y

k.

20m 1.25m

%

MODEL DESCRIPTION

e  Plane stress problem with elliptic boundaries defined by ABCD.
o Functions defining the shape of the ellipses BC and AD are given in the figure above.
e Linear elastic analysis, Young's modulus = 210 GPa, Poisson's ratio = 0.3.
e  Symmetry boundary conditions along AB and DC.
e  Uniform outward pressure of 10 MPa at outer edge BC.
e Objective of the analysis is to compute the tangential edge stress (cy) at point D.

NAFEMS REFERENCE SOLUTION

e Tangential edge stress at point D is 92.7 MPa.
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STRESSCHECK® RESULTS

StressCheck w10.3
Units = MM/N/SEC/C
LTWEAR ID=S0L
Run=8, DOF=272
Frnc.=51
Max= 9.275e+001
Min=-8.888e-002

9.275e+001

8. 346e+001

—

.418e+001

[eal

.490e+001

[}

.561e+001

4.633e+001

)

L705e4001

2.776e+001

1.848e+001

9.195e+000

-8.888e-002

Element Minimum Solution Dense Solution
Mesh Mesh

92.75 MPa 92.70 MPa
Quad 4 elements (0.05%) 144 elements (0.00%)

92.84 MPa 92.66 MPa
Tri 6 elements 216 elements
(0.15%) (-0.04%)
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@] crapn [&@=]
Points: Solution = SOL, runs #1 to #8
X,Y.Z = (2.000000e+000,0.000000+000,0.000000e-+000), System=Global
n _
Sy Limit
g4 T
80+
70+
601+
L 1 I 1 1 1 I 1 1 1 I 1 1
0 150 200 250
DOF
Est Limit=9 287798+001 ( 0.14%)
Run DOF Sy Limit
1 12 5384 +001 9.288e+001
2 32 86292 +001 9.288e+001
3 52 9.412e+001 9.288e+001
4 80 9.250e+001 9.288e+001
5 116 9361e+001 9.288e+001
6 160 9.263e+001 9.288e+001
7 212 9.284e+001 9.288e+001
8 272 9.275e+001 9.288e+001
Figure 1: Convergence evidence for minimum quad mesh.
&) crap2 [s@ =]
Points: Solution = SOL, runs #1 to #8
3 Y.Z = (2 000000e+000.0 000000e+000_0 000000e+000). System=Global
]
S Limit
92 8 ___Bi __________________ ——
926
924-F
922-F
92.0-F
91.8+
916—: \II\II}II\\}I\\II\II\II\II}III\}I\\I}\
0 2000 3000 4000 5000 6000 7000 8000 9000
DOF
Est Limit=9.274649¢+001 ( 0.06%)
Run DOF Sy Limit
1 312 9.164e+001 9.275e+001
2 912 9.272e+001 9.275e+001
3 1512 9.267e+001 9.275e+001
4 2400 9.267e+001 9.275e+001
5 3576 9.268¢+001 9.275¢+001
6 5040 9.269+001 9.275e+001
7 6792 9.269+001 9.275e+001
8 8832 9.270e+001 9.275e+001

Figure 2. Convergence evidence for dense quad mesh.
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Graphl (=1 | T s
Points: Solution = SOL, runs #1 to #8
X.Y.Z =(2.000000e+000,0.000000e+000.0.000000e+000). System=Global
Limit
\\\\}\I\\}II\IIIIII}\I\\}\\\II
200 250 300 350 400 450
DOF
Est Limit=9. 287220e+001 ( 0.03%)
Run DOF Sy Limit
1 12 3.946e+001 9.287e+001
2 36 7.566e+001 9.287e+001
3 72 8.951e+001 9.287e+001
4 120 9.194e+001 9.287e+001
5 180 9.266e+001 9.287e+001
6 252 9.296e+001 9.287e+001
7 336 9.296e+001 9.287e+001
8 432 9.284e+001 9.287e+001
Figure 3. Convergence evidence for minimum tri mesh
@] Grapn [ Y >3
Points: Solution = SOL, runs #1 to #8
X.Y.Z =(2.000000e+000,0.000000e+000.0.000000e+000). System=Global
n _
Sy Limit
92-F
90+
88+
80
84*: 1 1 1 I 1 1 } 1 1 1 I 1 1 } 1 1 1 I 1 1 } 1 1 1 I 1
0 2000 4000 6000 8000 10000 12000 14000
DOF
Est Limit=9. 265824e+001 ( 0.00%)
Run DOF Sy Limit
1 252 8.418e+001 9.266e+001
2 936 9.317e+001 9.266e+001
3 2052 9.286e+001 9.266e+001
4 3600 9.270e+001 9.266e+001
5 5580 9.267e+001 9.266e+001
6 7992 9.266e+001 9.266e+001
7 10836 9.266e+001 9.266e+001
8 14112 9.266e+001 9.266e+001

Figure 4. Convergence evidence for dense tri mesh
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NAFEMS LE2: CYLINDRICAL SHELL BENDING PATCH TEST

B

R=1000 mm

MODEL DESCRIPTION

e Theta = 30° sector of cylindrical shell with a constant thickness T =10 mm.
e Linear elastic analysis, Young's modulus = 210 GPa, Poisson's ratio = 0.3.

e Fixed (clamped) boundary conditions along edge AB.

e  Symmetry boundary conditions along edges AD and BC.

e Uniform bending moment of 1000 N-mm/unit length along edge DC.

e  Objective of the analysis is the outer surface tangential stress.

