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wider range of stresses in order to be able to predict creep strain at different loads or
different diameters. Since the stress depends on the load and cross-sectional area, a
wide range of stresses can be achieved by using different value of load for each
experiment or it can also be achieved by using different bolt diameter for each
experiment. This will allow for the development of dimensionless curves that will
account for a wide range of dimensions and loads.

The temperature range in this study was limited due to the fact that the setup used did
not perform as expected at temperatures higher than 600° C. Performing the same
type of experiment using different setup and different heating method that would heat
the bolt only would be more accurate. It will allow the experiment to reach secondary
and possibly tertiary creep stages. This will also eliminate any uncertainties in the
results that might happen due to creeping of parts other than the bolt.

The same kind of work taking the suggestions mentioned above can be performed on
different types of bolts. A490, another common bolt, is expected to have a different
creep behavior than A325 bolt.

The same kind of experiment can be performed on bolts that have undergone
simulated earthquake deformation. Fire is not uncommon after every major
earthquake due to failures in gas lines. Simulated earthquake effect can be performed
on bolts before performing high temperature creep test. Different earthquake
signatures can be used.

Development of dimensionless graphs with curves that represent different stresses
and temperature. These graphs can predict the values of creep constants. Different

graphs can be developed for different materials.
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Appendix: ANSYS models details

First Model (450° C)

Product Version | 14.5.7 Release

§ 7
0.000 2.000 (in)
C e——

1.000



Contents

+ Units

+ Model (Ad)
o Geometry
= Solid
o Coordinate Systems
o Mesh
o Static Structural (A5)
= Analysis Settings
= |oads
= Solution (A6)
=  Solution Information
= Results

+ Material Data
o Structural Steel

Units

TABLE 1
Unit System |U.S. Customary (in, Ibm, Ibf, s, V, A) Degrees rad/s Fahrenheit
Angle Degrees
Rotational Velocity rad/s
Temperature Fahrenheit

Model (A4)

Geometry
TABLE 2

Model (A4) > Geometry
Object Name Geometry

State Fully Defined

Definition

Type| DesignModeler

Length Unit Inches

Element Control | Program Controlled

Display Style Body Color
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Volume

Length X 0.5in
Length Y 0.5in
Length Z 2.69in

0.52818 in®

Mass

0.14979 Ibm

Scale Factor Value

Bodies

1.

Active Bodies

Nodes 12955
Elements 2800
Mesh Metric None

Parameters Yes
Parameter Key DS
Attributes No

Named Selections No
Material Properties No

Use Associativity Yes

Coordinate Systems No

Reader Mode Saves Updated File No
Use Instances Yes
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Smart CAD Update No
Attach File Via Temp File Yes
Analysis Type 3-D
Decompose Disjoint Geometry Yes
Enclosure and Symmetry Processing Yes
TABLE 3
Model (A4) > Geometry > Parts
Object Name Solid
State Meshed

Visible

Yes

Transparency

Suppressed

No

Stiffness Behavior

Flexible

Coordinate System

Default Coordinate System

Reference Temperature

By Environment

Assignment Structural Steel
Nonlinear Effects Yes
Thermal Strain Effects Yes

Length X 0.5in
Length Y 0.5in
Length Z 2.69in
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Volume 0.52818 in®
Mass 0.14979 Ibm
Centroid X 5.2267e-018 in
Centroid Y 1.9256e-018 in
Centroid Z 1.345in

Moment of Inertia Ip1

9.2184e-002 Ibm-in?

Moment of Inertia [p2

9.2184e-002 Ibm-in?

Moment of Inertia Ip3

4.6337e-003 Ibm-in2

Coordinate Systems

Model (A4) > Coordinate Systems > Coordinate System

Nodes 12955

Elements 2800

Mesh Metric None
TABLE 4

Object Name

Global Coordinate System

State

Type

Fully Defined

Cartesian

Coordinate System ID

0.

Origin X 0.in
Origin Y 0.in
Origin Z 0.in

X Axis Data

[1.0.0.]
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Mesh

Y Axis Data

[0.1.0.]

Z Axis Data

[0.0.1.]

