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ABSTRACT

This thesis investigates, with the use of finite element method, the stress formation in a big-end
bolt during the power stroke in an IC piston engine. The method used is quasi-static analysis of
the lower part of the connection rod (big-end) assembly for different time intervals during the
stroke.

Two big end configurations is analyzed with the aim of finding regions in the bolt with stress
concentrating feature that could induce fatigue. The simulation is, performed with Abaqus FEA
software. The results is, compared with previous performed studies, industrial reports and hand

calculations.

Supported by literature, the results shows that the combination of reduced area due to thread
curvature, and forces through bolt from power stroke creates high stresses. The weakest part of

the bolt is the first thread, as this carries most of the load.

Future work will include improving the FE model and performing FE analysis on other
configurations. This could include investigating different bolt configurations and more complex

and realistic bolt geometry.
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1 INTRODUCTION

The world today has an increasing demand for energy [1]. To transform the energy from energy
resources to usable energy, machines are needed, e.g. thermal engines, wind turbines and
water turbines. Machines under operation are exposed to wear, tear and fatigue. It is important

to understand how these mechanisms works in order to improve the machines.

In internal combustion engines, the connection rod, piston and crankshaft are some of the
components, which have to withstand most movement hence fluctuating forces. The connection
rod is split in order to be assembled around the crankpin, and is held together by pre-tensioned
big-end bolts. The same arrangement is found in all crank mechanisms from engines to pump-
units. All the forces from the piston, either from a pumping or firing pressure goes through the
crankshaft and the big end bolts holding it together.

Due to the rotational movement and different running conditions, these bolts experience high
fluctuation in stress over time. There are examples of big-end bolts failing leading to total
engine failure. This may leave the engine impossible to repair. Replacing an engine or pump is

expensive both with regards to purchase and downtime.

1.1 Issue

This master thesis investigates how firing pressure and inertia forces effects the stress in the
big-end part of the connection and big-end bolts. Different configurations of the design might
have and impact on the big-end bolt’s fatigue life. The FE-simulation software Abaqus will be

used for simulating and analyzing the results.

1.2 Aims

The aim of this study is to analyze the stress in the big-end bolts during the stroke and use the

information for design change propositions, improving bolt fatigue life.

1.3 Objectives

This master thesis is divided into objectives or milestones for better mapping project progress.
1. Survey current literature on fatigue and IC reciprocating design.
2. Become familiar with Abaqus FEA software.
3. Contact various engine manufacturers, to collect data on design, test results, and fatigue

life.
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4. Create FEA models for simulating physical features such as, bolt pre-tension, contact
mechanics and bearing loads.

Verify that the simulating methods for the point above (4) are appropriate and accurate
Create a simplified model to simulate the big-end assembly.

Verify the simplified model

© N o »

Create a realistic model of big-end assembly and verify the results with and industrial
example
9. Suggest design changes for improved fatigue-life.

10. Delivery of the project 1 June 2017.

1.4 Motivation

Motivation for the master thesis is to highlight changes in the design of big-end assembly, which
improves the fatigue life of the big-end bolts. This is important for avoiding engine failure. Clever
design and methods for preventing fatigue in these bolts can improve service life and reduce

the lifetime cost of the application.

1.5 Hypothesis

In aerospace and automotive engineering typical joining methods for aluminum plates is by
usage of rivets. Aluminum is not easy to weld, which is one of the reasons that rivets are used
for joining. A typical design feature is to use many small rivets instead of a few large ones when

joining aluminum and composites [2].

The same can be seen in wood-constructed buildings where wood beams are fastened using
numerous of screws/studs rather than only one or two larger ones. Using smaller screws in
wood is better as the wooden fiber does not split as easy. To use large bolts would easily split
the wood, where pre-boring the material would have to be applied for prevention, this is time

consuming [3].

Engine designer and previously R&D discipline leader Lars Magne Nerheim, had experienced
that large big-end bolts failed due to fatigue. This was reported as surprising as the bolts had
very good material properties against fatigue, and designed with dimensions so large that
fatigue should not be an issue. The hypothesis on the failure is that the bolt was so large and
coarse that “it lived it's own life”. The use of coarse threaded bolts instead of fine threaded bolts

could have an impact, as there is less material in the coarse threaded ones.
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1.6 Structure of the thesis

The model consist of several mechanisms working together. As a new user to Abaqus, much
time will be invested in understanding how these mechanisms work and behave in combination.
The mechanisms or features, which needs to be controlled in order to build a complete model, is

as follows:

- Contact mechanism between bearing and cap/connection rod

- Contact mechanism between connection rod and cap

- Contact mechanism between bottom surface bolts and cap/connection rod
- Bolt pre tensioning

- Closing of gaps and clearances when load is applied between bearing and

cap/connection rod.