NAFEMS REFERENCE SOLUTION

e  Outer surface tangential stress is 60 MPa.

8
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STRESSCHECK® RESULTS

StressCheck w10.3
Units = MM/N/SEC/C

LTHEAR TD=50L
Run=&, DOF=400
Frc.=5w (L-Cwl.1)
Max= 5.981le+001
Min=-6.021e+001
5.981e+001
4.780e+001
3.580e4+001
2. 380e+001

1.180e+001

-2.018e-001

-1.220e+001

-2.420e4001

-3.621e+001

-4.821e+001

-6.021e+001

Element Minimum Solution Dense Solution
Mesh Mesh
Lel 121l
Quad element (:0.3%) elements (0.3%)
59.81 MPa
Tri 2 elements 200 elements 23.82 I:/IPa
(-0.3%) (-0.3%)
9
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Graphe E=REER X0
MinMax: Solution = SOL, runs #1 to #8
1 of 1 elements. 20 midsides (Element. Grid). Cyl. System=1
™ —
Max. Sy Maximum Limit
60 - - - .
40+
20+
oL R B
0 150 200 250 300 350 400
DOF
Estimated Max. = 5.981e+001 at ( 9.674e+002, 2.722e+002. 3.518e-013). Run 8 error = 0.00%
Run DOF Max. Sy Maximum Limit X Y z
1 8 9.403e-001 5.981e+001 8.704e+002 5.025e+002 2.074e-013
2 28 1.234e+001 5.981e+001 8.704e+002 5.025e+002 2.074e-013
3 60 6.972e+001 5.981e+001 8.704e+002 5.025e+002 2.074e-013
4 104 6.04%e+001 5.981e+001 1.005e+003 6.744e-006 4.081e-013
5 160 5.981e+001 5.981e+001 8.943e+002 4.585e+002 4524e+002
6 228 5.981e+001 5.981e+001 9.161e+002 4133e+002 5.000e+002
7 308 5.981e+001 5.981e+001 8.704e+002 5.025e+002 5.000e+002
8 400 5.981e+001 5.981e+001 9.674e+002 2.722e+002 3.518e-013
Figure 5. Convergence evidence for minimum quad mesh
Graph2 [E=0Hol =)
MinMax: Solution = SOL_ runs #1 to #8
121 of 121 elements, 20 midsides (Element, Grid), Cyl. System=1
™ _
Max. Sy Maximum Limit
60___.--. - - - - -
50+
40+
30+
20 T S S
0 5000 10000 15000 20000 25000 30000 35000 40000 45000
DOF
Estimated Max. = 5.979¢+001 at ( 1.005e+003, 6.881e-006, 4.654e+002). Run 8 error = 0.03%
Run DOF Max. Sy Maximum Limit X Y z
1 748 217%e+001 5.97%e+001 8.704e+002 5.025e+002 4545e+002
2 2948 6.381e+001 5.97%e+001 8.704e+002 5.025e+002 4545e+002
3 6600 5.984e+001 5.979e+001 1.005e+003 5.760e-006 4.545e+002
4 11704 5.982e+001 5.979e+001 1.005e+003 6.881e-006 1.082e+001
5 18260 5.981e+001 5.979e+001 1.005e+003 5.760e-006 1.818e+002
6 26268 5.981e+001 5.97%e+001 1.005e+003 6.876e-006 9.957e+001
7 35728 5.981le+001 5.97%e+001 1.005e+003 5.760e-006 1364e+002
8 46640 5.980e+001 5.979e+001 1.005e+003 6.881e-006 4.654e+002

Figure 6. Convergence evidence for dense quad mesh
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Graph7