TABLE 5

Model (A4) > Mesh

Object Name

Mesh

State

Physics Preference

Solved

Mechanical

Relevance

0

Use Advanced Size Function Off
Relevance Center Medium
Element Size Default

Initial Size Seed

Active Assembly

Smoothing Medium
Transition Fast
Span Angle Center Coarse
Minimum Edge Length 1.57080 in
Use Automatic Inflation None

Inflation Option

Smooth Transition

Transition Ratio 0.272
Maximum Layers 5
Growth Rate 1.2
Inflation Algorithm Pre
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View Advanced Options No

Triangle Surface Mesher| Program Controlled

Shape Checking| Standard Mechanical

Element Midside Nodes| Program Controlled

Straight Sided Elements No
Number of Retries Default (4)
Extra Retries For Assembly Yes

Rigid Body Behavior | Dimensionally Reduced

Mesh Morphing Disabled

Pinch Tolerance Please Define
Generate Pinch on Refresh No
Automatic Mesh Based Defeaturing On
Defeaturing Tolerance Default

Nodes 12955
Elements 2800
Mesh Metric None
Static Structural (AS5)
TABLE 6

Model (A4) > Analysis
Object Name | Static Structural (A5)

State Solved




Physics Type

Structural

Analysis Type

Static Structural

Solver Target

Environment Temperature

Mechanical APDL

71.6 °F

Generate Input Only

No

TABLE 7

Model (A4) > Static Structural (A5) > Analysis Settings

Object Name

Analysis Settings

State

Fully Defined

Number Of Steps 3.
Current Step Number 3.
Step End Time 8656. s

Auto Time Stepping

Solver Type

Program Controlled

Program Controlled

Weak Springs

Program Controlled

Large Deflection

Off

Inertia Relief

Generate Restart Points

Off

Program Controlled

Retain Files After Full Solve

Creep Effects

No

On
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Force Convergence | Program Controlled
Moment Convergence | Program Controlled
Displacement Convergence | Program Controlled
Rotation Convergence | Program Controlled

Line Search | Program Controlled

Stabilization Off
Output Controls
Stress Yes
Strain Yes
Nodal Forces No
Contact Miscellaneous No
General Miscellaneous No

Store Results At| All Time Points
Max Number of Result Sets 1000.
Analysis Data Management
Future Analysis None

Scratch Solver Files Directory

Save MAPDL db No
Delete Unneeded Files Yes
Nonlinear Solution Yes

Solver Units| Active System

Solver Unit System Bin

TABLE 8
Model (A4) > Static Structural (A5) > Analysis Settings
Step-Specific "Step Controls"

Step | Step End Time
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2 3530. s

3 8656. s

TABLE 9
Model (A4) > Static Structural (A5) > Analysis Settings
Step-Specific "Creep Controls"

Step | Creep Effects | Creep Limit Ratio

1 Off

2 On 100.

3 On 100.
TABLE 10

Model (A4) > Static Structural (A5) > Analysis Settings
Step-Specific "Output Controls”
Step Max Number of Result Sets

1 Program Controlled
2
1000.
3
TABLE 11

Model (A4) > Static Structural (A5) > Loads
Object Name| Pressure |Fixed Support| Thermal Condition

State Fully Defined
Scope
Scoping Method Geometry Selection
Geometry 1 Face 1 Body
Definition

Type| Pressure |Fixed Support| Thermal Condition
Define By| Normal To

Magnitude | Tabular Data Tabular Data
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Suppressed No
Tabular Data
Independent Variable Time Time
FIGURE 1
Model (A4) > Static Structural (A5) > Pressure

8656.
G672, 7
-9750,
-10000

---------------------------------- o e L PP R, |
-10250
-10500
-10691

1. 3530, BESE,

z 3

TABLE 12
Model (A4) > Static Structural (A5) > Pressure

Steps | Time [s]| Pressure [psi]

0.

1 -10182
1.

2 3530.

=-10182

3 8656.

