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1. FEA OF BOLTED JOINTS: WHAT THIS SEMINAR IS ABOUT

The literature has plenty of information on the modeling of bolts. It is the usual story about compromise versus accuracy
or do | throw a beam/RBE at it (super-simple and efficient) or go full 3D with contact (super-slow and numerically
expensive). We know that if someone wants to throw stones at your model, a reviewer can easily critique your model for
using beam/RBE combinations to model a bolted joints whereas a 3D approach is more or less bomb-proof. But this is
engineering and not pie-in-the-sky and we have to get our models built with reasonable accuracy and out-the-door.

1.1  WHAT WE WiLL COVER
o Why all bolt modeling has it challenges
o Basic problems with linear analysis of bolted connections
o |s the loading tensile or bending?
o What type of bolted joint?
o Linear and Nonlinear Analysis — the basic beam/RBE combination
Why going 3D is not always the answer and can be a trap

O

o Fatigue analysis of bolted joints (don’t get your hopes up, but we’ll make a few comments)

1.2 WHAT WE DON’T COVER
e Nothing to do with spot welding since it is another class of joints

e No discussion on what is the best connection for all bolted connections since there is no best idealized connection

e No proprietary software/solution that promises bolt connection nirvana

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 7 of 35
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2. WHAT WE KNOW

A selection of some consulting projects at Predictive Engineering that have had bolt modeling challenges:

3,000 HP 8-Speed Transmission Bolted Flanges

-3,000 HP Ti

Norton Motorcycle Crankcase

100 kW Wind Turbine Tower

S

e

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com
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Bus Seat 16-g Airplane Attendant Seat Research Satellite

at Analysis
2
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Composite Aviation Container Magnetic Bearing 500 kW Generator

Output Set: Thermal-Stress in 500kW Turbine Generator
Nodal Contour: Nonlinear Solid Von Mises Stress

High-Temp Furnace Bolted Connection

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 10 of 35
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3. WHY ALL BOLT MODELING HAS IT CHALLENGES

3.1  LET’S START WITH THE OBVIOUS — THERE IS A HOLE
0*¢ 0*¢ 0*¢ S

Stress Flows  ——+2 9297 + 2yt 0

Y 107%

28% |$| 15%

% relative tos

Numbers inside
squares are
shear values

Images courtesy of www.FractureMechanics.org
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3.1.1 But WHAT DOES THIs HAVE To Do WITH OUR BoLT MODELING?

Let’s assume that our bolted joint is loaded in pure tension. If we narrow our scope to just one bolt in a wide plate, then
one can visual the load transfer to the plate as a sinusoidal function where the peak bearing pressure is aligned with the
direction of the tensile load. Let’s show some stress images:

Bearing Load (250 Ibf) to Mimic Bolt Max Pressure Aligned with Tensile Load

N\ Y
e

v mEy

| mEu

L0 ] LK
BRRRR 2 . SN
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3.1.1.1 WHAT IF WE HAVE A NON-PERFECT BOLT FIT?

Bearing Load (250 Ibf) to Mimic Bolt - Load Applied Over 45 Degree Region

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 13 of 35
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3.1.2 How ADEQUATE IS THE RBE IDEALIZATION?

Let’s take the same model and replace the bearing load with a RBE2. The RBE2 is constrained (6 DOF) at its independent
node at the center of the hole while at the far end, a load of 250 Ibf is applied. The results speak for themselves in
comparison to the more realistic idealization using a bearing force.

Same Load of 250 Ibf RBE2 with Independent Node Fixed

Von Mises Stress — 1,200 psi

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 14 of 35
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3.1.2.1 But WAIT, WE CouLD Use A RBE3!

Since this question would naturally come up, had to show that the results are not any better just more confusion.