E=SEoE

e

MinMax: Solution = SOL, runs #1 to #8

2 of 2 elements, 20 midsides (Element.Grid). Cyl. System=1

]
Max. Sy

Maximum Limit

40

20+

0 R R
0 150 200 250 300 350 400
DOF
Estimated Max. = 5.981e+001 at ( 1.005e+003.-5.897e-005. 5.000e+002). Run 8 error = 0.01%
Run DOF Max. Sy Maximum Limit X Y z
1 8 1.142e+000 5.981e+001 8.704e+002 5.025e+002 3.295e-007
2 28 2.524e+001 5.981e+001 8.704e+002 5.025e+002 3.295e-007
3 60 7.453e+001 5.981e+001 8.704e+002 5.025e+002 3.295e-007
4 104 6.053e+001 5.981e+001 8.943e+002 4.585e+002 -4.399e-005
5 160 5.983e+001 5.981e+001 8.943e+002 4.585e+002 -4.399e-005
6 228 5.981e+001 5.981e+001 9.972e+002 1.250e+002 5.000e+002
7 308 5.982e+001 5.981e+001 8.704e+002 5.025e+002 3.295e-007
8 400 5.981e+001 5.981e+001 1.005e+003 -5.897e-005 5.000e+002
Figure 7. Convergence evidence for minimum tri mesh
Graph E=REER X0
MinMax: Solution = SOL, runs #1 to #8
200 of 200 elements. 20 midsides (Element. Grid). Cyl. System=1
™ —
Max. Sy Maximum Limit
60,‘___/-\_- o o o o
50—+
40+
30—+
(B - R
0 5000 10000 15000 20000 25000 30000 35000 40000
DOF
Estimated Max. = 5.983e+001 at ( 1.004e+003, 5.260e+001. 8.872e-007). Run 8 error = 0.00%
Run DOF Max. Sy Maximum Limit X Y z
1 620 2.386e+001 5.983e+001 8.704e+002 5.025e+002 2.882e-007
2 2440 6.756e+001 5.983e+001 8.704e+002 5.025e+002 2.882e-007
3 5460 5.987e+001 5.983e+001 8.955e+002 4.563e+002 2500e+002
4 9680 5.985e+001 5.983e+001 1.004e+003 5.260e+001 8.872e-007
5 15100 5.983e+001 5.983e+001 1.005e+003 -9.321e-007 5.000e+002
6 21720 5.984e+001 5.983e+001 1.004e+003 5.260e+001 8.872e-007
7 29540 5.982e+001 5.983e+001 1.005e+003 -9.321e-007 5.000e+002
8 38560 5.982e+001 5.983e+001 1.004e+003 5.260e+001 8.872e-007

Figure 8. Convergence evidence for dense tri mesh
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NAFEMS LE3: HEMISPHERICAL SHELL WITH POINT LOADS

E

MODEL DESCRIPTION

e 90° sector of hemispherical shell of R = 10 m with a constant thickness T = 0.04 m.
e Linear elastic analysis, Young's modulus = 68.25 GPa, Poisson's ratio = 0.3.

e Uz=0atpointE.

e  Symmetry boundary conditions along edges AE and CE.

e Concentrated point loads of Fx = 2 kN at point A, Fy =-2 kN at point C.

e Objective of the analysis is to compute the radial displacement at point A.

NAFEMS REFERENCE SOLUTION

e Radial displacement at point A is 185 mm.

12
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Minimum . Dense .
Element Mesh Solution Mesh Solution
. 184.3 mm 184.4 mm
Quad/Tri 16 elements (:0.4%) 64 elements (:0.3%)
13
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(@] srapm [E=0 B %
Spherical shell
Points: Sohition = SOL. runs #1 to #8
X.Y.Z = (1.000000e+001.0.000000e+000.0.000000e+000), System=Global
n -
Ux Limit
015
0.10F
0.05+
1] " e } Il 1 1 I Il 1 I | 1 I | 1 } 1 1 I 1
0 500 1000 1500 2000 2500 3000
DOF
Est Limit=1.843773e-001 ( 0.05%)
Run DOF Ux Limit
1 105 2950e-005 1.844e-001
2 305 1.063e-003 1.844e-001
3 529 8.231e-003 1.844e-001
4 849 6.506e-002 1.844e-001
5 1265 1664e-001 1.844e-001
6 1777 1.830e-001 1.844e-001
7 2385 1841e-001 1.844e-001
8 3089 1.843e-001 1.844e-001
Figure 9. Convergence evidence for minimum quad/tri mesh
@] craph2 [E=N Ee ==
Spherical shell
Pomts: Solution = SOL_ runs #1 to #8
X.Y.Z = (1.000000e+001.0.000000e+000.0.000000e+000), System=Global
Limit
015+
0.10+
0.05-F
07I ‘\IIII\\\}\IIII\\\\}\IIII\\\\}IIII}\\\\}IIII}\\\\III\IIII
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
DOF
Est Limit=1.843754¢-001 ( 0.00%)
Run DOF Ux Limit
1 377 1181e-004 1.844e-001
2 1137 1.005e-002 1.844e-001
2 1993 1.072e-001 1.844e-001
4 3233 1.803e-001 1.844e-001
5 4857 1.841e-001 1.844e-001
6 6865 1.843e-001 1.844e-001
7 9257 1.844e-001 1.844e-001
8 12033 1.844e-001 1.844e-001

Figure 10. Convergence evidence for dense quad/tri mesh

Note: Point loads are inadmissible input data for hierarchic shell models because the strain energy associated with
a point load is not finite and therefore the corresponding displacements cannot be finite. However when point loads
are used for computing displacements (as in this benchmark problem) the divergence in the data of interest is
extremely slow and the reported results compare well with the reference solution.