FIGURE 2

Model (A4) > Static Structural (A5) > Thermal Condition
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8656
T 4
F0o,
600,
500,
400,
300,
200,
65,
1. 3530, 8656,
2 3 |
TABLE 13
Model (A4) > Static Structural (A5) > Thermal Condition
Steps | Time [s]| Temperature [°F]
0.
1 68.
1.
3000. 822.2
2
3530. 842.
3 8656. = 842.
Solution (A6)
TABLE 14

Model (A4) > Static Structural (A5) > Solution
Object Name | Solution (A6)

State Solved

Adaptive Mesh Refinement

Max Refinement Loops 1.
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Refinement Depth 2.
Information
Status Done
TABLE 15
Model (A4) > Static Structural (A5) > Solution (A6) > Solution Information
Object Name | Solution Information
State Solved

Solution Information

Solution Output Solver Output

Newton-Raphson Residuals 0
Update Interval 25s
Display Points All

FE Connection Visibility
Activate Visibility Yes
Display| All FE Connectors
Draw Connections Attached To All Nodes

Line Color| Connection Type

Visible on Results No
Line Thickness Single
Display Type Lines
TABLE 16

Model (A4) > Static Structural (A5) > Solution (A6) > Results
Object Name | Equivalent Plastic Strain| Total Deformation | Equivalent Creep Strain

State Solved
Scope

Scoping Method Geometry Selection
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Geometry

All Bodies

Display Option

Minimum

Averaged

0. infin

Type | Equivalent Plastic Strain | Total Deformation | Equivalent Creep Strain
By Time
Display Time Last
Calculate Time History Yes
Identifier
Suppressed No

Averaged

1.0373e-002 in/in

Maximum

Minimum

0. infin

0. infin

5.2234e-002 in

1.3891e-002 in/in

0. infin

Maximum

Minimum

0. infin

0. infin

8.7451e-004 in

1.0373e-002 in/in

0. infin

Maximum

0. infin

5.2234e-002 in

1.3891e-002 in/in

Time 8656. s
Load Step 3
Substep 4
Iteration Number 69

FIGURE 3

Model (A4) > Static Structural (A5) > Solution (A6) > Equivalent Plastic Strain



0.5

0,375

0.25

0125
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8656.

[in/in]

-0,125

-0.25

-0.375

-0.5

a0, 1250. 2500, 3750, S000a, G250, 7500,

[s]

TABLE 17
Model (A4) > Static Structural (A5) > Solution (A6) > Equivalent Plastic Strain
Time [s] | Minimum [in/in] | Maximum [in/in]
0.2
0.4
0.7
1.
4.529
8.058 0. 0.
11.587
16.58
23.65

34.255

50.162

ga5a,



74.023

109.81

163.5

244.03

364.83

546.02

817.81

1225.5

1837.

2754.3

3530.

4555.2

5580.4

7118.2

8656.

FIGURE 4
Model (A4) > Static Structural (A5) > Solution (A6) > Total Deformation
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8656.
5. 2234e-2

4.e-2

d.e-2

[in]

2.e-2

1.e-2

o, 1250. 2500, 3750, S000a, 6250, 7500, 8656,

[s]

TABLE 18
Model (A4) > Static Structural (A5) > Solution (A6) > Total Deformation
Time [s]| Minimum [in] | Maximum [in]

0.2

0.4
8.7451e-004

0.7

1.
4.529 5.0184e-003

8.058 0. 6.73e-003

11.587 7.852e-003
16.58 8.9953e-003
23.65 1.0169e-002
34.255 1.1441e-002

50.162 1.2814e-002



74.023 1.4292e-002

109.81 1.5895e-002
163.5 1.765e-002
244.03 1.9607e-002
364.83 2.1835e-002
546.02 2.4442e-002
817.81 2.7617e-002
1225.5 3.158e-002
1837. 3.6682e-002
2754.3 4.3465e-002
3530. 4.6551e-002
4555.2 4.8129e-002
5580.4 4.9409e-002
7118.2 5.0962e-002
8656. 5.2234e-002
FIGURE 5

Model (A4) > Static Structural (A5) > Solution (A6) > Equivalent Creep Strain



1.3391e-2

1.25e-2

l.e-2

7.0e-3

[in/in]

5.e-3

£.5e-3

1250.

2500,

TABLE 19

3750, S000a,

[s]

6250,
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8656.

7500, 8656,

Model (A4) > Static Structural (A5) > Solution (A6) > Equivalent Creep Strain

0.2

0.4

0.7

1.