Learning and mastering the mechanisms or features in Abaqus is crucial for getting FE-results.

Objectives or activities

Activity

Number Activity Group Activity Name

1| Mechanisms

1.1 Contact simulation
1.2 Bolt Pre-tensioning simulation
13 Bearing Load simulation
1.4 Verify Contact results
1.5 Verify Bolt Pre-tensioning results
1.6 Verify Bearing Load results
2 | Simplified model (Global model)
2.1 Create 3D model
2.2 Create loads & constrains
2.3 Get completed simulations
2.4 Verify simplified model results
3 | Realistic model (Global model)
3.1 Create 3D model
3.2 Create loads & constrains
3.3 Get completed simulations
3.4 Verify realistic model results

4 | Fatigue Calculations

Table 1: Activity plan
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Mechanisms or features are required to be created in Abaqus and simulated. The simulation
result needs validation to conform that things are correctly specified. This can be performed by
doing hand calculations, to verifying the stresses/strains within a ballpark estimate. Comparing
the result with published work is also a good verification method.

After obtaining reasonable results on each of the mechanisms one by one, they must be
combined in a simplified model. The simplified model has very simplified geometry. The aim of
this model is to verify that all the mechanisms work together, as combining the mechanisms

may lead to failing simulations.

The simplified model requires verification. This can be done by comparing with hand
calculations and published work. After getting results from the simplified model within

reasonable values, the next step is to create a model with more realistic geometry.

The realistic geometry model is comparable with a model created in the industry. The aim of the
realistic model is to be a global model highlighting stress concentrating areas in the assembly.
The geometry and results have been validated by a company, and been used in a production
engine. The goal in this step is to try to replicate the results to be within the same range.
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2 BACKGROUND

This chapter explains the basics in an engine, crank & connection rod assembly, and some
fatigue theory and fracture mechanics. This is necessary background information for
understanding what is going on during the power stroke.

2.1 Reciprocating engines (General applications with big-end bolts)

Reciprocating engines, also known as piston engines, are widely used for power production.
The piston engine was first introduced as a steam engine in the 18" century [4] leading the way
for the industrial revolution. Today the piston engine is mainly used in two types of engine, Sl-

engine (Spark Ignition) and CI engine (Compression Ignition).

In general, the piston engine has many similar parts for SI and Cl engines. These similar parts
are the piston, cylinder, cylinder cover, valves, connection rod, crankshaft, camshaft, rollers,
bearings, bolt-connections. Auxiliary systems such as air-system, cooling system, oil-system,
exhaust system, and fuel system are also necessary for operation; here the difference between
a Cl and Sl engine is larger [5].

Pumps share many of the same parts as an engine, and can be compared with a reversed
engine. Meaning that a pump uses energy to create higher pressure. Especially piston pumps
such as axial and radial piston pumps has many of the same mechanisms as an engine,

including the connection rod parts [5].
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Figure 1: Marine diesel engine
Many of the parts are the same for a Cl and Sl engine, but they might vary in size and function depending on
arrangement. The figure is from marineinsight.com a platform focusing on providing information on various

aspects of the marine world.

The machine parts are exposed to many forms of wear mechanisms. The combustion room is
exposed to rapidly pressure and temperature increase. The connection rod and cylinder cover is
exposed to high pressure cycles. The crankshaft to pressure and torsional forces. Machine
parts are sliding and rolling on each other. Parts are exposed to high pressure and
temperatures, and need lubricants and cooling. Vibrational forces shakes the machinery. Proper

design and maintenance is crucial for reducing the probability of failure [5].



http://www.marineinsight.com/wp-content/uploads/2013/09/Generator-Technographic.png
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2.2 Connection rod assembly

This thesis focuses on the connection interface between the connection-rod and crankpin, the
big-end. The function of the connection rod assembly is to transform the reciprocating motion
from the piston, to circular movement in the crankshaft. A typical arrangement of these parts is
shown in Figure 2. The connection rod is split with the upper part “connection rod” and lower
part “big-end cap”, or just cap. The bearing shells are placed between the crankpin and
connection rod and cap. The assembly is locked together by cap bolts, or “big-end bolts”. The

whole assembly is under cyclic movement during operation.