RBE3 — Force Interpolation Element

in) | 2 | Calor | 124 | Palette... | Layer | i | Property ‘
RBE1 RBE2 REE3 (Interpolation )
dependent { Reference ) Independent { Nodes To Average )
®1ose o | R A
3436, TXYZ, R—, 1. [ j
(O) New Node At Center BF ik [T 3437, THYZ, R—, 1.
DOF ETX ERX 3438, ™XYZ, R—, 1.
Fr ey ~ | | 343, ™XYZ, R, L.
@T‘f ER‘!" ' | 3440, TXYZ, R—, L.
7 R7 3441, ™HYZ,R—, L.
1z Rz % . 3442, TXYZ, R 1.
3443, TXYZ,R—, 1.
3444, THYZ, R—, L. M
Thermal Expansion
Coefficent [ 0. | | Materil... |

Von Mises Stress — 2,500 psi

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com
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3.2 INSUMMARY: ABOUT PLATES WITH HOLES WITH BOLTS

If you put a hole in a plate and pull on it, you have a stress concentration of 3x. A little side note is that one often knocks
downs composite data by 3x to set margins. This makes sense given that most composite structures have holes drilled
into them and likewise why it is common to use inserts to spread out the connection bearing load.

e Holes are stress concentrations

e |[f you pull on a plate with a hole, you have a 3x effect

e The bending stress field is likewise bumped up by 3x

e Don'’t get your hopes up that any idealization technique will get you even close to the true stress state around a
bolted hole (we’ll get more into this later), that is, keep in mind that the RBE idealization may provide stresses that

are lower than reality.

Idealization Von Mises Stress, psi Maximum Principal Stress, psi
Bearing Load Idealization - 180° 2,900 2,900
Bearing Load Idealization - 45° not useful 3,400
RBE2 1,200 1,400
RBE3 2,500 1,700
Reality ? ?

Pr2

4 ! I—P> P ] —

of— | I |

Pr2
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3.2.1 BuT THE REALITY IS: AIRFRAME STRESS ANALYSIS AND SizING BY M.C. Niu

Design for Tension and Shear Tear Out Material Bearing Loads

Basic Criteria of Fastener Strength Allowable
The allowable loads are based on the lowest values of
the following criteria:
Net section (1) Beanngload (protruding head only) = F, dr
. I where
tension failure F,, — Allowable ultimate bearing allowable
stress of sheet material is based on
either MIL-HDBK-5D “B” value per
Ref. 7.6 or other sources

d — Nominal shank diameter
t — Nominal sheet thickness
40 deg. xd’
(2) Shear-off load = F,, T
W -_— where
F,, — Ultimate shear allowable stress of
Shear fastener material is based on MIL-
tearout HDBK-5D per Ref. 7.6 or other
sources
d — Nominal shank diameter
(See Fig. 7.1.3)
|-..__. a (3) Countersunk fastener and sheet combinations —

the allowable ultimate and vield loads arc estab-
. ) . lished {rom actual test data.
Fig. 7.5.2  Lug net section tension and shear tearouf (4) Yield strength to satisfy permanent sct require-

ailure under axial load. o Itimate log
f! lnenlsatllllllll(md(Iimilluad=w

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 17 of 35
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4. THE BOLTED LAP JOINT

Our test case is the lap joint where we will pull it and bend it. This is our foundation and but is sufficiently complex to get
lost in the weeds.

Thinking About Load Application to a Bolted Joint

= )

y

-+ % =i bearing . % load

shear

b) load @ bearing

Ll

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 18 of 35



FINITE ELEMENT ANALYSIS

AR

Predictive Engineering

User Guide: FEA of Bolted Joints

2018

4.1

o
=
ST

LET’S START WITH REALITY: THE 3D BoLT MODEL
Stress flows (i.e., Airy Stress Function) and since structures are 3D, we’ll build up a full-on 3D model with contact. The
model follows the dimensions for the simple plate discussed in the prior section at 8” L, 2” W and 4” Thk. The hole
diameter is 0.5” with a bolt diameter of 0.48”. The plates are overlapped by 2.0”. The bolt head is 0.75” in diameter.
For good measure, a 0.05” thick washer with a diameter of 0.9” was added. Contact was enforced across all parts.
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4.1.1 3D STRESS RESULTS: TENSION (250 LBF)

The bolt is given just a small amount of preload (10 psi) to snug up the plates, washers and bolt heads. The 250 Ibf load is
then applied.

