Reviewing Bolt Forces and
Result Verification

Best Practices and Results Validation




Verifying Numerical Simulations

* Numerical simulations are extremely useful in engineering design,
but they’re not always reliable.

* Accurate solvers cannot fix models that are incorrectly defined.

* Forinstance, if we replace the contact between the wall and the
bracket with a bonded contact it takes all the applied force and
results in minimal forces being transferred to the bolts. This results
in incorrect design assessment.

* Methods for verifying/validating results:
- Compare against analytical results (if available) — verification
- Compare against experimental data (if available) — validation
- Sanity check

All simulation results MUST be verified!
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Typical Quantities of Interest

* Quantities of interest vary depending on the objective/application.
* In bolted joints, typical quantities that are of interest are:

- Preload and adjustment in bolt

- Reaction forces at contacts and other boundary conditions
- Stresses and strains (in and around bolts)

- Deformations

- Contact pressure

- Contact penetration, gaps and status
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Different Tools in Ansys Mechanical

* Ansys Mechanical provides various techniques to
extract results from the solved simulation
database.

* These options may be categorized as:

- Contour Plots — spatial distribution of stresses, strains,
deformations, energies, etc.

- Probes — variables extracted as numerical quantities
such as reaction forces, moments, displacements, etc.

- Tools - Tools that enable post-processing results for
multiple items
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Measuring Bolt Preload

* Preload in the bolt can change due to operational loads.
* Preload results in a change in the grip length (adjustment).
 Measuring these quantities may be of interest in analyzing preloaded bolted joints.
* Methods for measuring preload depends on the way bolt preload is defined.
* One can use different probes to measure both preload and adjustment
- Pretension probe —if Bolt Pretension Object is used

- Joint probe — if Translational joint is used



Bolt Pretension Probe

* The Bolt Pretension Probe is useful when examining one bolt load at a time.

 When a Bolt Pretension load is applied, the Ansys Mechanical application reports the
following reactions:

- Working Load/Preload Reaction - represents a constrained force reaction from the pretension load.
It is the reaction from the applied constraint when a bolt is either specified as Locked, Adjustment,
or Increment, and reports a zero value during a step in which you have applied the preload (since
there is no reaction at the bolt slice during the preload step). This is essentially the sum of all the
forces acting through the pretension cut.

Tabular Data
Time [s] |[+ Bolt Pretension [Adjustment Reaction) [mm] |[+ Bolt Pretension (Working Load)] [N]
0.1 1.174e-004 0.
0.2 2.3482e-004 0.
0.3 3.5223e-004 0.
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Preload Reaction is the sum of all the forces acting through the pretension cut.
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Bolt Adjustment

* Adjustment —represents the displacement that occurs from the applied pretension
measured at the point where the bolt is sliced.

- Boltis cut in half with load applied on both ends, thus we see the “overlap” in bolt halves.

- The overlap is called the “Adjustment” and represents the shortening of the grip length of the bolt,
thereby inducing pretension. When the desired pretension is achieved, the new unstretched grip
length becomes “locked.”

”»

Bolt halves “

Y ' \NnsyYS

©2020ANSYS, Inc.



Bolt Tool

* When multiple bolt loads are examined at the same time, the Bolt Tool can be used.

* Available results include:
- Adjustment
- Working Load

Adjustment

B: Static Structural
Adjustrment

Type: Adjustrment
Unit: rmrm

Time: 2

0.0012601 Max
0.0012306
0.001241
0.0012314
0.0012219
0.0012123
0.0012027
0.0011932
0.0011836
0.0011741 Min

Insert
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Clear Generated Data
Rename F2
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Open Solver Files Directory

Worksheet: Result Summary

I i s e
T8 Total Deformation 4
&8 Total Deformation 5

H—— JEa Total Dafarmation S
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Measuring Bolt Preload Using Joint Probe

Details of "Joint Probe"