4.529

8.058

11.587

16.58

23.65

34.255

50.162

7.3195e-004

9.5231e-004

1.0908e-003

1.2316e-003

1.3786e-003

1.5427e-003

1.7275e-003

Time [s] | Minimum [in/in] | Maximum [in/in]

1.7524e-003

2.4852e-003

2.9667e-003

3.457e-003

3.9578e-003

4.496e-003

5.0669e-003



74.023 | 1.9385e-003 | 5.6668e-003
109.81 | 2.184e-003 6.2926e-003
163.5 | 2.4753e-003 6.9404e-003
244.03 | 2.8275e-003 7.6042e-003
364.83 3.26e-003 8.2688e-003
546.02 | 3.7981e-003 8.8889e-003
817.81 | 4.4734e-003 9.3301e-003
1225.5 | 5.3196e-003 9.4919e-003
1837. | 6.3682e-003 1.0315e-002
2754.3 | 7.6366e-003 1.1204e-002
3530. | 8.4423e-003 | 1.1774e-002
4555.2 | 8.9289e-003 | 1.2366e-002
5580.4 | 9.2816e-003 | 1.2842e-002
7118.2 | 9.851e-003 1.342e-002
8656. | 1.0373e-002 | 1.3891e-002
Material Data
Structural Steel
TABLE 20
Structural Steel > Constants
Density 0.2836 Ibm in”-3

Coefficient of Thermal Expansion 6.6667e-006 F*-1

Specific Heat 0.10366 BTU Ibm”-1 FA-1

Thermal Conductivity | 8.0917e-004 BTU s*-1 in*-1 F*-1

Resistivity 8.5235 ohm cmil in”-1

TABLE 21
Structural Steel > Compressive Ultimate Strength
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Compressive Ultimate Strength psi

0

TABLE 22
Structural Steel > Compressive Yield Strength
Compressive Yield Strength psi

36259

TABLE 23
Structural Steel > Tensile Yield Strength

Tensile Yield Strength psi

36259

TABLE 24
Structural Steel > Tensile Ultimate Strength
Tensile Ultimate Strength psi

66717

TABLE 25
Structural Steel > Isotropic Secant Coefficient of Thermal Expansion

Reference Temperature F

71.6

TABLE 26
Structural Steel > Alternating Stress Mean Stress

Alternating Stress psi| Cycles | Mean Stress psi

5.8001e+005 10 0
4.1002e+005 20 0
2.7499e+005 50 0
2.0494e+005 100 0
1.5505e+005 200 0

63962 2000 0

38000 10000 0
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Strength
Coefficient psi

1.3343e+005

Temperature F | Young's Modulus psi | Poisson's Ratio | Bulk Modulus psi|Shear Modulus psi

71.6

212

392

572

752

932

1112

1292

1472

1652

31038 20000 0

20015 1.e+005 0

16534 2.e+005 0

12502 1.e+006 0
TABLE 27

Structural Steel > Strain-Life Parameters

Strength Ductility Ductility Cyclic Strength
Exponent| Coefficient| Exponent Coefficient psi
-0.106 0.213 -0.47 1.4504e+005

TABLE 28

Structural Steel > Isotropic Elasticity

2.9008e+007 0.3 2.4173e+007
2.9008e+007 0.3 2.4173e+007
2.6107e+007 0.3 2.1756e+007
2.3206e+007 0.3 1.9338e+007
2.0305e+007 0.3 1.6921e+007
1.7405e+007 0.3 1.4504e+007
8.9923e+006 0.3 7.4936e+006
3.771e+006 0.3 3.1425e+006
2.6107e+006 0.3 2.1756e+006

1.96e+006 0.3 1.6333e+006

TABLE 29

Structural Steel > Isotropic Relative Permeability
Relative Permeability

10000
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Cyclic Strain
Hardening
Exponent

0.2

1.1157e+007

1.1157e+007

1.0041e+007

8.9254e+006

7.8097e+006

6.694e+006

3.4586e+006

1.4504e+006

1.0041e+006

7.5385e+005



TABLE 30

Structural Steel > Modified Time Hardening

Temperature F | Creep Constant 1| Creep Constant 2| Creep Constant 3 Creep Constant 4
842 1.99e-004 0.22242 -0.92865 246.51
932 3.27e-007 0.8548 -0.77998 2.3651
1022 2.41e-007 0.82136 -0.51722 9.461
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Second Model (500° C)