+————— Pistonrings

Piston

Gudgeon pin
Small End

Connection rod
shank

Big end upper half

Big end bearing
shells

Big end lower half
(cap)

Big end bolts or cap
bolts

Crank bearing

Crankshaft

Counter weight

Figure 2: Typical connection rod assembly
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2.2.1 Connection Rod

The function of the connection rod is to transfer the forces from the piston to the crankshaft. The
upper part of the connection rod connected to the piston is the small end. The lower part, which
connects to the crankshaft, is big-end. There are examples of different configurations of the
connection rod and big-end interface to the crankshaft. Some are horizontal split, and other split

in an angle.

Connection rods split in a horizontal plane see Figure 3 is typical for smaller engines such as
cars, some commercial vehicles, motorcycles and smaller applications [6] . Note that large cross

head engines may also use horizontal split connection rods [5].

One of the reason to use horizontal splitting is that the manufacturing process is cheaper and
easier. An example of this is fracture splitting which is technique used for splitting powder forged
connection rods from high carbon steels [6]. This performed by creating a small groove
weakening the material creating a start point for fracture. The connection rod is then split by
impacting a wedge formed stub through the big-end hole. The fracture split follows the grain
structure and are unique for each connection rod [7]. This makes the cap end and connection
end to fit perfectly together without the use of machining. This process can reduce the
manufacturing cost by up to 30% [6]. For large crosshead engines, the con-rod and cap are
split horizontal for avoiding the increased stress through the big-end bolts, which is typical for
the angle split connection rod [8].

Figure 3: Motorcycle connection rod

Horizontal split using fracture splitting method, from a Yamaha engine. Picture found in paper [6]
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Other configuration is to split the connection rod in an angle. This is typical for heavier engines
such as high speed diesel engines for trucks, busses, ships and larger applications [8]. Wartsilla
R32 connection rod (see Figure 4) is an example of angled split configuration. The connection
rod is angle sliced for easy assembly and disassembly. [5] During maintenance and service of
such engines, the angled splitting of the connection rod enables it to be pulled out of the
cylinder liner directly. This enables the crankshaft bearing shells to be replaced without
disassembling the piston head. The angled split places the big-end bolts in a though position as
most of the forces will have to go through the bolt. Due to the bolt bore in the connection shank

the structural integrity is also weakened leading to more stress through the bolt [8].

Figure 4: Wartsila R32 connection rod

Split in an angle with serrations in the connection interface between cap and rod, picture found at

powerlinkmarine.com

2.2.2 Crankshaft and crankpin

The function of the crankshatft is to transfer the pressure buildup in the cylinder to oscillating
motion from the pistons to rotational motion in the shaft. The rotational energy in the crankshaft
rotates the flywheel and potential dampers, via couplings and gears until final application [5].
Due to the oscillating motion from the pistons, inertia from the mass and gas pressure a lot of

vibration is created, some of this can be balanced by placing counterweights on the crankshaft

[9].
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2.2.3 Big-end Bolt

The function of the big-end bolt is to clamp the connection rod and bearings to the crankpin.
When the crankshaft is rotating and pistons moving, fluctuating stresses is sent through the
connection. This makes the big-end bolts exposed to tough conditions as they might be
exposed to bending, compression, and tension through the stroke depending on configuration
[9]. Sufficient pre-tensioning of the bolts is important during operation. The pre-tensioning force
might be so high that the bolt is not re-usable after disassembly [8]. Big-end bolts are often
created in high-strength steel alloys for high fatigue strength. Typically the yield strength may be
between 800-1400MPa [8].

The geometry of the big-end bolts will vary from design to design, and application to application.
For horizontal split connection rods bolts with threads over the hole stud area is quite common.
For more heavy engines, the tread section might be only in the upper part of the stud, so called
tensile bolts. This enables the bolt to be pre-tensioned more and clamping the assembly tighter
together [8]. Figure 5 displays typical big-end bolt designs for different engine sizes, the picture

is from Mahle book [8]. Note that the thread section is wider than the bolt. This is due to a

|

Figure 5: Different types of big-end bolts.

manufacturing method rolling the threads [8]

Date: 01.06.2017
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2.2.4 Material for the selected parts

Depending on the application for the crank mechanism, the material will vary. For small stock
car engines, typically aluminum alloys or steel alloys are used. While heavy-duty industrial
engines uses, higher quality alloys [8]. Different casting and forging techniques enhance
material properties and strengthens the part. Examples of this may be hot or cold rolling, shot
peening, quenching and case hardening.