14
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NAFEMS LE5: Z-SECTION CANTILEVER

MODEL DESCRIPTION

e  Z-section cantilever under torsional loading.
e Linear elastic analysis, Young's modulus = 210 GPa, Poisson's ratio = 0.3.
o All displacements are fixed at X=0.
e Torque of 1.2 MN-m applied at X=10.
o The torque is applied by two uniformly distributed shear loads of 0.6 MN at each flange surface.
e  Objective of the analysis is to compute the axial stress at X = 2.5 from fixed end.

NAFEMS REFERENCE SOLUTION

e  Axial stress at X = 2.5 from fixed end (point A) at the midsurface is -108 MPa.

15
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Minimum . Dense .
Element Mesh Solution Mesh Solution
-109.8 MPa -109.5 MPa
2
Hexa 0 elements (1.7%) 78 elements (1.4%)
-109.3 MPa -109.5 MPa
Tetra 136 elements 1186 elements
(1.2%) (1.4%)
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Graphl o || [=] ] 23
Points: Solution = SOL, runs #1 to #8
X.Y.Z =(-2.500000e+003,-1.000000e+003,-9.500000+002), System=Global
™ _
Sx Limit
-40+
-60-F
-80-F
-100+
- e P P
0 2000 3000 4000 5000 6000 7000
DOF
Est Limit=-1.095072e+002 ( 0.22%)
Run DOF Sx Limit
1 144 -2.822e+001 -1.095e+002
2 480 -1.057e+002 -1.095e+002
3 816 -1.079e+002 -1.095e+002
4 1404 -1.093e+002 -1.095e+002
5 2244 -1.091e+002 -1.095e+002
6 3396 -1.097e+002 -1.095e+002
7 4920 -1.092e+002 -1.095e+002
8 6876 -1.098e+002 -1.095e+002
Figure 11. Convergence evidence for minimum hexa mesh
Gr’aphl o || [=] ] e
Points: Solution = SOL, runs #1 to #8
X.Y.Z =(-2.500000e+003,-1.000000e+003,-9.500000e+002), System=Global
™ —
Sx Limit
-804+
_90-+
-100+
’110___\_1_THII\--}'_\--\I'{\\=|\\IT‘I\-I‘FI\\}I\\I\-\\H\I\H\I\}\I?}I
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000
DOF
Est Limit=-1.096017e+002 ( 0.05%)
Run DOF Sx Limit
1 432 -7.429e+001 -1.096e+002
2 1512 -1.070e+002 -1.096e+002
3 2592 -1.084e+002 -1.096e+002
4 4554 -1.08%e+002 -1.096e+002
5 7398 -1.093e+002 -1.096e+002
6 11358 -1.094e+002 -1.096e+002
7 16668 -1.095e+002 -1.096e+002
8 23562 -1.095e+002 -1.096e+002

Figure 12. Convergence evidence for a dense hexa mesh
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G(STHESSI:HECK

Grapht [E=8 =
Points: Solution = SOL, runs #1 to #35
XY Z = (2.500000+000.-1.000000+000.-1.000000e+000), System=Global
n -
Sx Limit
9507+
-10.0e7F
-10.5¢7+
11 0e7= "T"'}"T"T"T"}'"\"T"u }u T f S I"-\"-l T T - I -
2000 4000 6000 8000 10000 12000 14000 16000 18000
DOF
Est Limit=-1.090617e+008 ( 0.24%)
Run DOF Sx Limit
1 900 -9.368+007 -1.091e+008
2 2613 -1.067+008 -1.091e+008
3 5712 -1.087e+008 -1.091e+008
4 10605 -1.094e+008 -1.091e+008
5 17700 -1.093e+008 -1.091e+008
Figure 13. Convergence evidence for minimum tetra mesh
Graph2 [E=8 =
Points: Solution = SOL, runs #1 to #35
XY Z = (2.500000+000.-1.000000+000.-1.000000e+000), System=Global
n -
Sx Limit
-1.07e8 1
-1.08e8
-1.09e8
= = e |
} | | | 1 } 1 1 1 } 1 1 1 } 1 1 1
0.2e5 0.4e5 0.6e5 0.8e5 1.0e5 1.2e5 1.4e5
DOF
Est Limit=-1.095418e+008 ( 0.05%)
Run DOF Sx Limit
1 7419 -1.067+008 -1.095e+008
2 21954 -1.095€+008 -1.095e+008
3 48450 -1.097e+008 -1.095e+008
4 90465 -1.096e+008 -1.095e+008
5 151557 -1.095€+008 -1.095e+008