3D Model with 250 Ibf Tension Load — Constrained Far End Stress Results — Deflection Scaled 25x

single Lap Joint - Tension Effective Stress (v-m)

Time =
1.813e+04
Contours of Effective Stress (v-m) 1 741::4}4
max IP. value ]
1.6688+04
max=18134, at elem# 47119 1 ;9621—04

max displacement factor=25

1.523e+04
1.

G.008e+03 |
4.363e+03__
3.638e+03
29132403
2.409e+03
1.464e+03
7.389¢+02_|

J 14162401 _

Von Mises Stress 18,000 psi Max. Principal Stress 6,600 psi

Effective Stress (v-m)
1.813+04
1.741e+04
1.66Be+04
1.596e+04
1523e+04

single Lap Joint - Tensiol
Time =

single Lap Joint - Tensiol

Maximum Principal Stress
£.5852+03

6.297e+03
0.0088+03
5.720e+03

5.432e+03
5.144e+03
1.066e+03
4.567e+03
4.279e+03

:

A

2.7028+03
34142403
3428e+03
2.837e+03
20492403
2.260e+03
1.972e+03

7 il
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4.1.2 3D STRESS RESULTS: BENDING

The bending load case has a uniform pressure of 0.33 psi applied along the top surface. The analytical solution for this
simply-supported beam is a max. stress of 3,100 psi.

4.1.2.1 No BoLt PRELOAD / NoO FRICTION

It is assumed that the bolt has been snugged but there is no real bolt preload and to assure that we have a conservative
solution, there is no friction between the plates; thus we have contact but nothing more.

3D Model with pressure load Stress Results — Deflection Scaled 25x

32120403 _
3.034e+03_
28560403 _
26786403 _
2.499¢+03_
23210403 |
2.143e+03 |
1.965¢+03 |
1.787¢+03 |
1.609¢+03 |
1431203
1.253¢+03
1075403 _
8.9642+02 |
7.183¢+02 |
5.402¢+02 |
3.620e+02 |
1.839¢+02

K it

Von Mises Stress 4,200 psi Max. Principal Stress 4,000 psi

Single Lap Joint - Bending w_Contact Single Lap Joint - Bending w_Contact
Time Time = 1

of Effective Stress (v-m) Contours of Maximum Principal Stress
max IP. value

max=4042.38, at elem# 47433
max displacement factor-20

PA028+03 _
22388403 _
20748403 _
1.910e+03 _|
1.746e+03 _|
1.582e+03 _|
1.418e+03 _|
1.254e+03 |
1.0908+03 _|
9.257e+02_
T817e+02
5.976e+02_|
43368402 _|
2.696e-02 |
1.065¢+02 |
-5.850e+01 |

1.195e+03

1.028¢+03
8.599¢+02
59216202
52430202
35650402
1.888e 502

2.401e+01 _ y
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4.1.2.2 BoLT PRELOAD WITH FRICTION

Here we crank down the bolt preload to lock the plates together.

Von Mises Stress 4,800 psi Max. Principal Stress 3,300 psi
Single Lap Joint - Bending w_Bolt Preload and Friction e S e Single Lap Joint - Bending w_Bolt Preload and Friction S P
Time = 1 Time = 1 =)
Contours of Effective Stress (v-m) A Contours of Maximum Principal Stress '
max IP. value max IP. value
max=4842.66, at elem# 47469 max=3258.92, at elem# 47786
max displacement factor=25 max digplacement factor=25
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4.2 LAP JOINT BOLTING WITH BEAM AND RBE ELEMENTS
4.2.1 TENSION LOADING
We are modeling the bolt head and nut in two ways: (i) At the edge and (ii) As a pseudo-washer.

4.2.1.1 EDGE CONNECTION

RBE2 RBE3
Von Mises 9,000 psi Von Mises 8,700 psi

Maximum Principal 10,000 psi

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 23 of 35
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4.2.1.2 WASHER CONNECTION

RBE2 RBE3
Von Mises 6,700 psi Von Mises 6,700 psi

“_-"‘1\

L\
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4.2.2 SUMMARY: WHAT DO WE KNOW ABOUT BOLTED LAP JOINTS UNDER TENSION?