Product Version | 14.5.7 Release

’&L’ ‘
0.000 2,000 (i)
[ I

1.000



Contents

+ Units

+ Model (Ad)
o Geometry
= Solid
o Coordinate Systems
o Mesh
o Static Structural (A5)
= Analysis Settings
= |oads
= Solution (A6)
=  Solution Information
= Results

+ Material Data
o Structural Steel

Units

TABLE 1
Unit System |U.S. Customary (in, Ibm, Ibf, s, V, A) Degrees rad/s Fahrenheit
Angle Degrees
Rotational Velocity rad/s
Temperature Fahrenheit

Model (A4)

Geometry
TABLE 2

Model (A4) > Geometry
Object Name Geometry

State Fully Defined

Definition

Type| DesignModeler

Length Unit Inches

Element Control | Program Controlled

Display Style Body Color
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Volume

Length X 0.5in
Length Y 0.5in
Length Z 2.69in

0.52818 in®

Mass

0.14979 Ibm

Scale Factor Value

Bodies

1.

Active Bodies

Nodes 12955
Elements 2800
Mesh Metric None

Parameters Yes
Parameter Key DS
Attributes No

Named Selections No
Material Properties No

Use Associativity Yes

Coordinate Systems No

Reader Mode Saves Updated File No
Use Instances Yes
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Smart CAD Update No
Attach File Via Temp File Yes
Analysis Type 3-D
Decompose Disjoint Geometry Yes
Enclosure and Symmetry Processing Yes
TABLE 3
Model (A4) > Geometry > Parts
Object Name Solid
State Meshed

Visible

Yes

Transparency

Suppressed

No

Stiffness Behavior

Flexible

Coordinate System

Default Coordinate System

Reference Temperature

By Environment

Assignment Structural Steel
Nonlinear Effects Yes
Thermal Strain Effects Yes

Length X 0.5in
Length Y 0.5in
Length Z 2.69in
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Volume 0.52818 in®
Mass 0.14979 Ibm
Centroid X 5.2267e-018 in
Centroid Y 1.9256e-018 in
Centroid Z 1.345in

Moment of Inertia Ip1

9.2184e-002 Ibm-in?

Moment of Inertia [p2

9.2184e-002 Ibm-in?

Moment of Inertia Ip3

4.6337e-003 Ibm-in2

Coordinate Systems

Model (A4) > Coordinate Systems > Coordinate System

Nodes 12955

Elements 2800

Mesh Metric None
TABLE 4

Object Name

Global Coordinate System

State

Type

Fully Defined

Cartesian

Coordinate System ID

0.

Origin X 0.in
Origin Y 0.in
Origin Z 0.in

X Axis Data

[1.0.0.]
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Mesh

Y Axis Data

[0.1.0.]

Z Axis Data

[0.0.1.]

TABLE 5

Model (A4) > Mesh

Object Name

Mesh

State

Physics Preference

Solved

Mechanical

Relevance

0

Use Advanced Size Function Off
Relevance Center Medium
Element Size Default

Initial Size Seed

Active Assembly

Smoothing Medium
Transition Fast
Span Angle Center Coarse
Minimum Edge Length 1.57080 in
Use Automatic Inflation None

Inflation Option

Smooth Transition

Transition Ratio 0.272
Maximum Layers 5
Growth Rate 1.2
Inflation Algorithm Pre
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View Advanced Options No

Triangle Surface Mesher| Program Controlled

Shape Checking| Standard Mechanical

Element Midside Nodes| Program Controlled

Straight Sided Elements No
Number of Retries Default (4)
Extra Retries For Assembly Yes

Rigid Body Behavior | Dimensionally Reduced

Mesh Morphing Disabled

Pinch Tolerance Please Define
Generate Pinch on Refresh No
Automatic Mesh Based Defeaturing On
Defeaturing Tolerance Default

Nodes 12955
Elements 2800
Mesh Metric None
Static Structural (AS5)
TABLE 6

Model (A4) > Analysis
Object Name | Static Structural (A5)