Figure 14. Convergence evidence for dense tetra mesh

Note: Hexas/tetras were used for this benchmark as StressCheck® does not implement slope-discontinuous shells.
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G(STFIESS CHECK

NAFEMS LE6: SKEW PLATE UNDER NORMAL PRESSURE

MODEL DESCRIPTION

e  Skew plate under normal pressure.

e Linear elastic analysis, Young's modulus = 210 GPa, Poisson's ratio = 0.3.

e Uz =0along edges AB, BC, CD, and AD.

e Ux=Uy=0atpoint Aand Uy =0 at point B to prevent rigid body motion.

e Uniform pressure of -0.7 kPa in the vertical z-direction.

e Objective of the analysis is to compute the maximum principal stress on the lower surface at point E.

NAFEMS REFERENCE SOLUTION

e Maximum first principal stress on lower surface in the middle of the plate is 0.802 MPa.
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STRESSCHECK® RESULTS

G/STFIESS CHECK

Element Minimum Solution Dense Solution
Mesh Mesh

0.820 MPa 0.820 MPa

Quad 64 elements (2.2%) 169 elements (2.2%)
0.826 MPa 0.822 MPa

Tri 128 elements 254 elements
(2.9%) (2.5%)
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G/STHESSCHECK

Graphl (=10 | s
Points: Solution = SOL, runs #1 to #8
X.Y.Z = (9.330127¢-001,2.5000002-001,-5.000000e-003), System=Global

. _

S1 Limit
e == = = =
6e5+
2051
265+

C 1 1 } 1 1 I 1 1 1 } 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 } 1 1 1 I
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
DOF
Est Limit=8.196222+005 ( 0.05%)
Run DOF 51 Limit
1 823 4.460e+004 2.196e+005
2 1623 4457e+005 2.196e+005
3 2423 7.077e+005 2.196e+005
4 3997 7.914e+005 2.196e+005
5 6345 8.141e+005 21962005
6 9266 8.191e+005 8.196e+005
7 12949 8.221e+005 8.196e+005
] 17394 8.201e+005 8.196e+005
Figure 15. Convergence evidence for minimum quad mesh
Graphl =10 <
Points: Solution = SOL_ runs #1 to #8
X.Y.Z =(9.3301272-001,2.5000002-001,-5.000000e-003), System=Global
Limit
i =
665
205
2051
L \\II\\\II\I}\III}I\\II\I\\II\\\}\II\I\\II}I\
0 5000 10000 15000 20000 25000 30000 35000 40000 45000
DOF
Est Limit=8.223749¢+003 ( 0.26%)
Run DOF s1 Limit
1 2141 1371e+005 8.224e+005
2 4221 7.486e+005 8.224e+005
3 6201 7.646e+005 8.224e+005
4 10435 2.023e+005 8.224e+005
5 16623 2.120e+005 8.224e+005
6 24332 2.169e+005 8.224e+005
7 34069 2.191e+005 8.224e+005
8 45834 £8.203e+005 8.224e+005

Figure 16. Convergence evidence for dense quad mesh
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G(STHESSI:HECK

@] rach =@
Points: Solttion = SOL_ nuns #1 to #8
X.Y.Z = (9.330127¢-001,2.500000¢-001,-5.000000e-003), System=Global
Limit
ges | = = = =
a5
4e51
2e51
[ 1 1 1 } 1 1 1 1 I 1 1 1 1 } 1 1 1 1 } 1 1 1 1 } 1 1 1
0 15000 20000 25000 30000 35000
DOF
Est Limit=8 260974e+005 ( 0.02%)
Run DOF 51 Limit
1 857 4.255e+004 8.261e+005
2 2057 5.957e+005 8.261e+005
3 4025 8.542e+005 8.261e+005
4 7361 8.086e+005 8.261e+005
5 12449 8.234e+005 8.261e+005
6 19073 8.270e+005 8.261e+005
7 27233 8.265e+005 8.261e+005
8 36929 8.263e+005 8.261e+005
Figure 17. Convergence evidence for minimum tri mesh
@] sreph s ==
Points: Solution = SOL, nuns #1 to #8
X.Y.Z = (9.330127e-001.2 500000e-001 -5 000000e-003), System=Global
- _
51 Limit
g5 2 = = = = = =
6e5—
465~
205+
: | 1 | } 1 | | | I | 1 1 | } 1 1 | 1 } | 1 | | } 1 | 1 | } 1 | | | I | 1 1
0 10000 20000 30000 40000 50000 60000 70000
DOF
Est Limit=8.215590e+005 ( 0.00%)
Run DOF s1 Limit
1 1645 7.128e+004 8216e+005
2 3987 7.737e+005 8.2162+005
3 7853 8.215e+005 8.2162+005
4 14414 8.212e+005 8.216e+005
5 24432 8.215e+005 8.216e+005
6 37498 8.215¢+005 8.216e+005
7 53612 8.216e+005 8.216e+005
] 72774 8216e+005 8216e+005