Cold Rolling is a technique used for creating compressible stress in the material, work
hardening it. A combination of cold working and recrystallization can be performed generating
special steel properties. Threads is a typical example; rolled threads are stronger than
machined threads both due to work hardening but more intact grain structure [10], as illustrated

in Figure 6 from [11].

!

X
=0

-~ Z
™

W

Figure 6: Cut thread vs rolled thread.

Shot Peening is a method used for creating residual compressive stress enhancing fatigue life
of parts. It uses small round pieces of metal, glass or ceramics and is shot at the part with high
enough impact to create small plastic deformations, changing the material properties. This
method is field proven for highly stressed parts such as Formula 1 engines, and critical parts

such as aero engines [12].

Case Hardening or surface hardening uses a gas rich atmosphere to create residual
compressive stresses due to diffusion of atoms. Typical method are carburization, nitriding,
cyaniding, flame and induction hardening. Case hardening creates a hard surface, but is softer

deeper in the material [13].
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2.3 Crank mechanism dynamics

The piston, connection rod and crankshaft are the main parts driving the engine. These parts
can be arranged in different configurations, from inline, V-shape with different angles or boxer
shape. The different configuration will have an impact on how crank drive is balanced,

fluctuation movement and vibrations [14].

Periodical forces cause shaking in an engine. This is reactions from the engines torque and
mass forces and mass moments. The torque reaction forces is periodically varying over the
revolution of the crank. The torque tries to turn the engine, and is especially noticeable in for
instance a car engine, elastically supported running on idle, as this might create resonance with
the engine support frame [9]

Mass forces and mass moments is the result of the oscillating rotational movement. During one
rotational cycle the forces changes direction and size, the resultant forces from these may
shake the engine, but can to some extent be balanced using counterweights [9]. The engine

speed (RPM) influence how large the oscillating forces is, as higher velocity means more inertia.

The gas forces from the ignition and pressure in the cylinder does not create much forces out
from the engine, as most of these forces is absorbed internally in the engine [9]. Figure 7 from

Lundby [9] illustrates the forces and components in a crank, connection rod, piston assembly.

Figure 7: Crank mechanism force diagram

Date: 01.06.2017
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Where:

Fg is gas force from pressure in cylinder

Fo is oscillating force due to inertia and mass movement of piston and connection rod

Fs is piston force which is the resulting force of gas force and oscillating force

Fn is a normal force a component from the piston force, in contact with cylinder lining

Fv is connection rod force a component from the piston force in direction of connection rod

Ft is tangential force giving torque to the crankshaft (component of connection rod force)

Fd is radial force (other component of connection rod force)

Fr is a rotating force from centrifugal forces from rotating masses

MAHLE [8] illustrates the acceleration of connection rod ends through the stroke in Figure 8,

with combustion chamber pressure. Note that the peak combustion pressure is displaced after

TDC and only inertia forces from masses is found at TDC.

Combustion chamber pressure

Acceleration
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Figure 8: Gas forces and inertia forces
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2.4 Threads

This thesis uses metric 1ISO threads from the DIN 13 [15] standard for calculations. It is
assumed that the big-end bolts have rolled threads as this is typical for big-end bolts [8]. This
means that the thread outer diameter is larger than the bolt rod (reduced body), as when during
rolling the material is squeezed outwards. For reduced body bolts using rolled threads the bolt
diameter is D2 or middle diameter, and the threads are rolled to diameter D1 and D3. For cut
threads bolt the bolt diameter is D3 and threads are cut to D1 [10]. For this thesis M52 bolt is
used, information on this is in the Table 2 from the DIN13 standard [15].