State Solved




Physics Type

Structural

Analysis Type

Static Structural

Solver Target

Environment Temperature

Mechanical APDL

71.6 °F

Generate Input Only

No

TABLE 7

Model (A4) > Static Structural (A5) > Analysis Settings

Object Name

Analysis Settings

State

Fully Defined

Number Of Steps 3.
Current Step Number 3.
Step End Time 12966 s

Auto Time Stepping

Solver Type

Program Controlled

Program Controlled

Weak Springs

Program Controlled

Large Deflection

Off

Inertia Relief

Generate Restart Points

Off

Program Controlled

Retain Files After Full Solve

Creep Effects

No

On
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Force Convergence | Program Controlled
Moment Convergence | Program Controlled
Displacement Convergence | Program Controlled
Rotation Convergence | Program Controlled

Line Search | Program Controlled

Stabilization Off
Output Controls
Stress Yes
Strain Yes
Nodal Forces No
Contact Miscellaneous No
General Miscellaneous No

Store Results At| All Time Points
Max Number of Result Sets 1000.
Analysis Data Management
Future Analysis None

Scratch Solver Files Directory

Save MAPDL db No
Delete Unneeded Files Yes
Nonlinear Solution Yes

Solver Units| Active System

Solver Unit System Bin

TABLE 8
Model (A4) > Static Structural (A5) > Analysis Settings
Step-Specific "Step Controls"

Step | Step End Time
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1 1.s

2 3097.s

3 12966 s
TABLE 9

Model (A4) > Static Structural (A5) > Analysis Settings
Step-Specific "Creep Controls"

Step | Creep Effects | Creep Limit Ratio

1 Off

2 On 100.

3 On 100.
TABLE 10

Model (A4) > Static Structural (A5) > Analysis Settings
Step-Specific "Output Controls”
Step Max Number of Result Sets

1 Program Controlled
2
1000.
3
TABLE 11

Model (A4) > Static Structural (A5) > Loads
Object Name| Pressure |Fixed Support| Thermal Condition

State Fully Defined
Scope
Scoping Method Geometry Selection
Geometry 1 Face 1 Body
Definition

Type| Pressure |Fixed Support| Thermal Condition
Define By| Normal To

Magnitude | Tabular Data Tabular Data
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Suppressed No
Tabular Data
Independent Variable Time Time
FIGURE 1
Model (A4) > Static Structural (A5) > Pressure

12966
G672, 7
-9750,
-10000

-------------------- e e e R EE TPy |
-10250
-10500
-10691

1. 3097, 12966

2 3 |

TABLE 12
Model (A4) > Static Structural (A5) > Pressure

Steps | Time [s]| Pressure [psi]

0.

1 -10182
1.

2 3097.

=-10182

3 12966

FIGURE 2

Model (A4) > Static Structural (A5) > Thermal Condition
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12966
93z, 4
375,
750,
625,
500,
375,
250,
125,
65,
1. 3097, 12966
2 3 |
TABLE 13
Model (A4) > Static Structural (A5) > Thermal Condition
Steps | Time [s]| Temperature [°F]
0.
1 68.
1.
3000. 915.8
2
3097. 932.
3 12966 =932.
Solution (A6)
TABLE 14

Model (A4) > Static Structural (A5) > Solution
Object Name | Solution (A6)

State Solved

Adaptive Mesh Refinement

Max Refinement Loops 1.
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Refinement Depth 2.
Information
Status Done
TABLE 15
Model (A4) > Static Structural (A5) > Solution (A6) > Solution Information
Object Name | Solution Information
State Solved

Solution Information

Solution Output Solver Output

Newton-Raphson Residuals 0
Update Interval 25s
Display Points All

FE Connection Visibility
Activate Visibility Yes
Display| All FE Connectors
Draw Connections Attached To All Nodes

Line Color| Connection Type

Visible on Results No
Line Thickness Single
Display Type Lines
TABLE 16

Model (A4) > Static Structural (A5) > Solution (A6) > Results
Object Name | Equivalent Plastic Strain| Total Deformation | Equivalent Creep Strain

State Solved
Scope

Scoping Method Geometry Selection
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Geometry

All Bodies

Display Option

Minimum

Averaged

0. infin

Type | Equivalent Plastic Strain | Total Deformation | Equivalent Creep Strain
By Time
Display Time Last
Calculate Time History Yes
Identifier
Suppressed No