Figure 18. Convergence evidence for dense tri mesh

Note: There are multiple corner singularities in the problem description that required graded meshing techniques
for convergence. This benchmark problem was solved using a 3D thin-solid formulation which may be different
from the plate model from which the analytical solution was obtained.
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q/STFIESS CHECK

NAFEMS LE7: AXISYMMETRIC CYLINDER/SPHERE UNDER PRESSURE

A

ry
T=0.025m
1.0m
B
) C
D
E
1.5m .
Point R Y
B 0.9814 1.692
D 1 1.4034
E 1 1.1136
z
L 0 1.0m o F

MODEL DESCRIPTION

e  Axisymmetric thin-walled pressure vessel.

e Linear elastic analysis, Young's modulus = 210 GPa, Poisson's ratio = 0.3.
e Ur=0atpoint A.

e Uz=0atpointF.

e Uniform internal pressure of 1.0 MPa.

e Objective of the analysis is to compute the axial stress on the outer surface at point D.

NAFEMS REFERENCE SOLUTION

e  Axial stress on outer surface at R =1.0125, Z = 1.4034 is 25.86 MPa.
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STRESSCHECK® RESULTS

G/STFIESSCHECK

© 2018 ESRD, Inc. All Rights Reserved. StressCheck® is a registered trademark of ESRD, Inc.

Minimum . Dense .
Element Mesh Solution Mesh Solution
25.27 MP 25.27 MP
Quad 5 elements 5(_2_3%) a 605 elements 5(_2.3%) a
24




G(STHESSI:HECK

Graphs o)
Points: Solution = SOL, runs #1 to #8
RZT = (1.012500e+000.1 403400e+000_0 000000e+000), System=Global
Limit
251 TR
24+
23—+
22+
21 & | 1 } 1 1 1 | I | | | 1 I 1 1 | | } | I | 1 | |
150 200 250 300 350
DOF
Est Limit=2. 5268 18e+001 ( 0.00%)
Run DOF Sz Limit
1 20 2116e+001 2527e+001
2 50 2559 +001 2527e+001
3 80 2.493e+001 2527e+001
4 120 2543e+001 2527e+001
5 170 2541e+001 2527+001
6 230 2530e+001 2527e+001
7 300 2527e+001 2527e+001
8 380 2527e+001 2527e+001
Figure 19. Convergence evidence for minimum quad mesh
Graph7 [E=8 =
Points: Solution = SOL, runs #1 to #8
RZT = (1.012500e+000.1 403400e+000_0 000000e+000), System=Global
- _
Sz Limit
25281
2526+
2524+
2522+
C 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 } 1 1 } 1 1 1
0 10000 15000 20000 25000 30000 35000
DOF
Est Limit=2 526779e+001 { 0.00%)
Run DOF Sz Limit
1 1320 2521e+001 2527e+001
2 3850 2529e+001 2527+001
3 6380 2527e+001 2527e+001
4 10120 2527e+001 2527e+001
5 15070 2527e+001 2527+001
6 21230 2527e+001 2527e+001
7 28600 2527e+001 2527+001
8 37180 2527e+001 2527e+001

Figure 20. Convergence evidence for dense quad mesh

Note: Axisymmetric shell theory was used in the original NAFEMS benchmark test. In StressCheck®, axisymmetric

solids were used to represent the model.
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q/STFIESS CHECK

NAFEMS LE8: AXISYMMETRIC SHELL UNDER PRESSURE

R=0.25 m R=0.0625 m

E
----- B
36 degrees
T=0.01m
0.5m
A

0.25m

MODEL DESCRIPTION

e Axisymmetric shell under pressure.

e Linear elastic analysis, Young's modulus = 210 GPa, Poisson's ratio = 0.3.
e Uz=0atpointA.

e Ur=0atpointE.

e Uniform internal pressure of 1.0 MPa.

e Objective of the analysis is to compute the hoop stress on the outer surface at point D.