Metric ISO-thread DIN 13 - Nominal values

Nut . .
‘ Sizes in mm
? ; Xl
T ? f D,=d-2H,
3 60° <
T y | T j; . N : dy=Dy=d—0,64953 P
! 60 dy=d —1,22687 P
IIN ]
NERE Y it
© =
* ///// % ) 1 ’
hy=0,61343 P
ada P S S o H
roT oo R =-"-=0,14434P
Internal thread External thread 6
Nominal value of thread Pitch Flank- @ Root- @ Depth of thread Radius
d=D
Row Row Row P d, = D, d, D, h, H, =
1 2 3
M 42 4,5 39,077 | 36,479 | 37,129 | 2,760 | 2,436 0,650
M 45 | 45 42,077 | 39,479 40,129 2,760 2,436 0,650
M 48 | 5 | 44,752 41,866 42,587 | 3,067 | 2,706 | 0,722
M 52 - j_ 5 | 48,752 | 45,866 46,587 3,067 2,706 | 0,722
M 56 R J 55 | 52,428 49,252 | 50,046 3374 | 2,977 0,794

Table 2: Metric ISO-thread DIN 13

Typical stress distribution through threads is illustrated in Figure 9 from Prof. A Leyers work on
machine parts from ETH Zirich. It shows that for normal configurations the first thread holds
most of the load, approx. 30% for this 6-thread configuration. By using different nut or bolt

design, it is possible to make the stress distribution more evenly over the threads [16].

Date: 01.06.2017
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Figure 9: Thread stress distribution

2.5 Contact mechanics
Contact mechanics Is the study of solids which deforms when touching or in contact with other
solids. Heinrich Hertz did a lot of work on the subject in the 1880s; his work remains as a basis

for today’s calculation [17].

For this thesis, the contact area between two cylinders is investigate. This geometry is typical

for bearings.

The Hertz equation is collected from lecture notes based on Stachowiak and Batchelor [17].
Assumptions for calculations with Hertz equation is: frictionless contact, smooth surface, only

elastic deformation, small contact area and the parts are at rest.
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Figure 10: Geometry of contact surface.

Note that for a concave cylinder surface (bearing) the largest radius is negative

Reduced radius of curvature:

1 1 1 Equation 1: Reduced
R~ R_A 1Rp radius of curvature
Reduced Young’'s modulus
1 1M1=-v2 1-y2 Equation 2: Reduced
—_ A B
E 2 [ E, + Eg ] Young’s modulus

Contact area (b):

=

Equation 3: Contact

b 4WR"\2
= area
mTlE’
Average contact pressure:
w Equation 4: Average
Favg = bl contact pressure
Maximum contact pressure:
w Equation 5: Maximum
P = —
max- 4pl contact pressure

Where:
R4 = Radius of part A
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Rgp = Radius of part B

E, = Youngs module of part A
Eg = Youngs module of part B
V4 = Poissons ratio of part A
Vg = Poissons ratio of part B
W = Force applied

I = Contact length

2.6 Fatigue Theory

Repeatedly applied loads over time may cause fatigue in materials. Fatigue failure is the largest
source for failure in metals. Around 90% of metallic failures are from fatigue [18]. The failure
may occur very sudden and without warning often leading to catastrophic events. Unlike other
failure mechanisms, fatigue is hard to detect, as for high cycle fatigue there is little plastic

deformation before brittle like break.

Fatigue is categorized in two types of fatigue, high and low cycle [19]. For low cycle fatigue
(LCF), the material exposed to plastic stress, giving fewer cycles before failure, e.g. opening of
a sardine can. High cycle fatigue (HCF) has stress below the yield limit, typical for a connection
rod in an engine. Over time, the load cycles can lead to fatigue failure. High cycle fatigue is
represented in the S-N diagram or Wohler curve. Figure 11 from Ashby, Schercliff and Cebon

[19] shows the relationship between high and low cycle fatigue and number of cycles.
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Figure 11: Low and high cylce fatigue

2.6.1 Load cycles
There are different types of load cycles that may lead to fatigue failure as illustrated in Figure 12

from Meyers and Chawla [20].

Fully Reversed Loading

Tension -Tension with Applied Stress

Random or Spectrum Loading

Figure 12: Different load cycles




Finite Element Analysis of the fatigue

& strength of a big-end bolt
UNIVERSITY OF BERGEN

Student Initials:
Date:
Page:

JHL
01.06.2017
19 of 125

The upper figure (A) shows that the stress is fluctuating | positive and negative direction.

Meaning the material is exposed to fully reversed tension and compression. This is typical for an

application with bending moment that is rotating for instance a shaft in a hoist.

The middle figure (B) has a mean stress in addition to the fluctuating stress. The material can

be in tension or compression state, with fluctuating top/bottom stresses. Typical for a pre-

tensioned shaft or bolt, exposed to cyclic load.

The bottom figure (C) shows a material which has random loading. Applications subjected to

such loading can for instance be the suspension system in a car.