Idealization Von Mises Stress, psi Max. Principal Stress, psi
Plate with Hole — Tension Load
Bearing Load Idealization - 180° 2,900 2,900
Bearing Load Idealization - 45° not useful 3,400
RBE2 1,200 1,400
RBE3 2,500 1,700
Lap Joint Model - Tension
3D Solid Model 18,000 (compressive) 6,600
2D Shell Model — Beam/RBE2 - Edge 9,000 10,000
2D Shell Model — Beam/RBE3 - Edge 8,700 7,000
2D Shell Model — Beam/RBE2 - Washer 6,700 7,600
2D Shell Model — Beam/RBE3 - Washer 6,700 6,600
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4.2.3 BENDING
4.2.3.1 EDGE CONNECTION
The same bending load as used in the 3D model is morphed over to the shell model.

4.2.3.1.1 EDGE CONNECTION / NO CONTACT WITH NO BOLT PRELOAD
RBE2 RBE3
Von Mises 6,800 psi Von Mises 6,400 psi
Maximum Principal 7,600 psi Maximum Principal 6,100 psi
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4.2.3.1.1 EDGE CONNECTION / CONTACT WITH BOLT PRELOAD

BTW, with shell elements, the only out-of-plane stiffness we have is the bolt and some fuzzy contact spring stiffness.
Thus, it is a far cry from reality where the stored elastic energy of the 3D plates (i.e., real structure) is part of the preload
equation.

RBE2 RBE3

Von Mises 5,900 psi Von Mises 5,500 psi

Maximum Principal 6,600 psi Maximum Principal 5,500 psi
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4.2.3.2 WASHER CONNECTION

4.2.3.2.1 WASHER CONNECTION / NO CONTACT WITH NO BOLT PRELOAD
RBE2 RBE3
Von Mises 5,000 psi Von Mises 4,900 psi
Maximum Principal 5,700 psi Maximum Principal 4,800 psi
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4.2.3.2.2 WASHER CONNECTION / CONTACT WITH BOLT PRELOAD

RBE2 RBE3
Von Mises 4,700 psi Von Mises 3,200 psi
Maximum Principal 5,300 psi Maximum Principal 3,300 psi
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4.2.4 SUMMARY: WHAT DO WE KNOW ABOUT BOLTED LAP JOINTS UNDER BENDING

Idealization Von Mises Stress, psi Max. Principal Stress, psi
Lap Joint Model - Bending
3D Solid Model with Bolt Snug (Contact) 4,200 4,000
3D Solid Model with Bolt Preload (Contact) 4,800 3,300
2D Shell Model — Beam/RBE2 - Edge 6,800 7,600
2D Shell Model — Beam/RBE3 - Edge 6,400 6,100
2D Shell Model — Beam/RBE2 — Edge w/Contact 5,900 6,600
2D Shell Model — Beam/RBE3 — Edge w/Contact 5,500 5,500
2D Shell Model — Beam/RBE2 - Washer 5,000 5,700
2D Shell Model — Beam/RBE3 - Washer 4,900 4,800
2D Shell Model — Beam/RBE2 — Washer w/Contact 4,700 5,300
2D Shell Model — Beam/RBE3 — Washer w/Contact 3,200 3,300
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5. SOME COMMENTS
5.1 LET’sJusT CuT TO THE CHASE
What are some thoughts on how to handle a bolted connection?

Niu Spreadsheet Analysis — Axial and Shear Forces

(F) COMBINED BOLT LOADS

The MS of the combined ultimate shear and tension load allowables for tension steel bolts is given
in the interaction curve shown in Fig. 9.8.17.
R, —,T)-P-‘— - Applied tension load/Tension allowable strength of bolt
o

P,
pskﬂ\

R.= = Applied shear load/Shear allowable strength of bolt

Ry =PF/Fay

- 0.30 ﬂ.‘ﬂ - 0.50 w 'llJﬂ - 080 090 mrl.ﬂ'ﬂ'“
Ry = Ps fo.aIl
Fig. 9.8.17 Steel Bolt Interaction Curves for Combined Shear and Tension

5.1.1 WHAT ABOUT BOLT BENDING STRESSES?

We don’t. Although one can add a bending stress component by taking the shear force and assuming a contact gap
between the bolt shank the plates (e.g., 0.01”) and thus via your spreadsheet analysis, include a bending stress.