NAFEMS REFERENCE SOLUTION

e Hoop stress on the outer surface at 36 degrees from circle center is 94.55 MPa.
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STRESSCHECK® RESULTS

q/STFIESSCHECK
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Minimum . Dense .
Element Mesh Solution Mesh Solution
1.93 MP 2.05 MP
Quad 12 elements ? (-2?8%) a 48 elements 9 (-25.56%) a
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G(STRESSCHECK

Graph2 =0 E=R [
Points: Solution = SOL, runs #1 to #8
R,Z.T = (1.507634e+002,3.503636e+002.0.000000+000), System—Clobal
" _
St Limit
100
o
B0
awf
204
:I IIIIIIII\IIIIIIII\I}IIIIIIIIIIII
300 400 500 600 700 800 200
Est Limit=0204462e+001 ( 0.12%)
Run DOF st Limit
1 48 8.082e+000 9.204e+001
2 120 9.130e+001 9.204e+001
3 192 9.578e+001 9.204e+001
4 288 9.014e+001 9.204e+001
5 408 9.078e+001 9.204e+001
6 552 9.141e+001 9.204e+001
7 720 09.17%+001 9.204e+001
3 912 9.193e+001 9.204e+001
Figure 21. Convergence evidence for minimum quad mesh
@ Grapht e
Points: Selution = SOL, runs #1 to #8
R.Z.T = (1.507634¢+002,5.505636¢+002,0.000000£+000), System=Global
. -
st Limit
100
o0 = — - ~ -
B0E
70
60£
0-E
s 1 } 1 1 | I | 1 1 1 } 1 1 | I 1 1 1 1 I 1 1
1000 1500 2000 2500 3000
DOF
Est Limit=0.215170e+001 ( 0.11%)
Run DOF 5t Limit
1 144 2756e+001 09.215e+001
2 384 9.678e+001 9.215e+001
3 624 9.156e+001 9.215e+001
4 960 9.161e+001 9.215e+001
5 1392 9.182e+001 9.215e+001
6 1920 09.194e+001 9.215e+001
7 2544 9.201e+001 9.215e+001
8 3264 9.205e+001 9.215e+001

Figure 22. Convergence evidence for dense quad mesh

Note: Axisymmetric shell theory was used in the original NAFEMS benchmark test. In StressCheck®, axisymmetric
solids were used to represent the model.
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G{STFIESSCHECK'

NAFEMS LE10: THICK PLATE UNDER PRESSURE

X

/(E)Z + (o) =1

0.6m

MODEL DESCRIPTION

e Thick plate under uniform pressure.

e Linear elastic analysis, Young's modulus = 210 GPa, Poisson's ratio = 0.3.
e Symmetry on faces DCD’C’ and ABA’B’.

e Ux=Uy=0onfaceBCBC.

e Z-displacement fixed along mid-plane of face BCB'C’

e  Uniform normal pressure of 1.0 MPa on the upper surface of the plate.
e Objective of the analysis is to compute the direct stress at point D.

NAFEMS REFERENCE SOLUTION

e Direct stress in y-direction at point D is -5.38 MPa.
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STRESSCHECK® RESULTS

G/STFIESS CHECK

Minimum

Dense

2018 ESRD, Inc. All Rights Reserved. StressCheck® is a registered trademark of ESRD, Inc.

Element Mesh Solution Mesh Solution
-5.2 -5.2
Hexa 32 elements 5(-21.2\/I%I;a 60 elements 5(_25'4';1;’61
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q/STFIESSCHECK

@l rapn [ & ==]
Points: Sohtion = SOL, runs #1 to #8
XY Z=(2.000000+000_0.000000e+000.6 000000e-001), System=Global
. _
S Limit
46 M
481
5.0
52 e - - .
-5.4 } ‘\\I\HI\IIII\I\}\\I\II\II}I\\\}IIIII\
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
DOF
Est Limit=-5.236714e+000 ( 0.02%)
Run DOF Sy Limit
1 156 -4.638e+000  -5.237e+000
2 560 -5.404e+000  -5.237e+000
3 964 -5.265e+000  -5.237e+000
4 1712 -5.234e+000  -5.237e+000
5 2804 -5.245e+000  -5.237e+000
6 4336 -5.238e+000  -5.237e+000
7 6404 523424000  -5.237e+000
8 9104 -5.235e+000  -5.237e+000
Figure 23. Convergence evidence for minimum hexa mesh
@ crapn: [ @] =]
Points: Solution = SOL, runs #1 to #8
X.Y.Z =(2.000000¢+000,0.000000e+000,6.000000e-001), System=Global
- _
Sy Limit
a8l
sl
5.0
,527: o
'III\\IIII-II\}II‘IIII\IIIII-I
0 4000 6000 8000 10000 12000 14000 16000
DOF
Est Limit=-5 248552e+000 ( 0.01%)
Run DOF Sy Limit
1 260 -4.552e+000  -5.249e+000
2 955 -5.137e+000  -5.249e+000
3 1650 -5.199e+000  -5.249e+000
4 2960 525004000  -5.249e+000
5 4885 524524000  -5.249e+000
6 7605 -5.251e4000  -5.249e+000
7 11300 -5.248e+000  -5.249e+000
8 16150 -5.249e+000  -5.249e+000

Figure 24. Convergence evidence for a dense hexa mesh

Note: Since constraints along a line are incompatible with 3D-elasticity, the StressCheck® results were obtained by

fixing the z-displacement of the face BCB’C’.
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G(STFIESS CHECK