The fluctuating stress (o,) is made up of mean/steady stress (o,,) and alternating/variable stress

(02). The stress range is the difference in max and min stress level [19].

Or = Omax ~ Omin

Alternating/variable stress (o,) is half the stress range [20]

Omax ~ Omin

Equation 6: Stress range

Equation 7: Alternating stress

The mean stress (0, ) is the average of the maximum and minimum stress [19].

Omax * Omin

Om =
2
The stress ratio (R) is given by [19]:
R= Omin
Omax
Amplitude ratio (A) is given by [19]:
Oq 1-R

Equation 8: Mean stress

Equation 9: Stress ratio

Equation 10: Amplitude ratio
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2.6.2 High cycle fatigue (HCF)

Occurs when the stress subjected to the material is within the elastic area. Due to lower stress,
fatigue typically does not occur before after 10° cycles. Typical range for HCF is from 10° to 10°
and even up to 5x10° cycles for nonferrous metals [21]. HCF is plotted in S-N curve or Wohler
curve. Both figures (Figure 13 & Figure 14) are from Meyers and Chawla [20].
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Figure 13: LCF and HCF regions in S-N curve
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Figure 14: S-N curve for 1045 steel and 2014-T6 aluminum

The S-N curve (Figure 14) shows typical characteristics for steel and aluminum. On the x-axis

the number of cycles is shown in logarithmic scale. The y-axis shows the stress amplitude for
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the material. The 1045 steel has ha fatigue limit, which means that below this limit fatigue will

not occur.

For many steel alloys, there is a direct correlation in increased tensile strength giving increased
fatigue limit. Using high tensile strength steels is not necessary wise as these materials often

are brittle and very sensitive to surface and environmental conditions [8].

2.6.3 Endurance limit

The endurance limit or fatigue limit is often defined to number of cycles above 10° [22]. For 12.9
grade steels, the endurance limit is given in Figure 15 from Bickford [22]. Note that the heat
treatment of the bolts plays an important role in endurance limit strength. F, is the mean load on

the bolt, and Fy. is the yield bolt load at 0.2% elongation.
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Figure 15: Endurance limit 8.8 - 12.9 grade steels
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2.7 Cumulative damage

Real fatigue conditions are often different from laboratory testing. Meaning that the load cycles
may vary along the lifetime of the material [19]. The palmgren-Miner rule is used for calculating
this. It assumes that the fatigue follows a linear damage. This rule has limitations as the
probability of fatigue failure is scattered, and that low stress cycles followed by high stress

cycles does more damage than predicted [23].

Z i _ C Equation 11: Palmgren-Miner rule

ni = Number of cycles accumulated at stress Si

C = The fraction of life consumed by exposure to the cycles at the different stress levels

Ni = Number of cycles until failure at the stress Si

The Palmgren-Miner rule gives the relation as described in Figure 16, from Meyers and Chawla

[20].

Stress

AN N N R E

50 100 150 200 250 300 350 400

Cycles to Failure

Figure 16: Cumulative damage during high-to-low loading

In point A, 0 cycles has been performed, the total number of cycles until failure is 200 (point B),
this gives fatigue life of 0% consumed. After 50 cycles (Point E) the stress changes to lower ¢2.

Fatigue life of 25% is consumed at this point. When the cyclic stress starts with stress 62, the
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total number of cycles before failure has increased to 400, but due to 25% of consumed fatigue
life, this is equivalent to a 100 cycles.

Goodman Miners rule (Equation 12) is an empirical law relating the stress range (Ao, ) for
failure under mean stress (a,,) with the one for zero mean stress (Ag,, ) [19]. The zero mean

stress equivalent can be used in Basquin’s law for predicting number of cycles.

(1_0_,,1) = Aaoo Equation 12: Goodman

Where:

Aoy, = stressrange

Oyn = mean stress

AUJO = Zero mean stress

ors = tensile strength

Laboratory experiments shows relationship between stress range and high-cycle fatigue life,
this is approximated in Basquin’s law [19]:

AJN}’ -, Equation 13: Basquin’s law
Where:

Ao = stress range

Ny = number of cycles

b = constant, typically 0.07 and 0.13 [19]@

C; = constant
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2.8 Fracture Mechanics

Is the study of separations of solid bodies [20]. It investigates how cracks develops and what is

driving the crack growth.