Averaged

1.4206e-002 in/in

Maximum

Minimum

0. infin

0. infin

7.3446e-002 in

2.1439e-002 in/in

0. infin

Maximum

Minimum

0. infin

0. infin

8.7451e-004 in

1.4206e-002 in/in

0. infin

Maximum

0. infin

7.3446e-002 in

2.1439e-002 in/in

Time 12966 s
Load Step 3
Substep 4
Iteration Number 69

FIGURE 3

Model (A4) > Static Structural (A5) > Solution (A6) > Equivalent Plastic Strain



0.5

0,375

0.25

0125
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12966

[in/in]

-0,125
-0.25
-0.375

-0.5
a0, 2500, S00a, 7500, 10000

[s]

TABLE 17
Model (A4) > Static Structural (A5) > Solution (A6) > Equivalent Plastic Strain
Time [s] | Minimum [in/in] | Maximum [in/in]
0.2
0.4
0.7
1.
5.8165
10.633 0. 0.
15.45
22.567
33.244

49.259

73.281

12966
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109.32

163.37

244.44

366.06

548.48

822.11

1232.6

1848.2

27717

3097.

5070.8

7044.6

10005

12966

FIGURE 4
Model (A4) > Static Structural (A5) > Solution (A6) > Total Deformation



7. 3446e-2

£,.e-2

S.e-2

4.e-2

[in]

d.e-2

2.e-2

1.e-2

103

12966

o, 2500, S000, 7500, 10000

[s]

TABLE 18
Model (A4) > Static Structural (A5) > Solution (A6) > Total Deformation

Time [s]| Minimum [in] | Maximum [in]

0.2

0.4
8.7451e-004

0.7

1.
5.8165 5.7559e-003
10.633 0. 7.591e-003
15.45 8.7779e-003
22.567 1.0027e-002
33.244 1.136e-002
49.259 1.2781e-002

73.281 1.4304e-002

12966



109.32

163.37

244.44

366.06

548.48

822.11

1232.6

1848.2

27717

3097.

5070.8

7044.6

10005

12966

Model (A4) > Static Structural (A5) > Solution (A6) > Equivalent Creep Strain

FIGURE 5

1.5951e-002

1.7759e-002

1.9783e-002

2.2104e-002

2.4849e-002

2.8223e-002

3.2474e-002

3.8003e-002

4.7556e-002

5.0648e-002

5.7726e-002

6.2869e-002

6.8778e-002

7.3446e-002
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2.143%e-2
2.e-2
1.6e-2
—
= 1.2e-2
—
=
=
g.e-3
4,e-3

2500,

S000,

TABLE 19

7500,

[s]
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12966

10000 12966

Model (A4) > Static Structural (A5) > Solution (A6) > Equivalent Creep Strain

0.2

0.4

0.7

1.

5.8165

10.633

15.45

22.567

33.244

49.259

73.281

8.0971e-004

1.0473e-003

1.1965e-003

1.3549e-003

1.5291e-003

1.7239e-003

1.9459e-003

Time [s] | Minimum [in/in] | Maximum [in/in]

2.0722e-003

2.8573e-003

3.3644e-003

3.8956e-003

4.4562e-003

5.0432e-003

5.6543e-003



109.32 | 2.2047e-003 | 6.2875e-003
163.37 | 2.5127e-003 | 6.9393e-003
244 .44 | 2.8864e-003 | 7.6024e-003
366.06 | 3.3469e-003 | 8.2562e-003
548.48 | 3.9212e-003 | 8.8362e-003
822.11 | 4.6417e-003 | 9.1742e-003
1232.6 | 5.5421e-003 | 9.5391e-003
1848.2 | 6.6507e-003 | 1.0375e-002
2771.7 | 8.9156e-003 | 1.2085e-002
3097. | 9.5274e-003 | 1.2683e-002
5070.8 | 1.249e-002 1.526e-002
7044.6 | 1.3472e-002 | 1.7183e-002
10005 | 1.3917e-002 | 1.9553e-002
12966 | 1.4206e-002 | 2.1439e-002
Material Data
Structural Steel
TABLE 20
Structural Steel > Constants
Density 0.2836 Ibm in”-3
Coefficient of Thermal Expansion 6.6667e-006 F*-1