NAFEMS LE11: SOLID CYLINDER/TAPER/SPHERE — TEMPERATURE LOADING

A8 =\(x2+z2)+y

0.2929 m
0.7071
L ™ J

0.400 m

e 90 degrees

0.345m

0.345m

0.700 m

45° A

1.0m ™ 04m

MODEL DESCRIPTION

e Solid cylinder/taper/sphere with applied temperature loading AB.

e Linear elastic analysis, Young's modulus = 210 GPa, Poisson's ratio = 0.3, coefficient of thermal expansion
=2.3E-4/°C.

e Uz=0ontheplaneZ=0.

e Ux=0o0ntheplane X=0.

e Uy=0o0ntheplaneY =0 and the face BCDE.

e Linear temperature gradient in the radial and axial directions is given by A8 in the above figure.

e The objective of the analysis is to compute the direct stress oy at point A.

NAFEMS REFERENCE SOLUTION

e Direct stress in y-direction at point A is -105 MPa.
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STRESSCHECK® RESULTS

G/STFIESS CHECK

Element Minimum Solution Dense Solution
Mesh Mesh
-105.2 MPa -105.4 MPa
21

Hexa 8 elements (0.19%) 6 elements (0.38%)

-105.5 MPa -105.4 MPa
Tetra 317 elements 3531 elements
(0.48%) (0.38%)
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G(STHESSCHEI:K

Graphs [E=8 =
Points: Solution = SOL, runs #1 to #8
XY.Z = (6.123234-017.6.123234¢-017.-1.000000e+000), System=Global
u _
S Limit
-7.5e7 — i/
-8.0e7-E
8507
9.0e7-E
9507+
10 067 £
-10.5e7 & [ | I R e
0 2500
Est Limit=-1.045663¢+008 ( 0.60%)
Run DOF Sy Limit
1 58 7.652e+007  -1.046e+008
2 195 9.047e+007  -1.046e+008
3 332 -9.655e+007  -1.046e+008
4 571 -1.044e+008  -1.046e+008
5 912 1.047e+008  -1.046e+008
6 1279 1.034e+008  -1.046e+008
7 1996 1.044e+008  -1.046e+008
8 2787 -1.052e+008  -1.046e+008
Figure 25. Convergence evidence for minimum hexa mesh
Grapht [E=8 =
Points: Solution = SOL, runs #1 to #8
XY.Z = (6.123234-017.6.123234¢-017.-1.000000e+000), System=Global
u _
Sy Limit
-9 8e7
-10.0e7+
-10.2e7F
-10 467 -1
plltey \ | | | \ \ | | | ! \ \
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000
DOF
Est Limit=-1.056373¢+008 ( 0.18%)
Run DOF Sy Limit
1 932 9.795e+007  -1.056e+008
2 3431 1.029e+008  -1.056e+008
3 5930 -1.035e+008  -1.056e+008
4 10643 -1.045e+008  -1.056e+008
5 17570 -1.050e+008  -1.056e+008
6 27359 1.053e+008  -1.056e+008
7 40658 1.054e+008  -1.056e+008
8 58115 -1.054e+008  -1.056e+008

Figure 26. Convergence evidence for dense hexa mesh
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q/STFIESSCHECK

Graph3

[s=@])=]

Points: Solution = SOL, runs #1 to #5
X.Y.Z =(1.000000e+000.0.000000e+000.0.000000e+000), System=Global
™ _
Sy Limit

|
30000

| |
35000 40000

T 1 1 T
0 5000 10000 15000 20000 25000
DOF
EstLimit=-1.054039¢+008  0.07%)
Run DOF Sy Limit
1 1790 -1.027e+008 -1.054e+008
2 5423 -1.053e+008 -1.054e+008
3 12149 -1.052e+008 -1.054e+008
4 22919 -1.054e+008 -1.054e+008
5 38684 -1.055¢+008 -1.054€+008
Figure 27. Convergence evidence for minimum tetra mesh
@] Grepn2 [s@ =]
Points: Solution = SOL, runs #1 to #5
XY.Z = (6.123234e-017.6.123234¢-017.-1.000000e+000), System=Global
n _
Sy Limit
-1.03e8+
-1.04e8 1+
-1.05e8 1+
—u
Sl el s o i i e e et e
0 0.5e5 1.0e5 1.5e5 2.0e5 2.5e5 3.0e5 3.5e5 4.0e5
DOF
Est Limit=-1.055254e+008  0.10%)
Run DOF Sy Limit
1 16170 -1.023e+008 -1.055e+008
2 52064 -1.046e+008 -1.055e+008
3 120621 -1.051e+008 -1.055e+008
4 232434 -1.053e+008 -1.055e+008
5 398096 -1.054€+008 -1.055¢+008

Figure 28. Convergence evidence for dense tetra mesh
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