* The joint probes enables users to extract reaction forces, f . —
moments and relative displacements. R e e
* When a bolt preload is modeled using a translational joint, | Resitome et opamen
one can measure the adjustment using Relative Displacement
as the result type. i —
* Preload in the bolt is measured using the result type as “Total S —
Force.” However, note that this value is the change in bolt Details of “Joint Probe 2
preload. So total preload is reported as e ot Probe

Boundary Condition | Translational - Component14\Solid To Componentid\Salidi
Orientation Method | Joint Reference System

Suppressed Mo
-|| Options
Result Type Total Force
Result Selection X Axis
Display Time End Time
+ | Results

- | Maximum Value Owver Time

¥ Axis 19344775 M
- | Minimum Value Over Time
X Axis 0O N

+ | Information
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Measuring Adjustment in Bolt Shank

* The change in the grip length due to preload is the adjustment.
* In both the methods for defining bolt preload, the adjustment is reported along with the bolt preload.

* When bolt preload is modeled using a translational joint, one can measure the adjustment using
Relative Displacement as the result type.

* Measure of adjustment varies between different methods for the same preload; this is due to
difference in the way MPCs are defined in both cases.

Details of "Bolt Pretension” Tabular Data v . Details of "Joint Probe”
- Definition Time [s] |[v Bolt Pretension [Adjustment Reaction) [mm] | [¥ Bolt Pretension (Working Load) [N =|| Definition
Type Bolt Pretension 1 |5.e-002 5.3095333e-005 0. Type Joint Probe
Boundary Condition | Bolt Pretension 2 (04 1.0626486e-004 0. Eoundary Condition | Translational - Component14\Solid To Component14\Solidi
3 |0175 1.8601726e-004 0. " - -
Suppressed No = Orientation Method | Joint Reference System
5 4 |0275  2.9235307e-004 0. - - :
=/ Options 5 (0375 3.9868802e-004 0 Orientation Reference Coordinate System
Display Time End Time 6 |0475  5.0502212e-004 0. Suppressed Mo
+ Results 7 _|0575  6.1135535e-004 0. - Options
=I| Minimum Value Over Time 8 |0.675 | 7.1768777e-004 0. Result Type Relative Displacement
Adjustment 5.3095333¢-005 mm el e 0. Result Selection | X Auds
Working Load o N 100,875  9.3035004e-004 0. = . -
Mo = 1109375  0.9680631e-004 0. Display Time End Time
E axln.wm Value Over Time 12 1. 1.0632622e-003 0. +| Results
Adjustment 1.0632622e-003 mm 13 1.2 1.0632622e-003 100. —|| Maximum Value Over Time
W
Working Load 100. N % ‘1\.4 :g:g;ggfe-gﬁg ;‘gg ¥ Axis 51311102 mm
+/| Information 15117 f Ze- ] —
16| 1.06326226-003 100. Minimum Value Over Time
X Axis -4,5824656e-004 mm

Information
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Measuring Adjustment in Bolt Shank (cont.)

* Depending on the method used (solid body bolt or line body bolt), the adjustment
may change due to the way MPC equations are written.

MPC Equations

Solid Bolt Beam Connection

Tabular Data B Tabular Data
Time [s] |[¥ Bolt Pretension (Adjustment Reaction) [mm] [+ rking Load) (V] | Time [s] | [¥] Bolt Pretension 2 (Adjustment Reaction) [m] |[ Bolt Pretension 2 (Working Load) [M] |
1 101 1.3738e-002 0. 1|04 1.2007e-002 0.
2 |02 2.7455e-002 0. 2 loz 2.39946.002 0.
3 |035  4.8006e-002 0. 3 |o3s 4,195e-002 0.
4 055 7.5379e-002 0. 4 |0.55 6.58642-002 0.
5 1075 0.10273 0. 5_|o7s 8.9761e-002 0.
. 6 |0.875 0.11982 0. 6_|0.875  0.10469 0.