2.8.1 Fatigue crack propagation

Fatigue cracks can start at free surfaces or internal in the material typical at metallurgical
imperfections creating areas with higher stress. External imperfection might be scratches from
bad handling, deviation from machining, surface roughness, or a weakening due to temperature

(welding)

As the material is under stress and cyclic loading the stress concentration in the weakened spot
increases. The crack grows with the each cycle and expands. The crack is often documented
[24] to grow normal to max principal stresses, meaning these stresses are important for this
thesis. When the crack has grown large enough, the remaining cross section area is not strong
enough to hold the load, resulting in final fracture. This is illustrated in Figure 17 found from
Meyers and Chawla [20].

NN N

Nucleation Crack Growth Final Failure

| ! |
Stage 1 Stage 2 Stage 3

Figure 17: Typical fatigue crack propagation
Fatigue failure typically occurs as illustrated in Figure 17. It typically propagates in three steps.
1. Crack initiation. When the crack length becomes long enough for the stress field at the

tip to become dominant, the crack changes direction and becomes perpendicular to the

principal stress, and the crack enters stage 2
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2.

In the second stage the crack proceeds to grow. This process produces the typical
pattern of fatigue striations and beach marks. One striation will represent one load cycle
and can be viewed in a microscope. The Beach mark is the viewable for the naked eye.
Each beach mark may contain thousands of striations. Beach marks are created when
the stress changes, for example during starting and stopping.

Finale fracture occurs when the fatigue crack becomes long enough that the remaining
cross section no longer can support the load. Final fracture often happens sudden and is
brittle like, even for the ductile materials.

/7 Striation

Initiation

Fatigue crack
propagation

Catastrophic
ruplBeach marks

o

Figure 18: Striation creation in crack Figure 19: Typical fatigue fracture

propagation

Striations

—

2um

Figure 20: Striations in a crack

Taken from an electron microscope
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Figure 17, Figure 18, Figure 19 and Figure 20 illustrates creation of striations and crack
propagation found in Meyers and Chawla [20].

2.8.2 Paris Law

Is an empirical formula made for prediction of crack growth rate. Paris discovered that for a
number of alloys the crack growth rate against stress intensity factor gave straight lines on a
log-log scale, see Figure 21 from Ashby and Lebon [19]. This implies that for the area with
straight line, Equation 14 is valid. This is the same area as the crack growth rate or section two,
described in Figure 17.

dc Equation 14: Paris Law
— = C(AK)™
oy~ C(K)
Where:
c
— = Crack growth rate
N g
AK = Change in stress intensity factor
C = material property
m = material property
AK = Koy — Kin = AdYvma Equation 15: Change in stress

Where:

Kmax = Stress intensity factor max
Kpnin = Stress intensity factor min
Ao = change in stress

a = Crack length

Y = Geometric factor

When stress intensity factor (K) is larger than fracture toughness factor (K;.) fracture occur, as
seen in region 3, Figure 21 [19]. The fracture toughness factor is a material property and is
found by laboratory experiments [19]. The stress intensity factor changes depending on crack

length, as seen in Equation 15. Giving that when the crack length increases the stress intensity
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increases [19]. This leads to increased crack growth rate according to Paris law. Below the
threshold limit (Ky,) the crack does not grow.

da, A
Log (m)
_ ) Region
Region - Region 3
1 ' : 2 K max > Kc
{Threshold) {Paris law) {Fracture)

>
Log ( A)K

AKry

Figure 21: Crack propagation
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2.9 Notch effect

Basis for calculations of stress concentration factor (SCF) is from eventure.com [25]. The stress
concentration factor (K, is given by stress at stress notch over nominal stress, described in
Equation 16.

_ Omax

=
|

Equation 16: Stress concentration factor
Uref

Where:
K, = Stress Concentrating Factor
Omax = Stress at Concentration point

orer = Nominal stress, outside of concentration area

The stress concentration factor is dependent on the geometry such as diameter and notch
radius showed in Figure 1. For a bolt in tension, Equation 17 is a valid approximation calculation
formula [26].