Specific Heat 0.10366 BTU Ibm”-1 FA-1

Thermal Conductivity | 8.0917e-004 BTU s”-1 in*-1 FA-1

Resistivity 8.5235 ohm cmil in”-1

TABLE 21
Structural Steel > Compressive Ultimate Strength

Compressive Ultimate Strength psi
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TABLE 22
Structural Steel > Compressive Yield Strength

Compressive Yield Strength psi

36259

TABLE 23
Structural Steel > Tensile Yield Strength

Tensile Yield Strength psi

36259

TABLE 24
Structural Steel > Tensile Ultimate Strength

Tensile Ultimate Strength psi

66717

TABLE 25
Structural Steel > Isotropic Secant Coefficient of Thermal Expansion

Reference Temperature F

71.6

TABLE 26
Structural Steel > Alternating Stress Mean Stress

Alternating Stress psi| Cycles | Mean Stress psi

5.8001e+005 10 0
4.1002e+005 20 0
2.7499e+005 50 0
2.0494e+005 100 0
1.5505e+005 200 0

63962 2000 0

38000 10000 0

31038 20000 0
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20015 1.e+005 0

16534 2.e+005 0

12502 1.e+006 0
TABLE 27

Structural Steel > Strain-Life Parameters

Strength Strength Ductility Ductility Cyclic Strength
Coefficient psi Exponent| Coefficient| Exponent Coefficient psi
1.3343e+005 -0.106 0.213 -0.47 1.4504e+005

TABLE 28

Structural Steel > Isotropic Elasticity

108

Cyclic Strain
Hardening
Exponent

0.2

Temperature F | Young's Modulus psi | Poisson's Ratio | Bulk Modulus psi|Shear Modulus psi

71.6 2.9008e+007 0.3 2.4173e+007
212 2.9008e+007 0.3 2.4173e+007
392 2.6107e+007 0.3 2.1756e+007
572 2.3206e+007 0.3 1.9338e+007
752 2.0305e+007 0.3 1.6921e+007
932 1.7405e+007 0.3 1.4504e+007
1112 8.9778e+006 0.3 7.4815e+006
1292 3.771e+006 0.3 3.1425e+006
1472 2.6107e+006 0.3 2.1756e+006
1652 1.96e-004 0.3 1.6333e-004
TABLE 29

Structural Steel > Isotropic Relative Permeability
Relative Permeability

10000

TABLE 30
Structural Steel > Modified Time Hardening

1.1157e+007

1.1157e+007

1.0041e+007

8.9254e+006

7.8097e+006

6.694e+006

3.453e+006

1.4504e+006

1.0041e+006

7.5385e-005
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Temperature F | Creep Constant 1| Creep Constant 2| Creep Constant 3| Creep Constant 4
842 1.99e-004 0.22242 -0.92865 246.51
932 3.27e-007 0.8548 -0.77998 2.3651
1022 2.41e-007 0.82136 -0.51722 9.461
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Units

TABLE 1
Unit System |U.S. Customary (in, Ibm, Ibf, s, V, A) Degrees rad/s Fahrenheit
Angle Degrees
Rotational Velocity rad/s
Temperature Fahrenheit

Model (A4)

Geometry
TABLE 2

Model (A4) > Geometry
Object Name Geometry

State Fully Defined

Definition

Type| DesignModeler

Length Unit Inches

Element Control | Program Controlled

Display Style Body Color
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Dimensions of Setup Fixtures
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Symbol Description Value (in)
h¢ Distance from the top fixed end to the top hollow 19.44
square section
h, Distance from the bottom fixed end to the bottom 17.75
hollow square section

h, Height of the spacer piece 1.69
Dyt Diameter of the top vertical bar 1
Db Diameter of the bottom vertical bar 1
Dy Diameter of the bolt 0.5
hs: Height of the top hollow square section 4
hgp Height of the bottom hollow square section 4
Wi, Width of the top hollow square section 4
W Width of the bottom hollow square section 4
L Length of the top hollow square section 3
Ly Length of the bottom hollow square section 3
t Thickness of the top hollow square section 0.5
ty Thickness of the bottom hollow square section 0.5