SOlld Bolt 7 |1 0.13691 o. 7|1 0.11962 0.
8 |1 0.13691 5001.3 ENER] 011962 5001.3
9 |12 0.13691 5002.5 s |12 011962 5002.5
10135  0.13691 5004.3 [0]1.35 011962 5004.4
11[1.55  0.13691 5006.7 [A1]1.55 0.11962 5007.
121175 0.13691 5009.4 |12 11.75 0.11962 5009.7
13]1.875  0.13691 5011.4 13 [1.875 011962 5011.9
14 2. 0.13691 5013.8 a4 ]2 0.11562 5014.3

Bolt Pretensian 2

Tabular Data

ps ||v Define By load [N] ||7 Preadjustment [mm] ||7 Increment [mm] |
1. Load S0, My Y
. Lock M/A M/A [ Y

It’s recommended to avoid defining preload as adjustment.

Beam Connection
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Force Reaction Probe

1L Static Structural (B5)
) ) . E - s 11| Analysis Settings
* A force reaction probe is used to extract reaction forces. @/ Pretension Objects
. /@ Fixed Support
- Displacement
7/ ¢ Joint - Displacement
-4 Solution (B6)
{1 Solution Information
,,.'5?1" All - Bolt Pretension - Bolt Pretension - 2. s
/%@ Joint Probe
- _%@ Bolt Pretension 2

‘,-‘5&? All - Force Reaction - Displacement - End Time

* |t can be used to extract forces from
- Contact connections

- Boundary conditions
- Remote points, etc.

* Force reactions can be used to balance the forces in static

analysis to verify the proper transfer of forces. ? =S
* Drag-and-drop the contact or boundary condition to Solution Details of "Force Reaction 5" . a=r
to insert the force reaction probe. || Definition
Type Force Reaction
Boundary Condition ﬂ

Boundary Condition Genmet& Selection
Boundary Condition

Orientation Contact Region
Suppressed Remaote Points
-/ Options Beam
. Spring
Result Selection Mesh Connection
Display Time Surface

Be careful if the object scoped to geometry is shared between multiple similar objects.
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Force Reaction Probe (cont.)

Details of "Force Reaction 5" ~1Ox

The force reaction probe can be used for extracting contact
forces using the same procedure.

This method reports the summation of forces from the —
nodes from underlying solid elements. o

To extract these results one must turn ON writing nodal S
forces to the results file prior to running.

-| 5tep Controls
Mumber Of Steps

This can be done from Analysis Settings > Output Controls. oSz

Auto Time Stepping
-1| Solver Controls

Salver Type Program Controlled
‘Weak Springs Off
Salver Pivot Checking Program Controlled
Large Deflection On
Inertia Relief Off

+ | Rotordynamics Controls

+| Restart Controls

+/| Nonlinear Controls

+ | Advanced

- ]
Stress fes
Surface Stress M
Back Stress M
Strain es
Contact Data e
MNonlinear Data M

L

Modal Forces
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Stresses, Strains around Bolts

Contour plots are commonly used in structural analysis.

Stresses and strains help identify portions of the model
that are prone to failure.

Stresses can help identify if the bolts can yield under
operational load.

One can extract the normal and shear components or
equivalent value using these result objects.

Each object can also export the data to text files.

©2020ANSYS, Inc.

~ 0.0007409 Max

5 5.113e-8 Min

B: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 2

37.864 Max
33.658

29451

25,245

21.039

16,833

12,626

842

4.2138
0.0075244 Min

B: Static Structural
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 2

0.00065858
0.00057627
0.00049395
0.00041163
0.00032932
0.000247
0.00016468
8.2368e-5
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Stresses in Bolt

e Stresses in bolts may also be used to check if the bolt is

. I I I — |
close to its proof load.
e Such results can also be used in subsequent analyses to
study fatigue in bolts.
* Extracting stresses in bolts depends on how the bolt is
modeled.
* For solid elements, the procedure is the same as
extracting stresses around the bolt.
* For beam elements modeled using Beam Connections,
one can use user-defined results to extract this data. B —— .
. . . Scoping Method Result File [tem
* For beam elements modeled using line bodies, one can tem Type Element Name IDs
use Beam Tool to extract this data. _ooner semeonent s [128
Type User Defined Result
Expression = beamdirect
TAPUT UM Systemm TASTIIC (M, kg, 14, 5, mY, mA)
Qutput Unit
By Time



Deformations In and Around Bolts

* Total and directional deformations are
nodal displacements that can extracted
using result objects.