This information courtesy of EneavorAnalysis.com
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5.2 WHAT ABOUT VIBRATION: RBE2 OR RBE3 OR WITH BOLT PRELOAD?

RBE2 (washer) 56 Hz RBE3 (washer) 52 Hz 3D 47 Hz

max displacement actor=2

5.2.1 WHAT ABOUT BOLT PRELOAD?

Yes — it can be added and yes it does change the results (see FEMAP User Guide Section 8.8.1.9). What is the right
answer? Most likely closer to the 3D model.

Model 1 2" 3™ 4" 5"
RBE2 47" [ 47° Hz 239/333 480/ 481 493 / 562 554 /991
RBE3 43 / 44 Hz 234 /318 432 / 444 480/ 540 530/ 937

3D 47 Hz 236 479 499 645
3D Transient 47 Hz time step 0.001 sec, hence tight resolution to 100 Hz (10 points per cycle)

'Regular linear analysis
*pre-stiffened (bolt preload with contact)
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5.3

FATIGUE ANALYSIS OF BOLTED CONNECTIONS, I.E., THE BOLT

We do our fatigue analysis on bolts via spreadsheet. It is not fancy but it gets the job done. What is the first step?
Getting the information out of FEMAP and into the spreadsheet.

5.4 APl OF THE MONTH

»
i File Tools Geometry Connect Model Mesh Modify List Delete Group View Window Help Predictive Engr
5 ) x 3 BT == "
MoEd I MEESE 9. [OC0Q0 [+ XYZIQQ A (EERO ¢
ia 2 S e e
iz e|b-5 .
| | API Programming g x d
[=] = = .
¢ EETFIENE = Y B|F | s
o [ www.PredictiveEngineering.com ~ A c Systems
= 2[|| Al Rights Reserved, 2018 @[ Geometry
3 Predictive Engineering Assumes No Responsibility For Resu 2] ‘ Connections
F | sf| “This APl was originally coded for FEMAP v12 [ Aero Model
(o] 6 Written by Adrian Jensen ® Model
n_:i. ; Exports shear and axial force for selected beam elements @ > Analyses
a 9l sub Main [ 42] Results
10|  Dim App As femap.model - [F] Views
1 Set App = feF
12 EEaRpISIEEEmER) ®| Groups
13 Create Element Object ® Layers
14 Dim elemOBJ As femap.Elem
15 Set elemOBJ = App.feElem o
16| Iy Selection List
17 Dimension an Element Variable
Dim elemID As Long
Create Set Object [for Elements)
Dim elemSET As femap.Set
Set elemSET = App.feSet
Dimension an Output Set ID Variable
Dim outSetID As Long
Create Set Object [for Output Sets)
Dim outSetSET As femap.Set
29 Set outSetSET = App.feSet
30
31)| ‘Create Output Vector Objects
32 Dim outVecl As femap.Output
33 Set outVecl = App.feOutput
34 Dim outVec2 As femap.Output
35 Set outVec2 = App.feQutput
36 Dim outVec3 As femap.Output
37 Set outVec3 = App.feQutput
38
39))| ‘Dimension an Output Vector Variable
40| Dim axial As Double
41 Dim pl1shr As Double
42 Dim pl2shr As Double
43 Dim resshr As Double
44
45| “Create Excel Application, Workbook and Waorksheet Object
45 Dim appExcel As Excel.Application
7 Set appExcel = New Excel.Application
48| Dim wbkReport As Excel.Workbook
49 Set wbkReport = appExcel.Workbooks.Add
0| Dim wksReport As Excel.Worksheet
51 Set wksReport = wbkReport.Worksheets(1)
= = eshing i Post
53)| ‘Dimension a Variable for use with Excel Objects p=LEEELIL] P Meshing [ Post
54 Dim rowindex As Long =
s5{|  rowindex=1 2l
56|
7 Ask the API to create the titles in the first row of the workst
58 wksReport.Cells( rowindex, 1) ="Output Set ID
59 wksReport.Cells( rowindex, 2 D
60| wksReport.Cells{ rowindex, 3 ) ="Beam Axial Force v
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