* Notice that when we plot deformation on
the bolt, it reports displacements that it
collapses into itself while applying
pretension.

* This overlap is nothing but adjustment.

[mim]

©2020ANSYS, Inc.
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Contact Pressure and Status

B: Static Structural
Pressure
Type: Pressure

Contact pressure is another common quantity of U
interest in analyzing bolted structures such as gaskets
and seals.

13.347 Max

Contact pressure generated due to bolt preload is
often used to assess the performance of a seal.

In Ansys Mechanical, it’s available under Contact

TO O I ) B: Static Structural

Status
Another quantity that may be useful is Contact T
Status, which is also available under Contact Tool. [ vrcomsmines

. . . [ ] Near
Contact status helps us identify the regions of contact =~ Q%=

[ sticking
that are closed, open or sliding due to loads.




Verifying Contact in Bolted Joints

* Contact between two surfaces can be represented by a
spring whose stiffness is equal to the contact stiffness.

* Contacts in a bolted joint can be represented as three springs
in series and contact penetration is deformation of spring.

* As contact stiffness increases, penetration decreases. tc
L I

* If the contact penetration is zero, then the calculated T

adjustment is due to deformation of the mating parts. This is T = , | K

. | c2
the ideal case. Contact 2 ‘.
C

* But if the contact penetration is very large, the calculated Contact 3

bolt adjustment is not very accurate, which in turn results in
inaccurate contact forces

Contact results must be verified!
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Contact Tool

* Contact Penetration and other contact results can also be post-processed using
Contact Tool.

* Using the Worksheet scoping we can specify contacts of interest for post-processing.

Outline » 0 OX Worksheet

Mame - -

S ow Bolt Pretension 3 A

%4 Bolt Pretension 4 . |
" Bolt Pretension 5 Contacts Selection |AII Contacts ﬂ | Add | Remove

.~ Bolt Pretension & Contact Side I Both M Apply

i oo Bolt Pretension 7
i ow Bolt Pretension 8
E-[& Solution (B5)

For additional options, please visit the context menu for this table {right mouse button)

- = T ;
i1 _Solution Information ’—|Name :”"lntactSide |

/%@ Total Deformation [w  Frictional - Component2'Solid1 To Component3\Solid Both

- +{8] Contact Tool |
= 'L(% Sctabi: [ | Frictional - Component3\Solid To Component1'Solid11 B

e | Trmetianal - Component124Solid To Component2iGeie T Both
(ﬁ, Pressure [ Frictional - Component12\Solid To Component12iSolid 2 | Both
(65 Penetration W [ Frictional - Component12\Solid To Componenti2\Salid 3 | Both
Details of "Contact Toal" - 10X [ Frictional - Component12\Solid To Component12\Solid 4 | Both
= aete [ Frictional - Component12\Solid To Component12iSolid 5 | Both

[ Frictional - Component12\Solid To Componenti2\Solid 6 | Both
[ Frictional - Component12\Solid To Component12\Solid 7 | Both
[ Frictional - Component12\Solid To Component12iSolid 8 | Both
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Contact Tool (cont.)

e Contact penetration between mating surfaces should be smaller than the bolt

adjustment in order to get accurate results.

Outline -pOx
Mame - -
i Bolt Pretension 5 " E:j::::::'“d""'
""" «ww Bolt Pretension § Type: Penetration
o Bolt Pretension 7 Unit: mm
----- i Bolt Pretension 8 Time: 2
=& Solutien (B5)
»[51 solution Information 8.3037e-5 Max
8 Total Deformation 7.3811e-5
B3] Contact Tool 6.4585e-5
o8B Status 5.5358e-5
9 Gap 4,6132e-5
%8 Pressure 3.6005¢-5
@3 Penetration 276795
Bl Modal (C4) 1.8453¢-5
/=6 Pre-Stress (Static Structural) v 0226%-6
Details of "Penetration” >iOx 0 Min
- Definition
Trpe Penetration
By Time
Display Time Last
Caleulate Time Histary | Yes
Identifier
Suppressed No
=/ Integration Point Results
Display Optian eraged
= Reswits
Minimum 0. mm
Maximum 8.3037e-005 mm
Average 2.8569¢-005 mm
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Mifmaym Occurs On | Component3\Solid
Maximum O P @ne. Component3iSolid
Minimum Value Over Time

Minimum 0. mm

QA Bw& "5 Cr[QA @@ st KModer FTERREE @

Qutline
Name -

= Bolt Pretension 4
i -] Bolt Pretension 5
™ Bolt Pretension 6
i Balt Pretension 7
i -we Bolt Pretension 8
£ Solution (B5)

/0 Total Deformation

S i) Contact Tool
8 Status
/%8 Gap

& Pressure

/@8 Penetration

%8 BoltPretension

Details of "Bolt Pretension”

=I| Definition
Type Bolt Pretension
Boundary Condition | Bolt Pretension &
Suppressed No
=l Options
Display Time End Time
+ Results
=/ Minisweih Value Over Time
Adjustment 1.2372e-004 mm

‘Working Load 0. N

Maximum Value Over Time
Adjustment 1.2373e-003 mm
‘Waorking Load 100. N

+ Mmformation

) Solution Information

~1Ox

~loOx

Q@|w & % C-[#@Qa @ @ Sdc M- 5T [ [H

B: Static Structural
Eolt Pretension

77
Lhy
Ve
AT A
TR TALD
Bolt Pretension
TR
S

£
R

Graph
Animation | |l

20 Frames - 2%Sec(Aute) ~ B @ F



Contact Results Tracker

e Using Result Tracker for Contact Penetration and Normal Stiffness we can monitor
their behavior during the solution.

Outline ~ BgFX | Worksheet
Name -

88 Cross Sections "
>k Coordinate Systems ——
Vi Symmetry
5 connections
% Mesh
- Static Structural (B5)
] Analysis Settings
% Frictionless Support
/@, Pressure
%@ Force
i Bolt Pretension 2
B Solution (B6)
P SGinon [ntor Mo0e
B Penetration
/B, Max Normal Stiffness
<,/ Total Deformation
0 Equivalent Stress
5 Eauivalent Stresso
0 EaUvaent sTess 3
=--{#) ContactTool
B Status
<oy B Pressure

482

3e2

Penetration (mm)
~
4

le2

8.8818e-16
o 025 05 075 1

v
Details of "Penetration” ~aoOx

= Definition

T8 Balt Pretension

Time (s)

Outline - 3 @I Worksheet
Name -
-l Cross Sections -
(¥ i Coordinate Systems
il Symmetry N
i1 ) Connections
BT Mesh
[ Static Structural (B5)

v

Analysis Settings 300, :
" Frictionless Support
. Fressure

X Force

0] Solution Informatiol
B Penetration
B Max Normal Stiffness.
0 Total Deformation
% Equivalent Stress
S Equivalent Stress 2

Max Normal Stiffness (Nimm’)
B
2

> -
(21 Contact Tool -
B Status ;
M ——
& Penetration
81 (&) Contact Tool 2
+8 Bolt Fretension

5 025 05 075
Details of "Max Normal Stiffness ~ROx
Definition

125 15 175 2

ype Max Hormal Stiffness

Geometry | Worksheet
X-Axis Values Time

Sumnraciad s Graph

+ § O X | Tabular Data
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