\% Equation 17: Approximate Stress
5(3)

concentration factor

Where:

a = table value
B = table value
r = filet radius

d = small diameter

Approximate formula
r a

K, ~ B(-) ,where:
(2)

D/d B a

K, 2.00 1.015 —0.300
1.50 1.000 0282
1.20 0.963 -0.255
1.05 1.005 ~0.171
1.01 0.984 ~0.105

1.0 L L
0 0.1 0.2 0.3

r/d
Figure 22: Stress Concentration factor approximation formula
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2.10 Introduction to Abaqus FEA software

Abaqus is a finite element system software widely used by engineers, both in research and
industry. Abaqus is owned by Dassault systemes and is part of their SIMULIA packet. The
software offers a complete simulation tool, and contains analysis tools for investigating linear
problems and static events and low speed dynamic events (Abaqus standard/Implicit) or high
dynamic events such as crash simulation, blast simulation (Abaqus Explicit). The software also
contains Multiphysics such as thermal, electrical, radiation, acoustics and computational fluid
dynamics (CFD) analysis [27].

For this thesis Abaqus/Standard is used, as static and quasi-static simulations has been
performed. Abaqus work processes is illustrated in Figure 23 from the Abaqus user guide [28].
In the pre-processing phase, the model is created using Abaqus/CAE which also contains CAD
tool set [28]. Abagqus/CAE enables the user to create parts, assemblies, materials, interactions,
loads and constraints which automatically generates an input file or job file. When the job or
input file is ready for simulation, Abaqus/standard takes over and uses advanced solver
algorithms to solve the input file. The output file after the performed simulation is called odb file.

This file can be post-prosessed in Abaqus/CAE [29].

Preprocessing
Abaqus/CAE or other software

P 1

l(/'- Input file ﬁ\\'
\._ Job.inp /

L
Simulation
Abaqus/Standard
or Abaqus/E xplicit

i

/—-"':— Output files:
( job.odb, job.dat, )
\_job.res, job.f£i1 /

Postprocessing
Abaqus/CAE or other software

Figure 23: Abaqus analysis stages

Date: 01.06.2017




. ) ) Student Initials: JHL
Finite Element Analysis of the fatigue

strength of a big-end bolt

UNIVERSITY OF BERGEN Page: 30 of 125

2.11 Further Literature

Different studies and literature has been reviewed and creates a basis for this thesis. Engine
manufactures has been contacted in the hope accessing information. The student has not
succeeded in gaining much relevant and new information by engine manufacturers. Due to
companies being concerned giving away competitive advantages. Because of this, the student
has retrieved information from similar design FEA studies performed at universities, and more
“general known” industrial methods or “old” technology from engine manufacturers. A few of the

studies this thesis is based upon is:

R.J. Grant & B C D Flipo: A parametric study of the elastic stress distribution in pin-
loaded lugs modelled in two and three dimensions and loaded in tension. [30]

Paper describing a FE study investigating effects of loading a lug with a pin. This is interesting
for this thesis as loading of lug with a pin, can to some extent be related with loading a bearing
to a big end hole (Bearing representing pin, and lug representing big end hole). The paper
shows considerable edge effects around the end of the lugs, leading to dimensioning of wider
bearing of bearing/crankpin compared to big-end hole. Furthermore, the paper shows maximum
circumferential stress depending on pin clearance is around 9o’clock & 3o’clock position, when

load is in 6 o’clock direction.

MAHLE GmbH, Cylinder Components, Ed1, Wiesbaden 2010 [8]

General information from manufacturer of combustion engine components. Contains information
on typical design measures for engine components such as the connection rod and big-end
bolt. Explains how the stresses during power stroke effects the design of the machine

component.

Connection rod FE analysis by AVL [31]

This document contains a FE analysis conducted by AVL for comparing a proposed design by
an engine manufacturer with AVL experience. The report shows concern regarding the fatigue
strength for the big-end bolt. Most of the stress during the power stroke is through the first
threads in the big-end bolt, leading to low safety factor against fatigue. This document serves as
a background for this thesis, as similar design and same load conditions is used. The document

also serves as a verification document for comparing this thesis result with “industry” standard.

Date: 01.06.2017
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Leif Lundby’s Forbrenningsmotorer (Combustion engines) chapter 8 Machine dynamics
[9]

Leif Lunby has written a Norwegian book called “frobrenningsmotorer” or combustion engines.
Chapter eight in this book explains thoroughly the forces acting in a crank assembly during the
stroke. For understanding the forces in the connection rod and from where they come from this
information is useful. The chapter explains with tables and figures the relation between design
geometry, velocity, masses, inertia and pressure how the stress components in the crank

assembly is derived. The book has previously been part of education of engineering students.

Abaqus user guide [28]
Abaqus CAE contains files for a complete user guide explaining every feature in abaqus
software. This has been an important tool used by the student for creating the models and

performing FEA simulations.

Technical tables and standards
Other literature has also been used for technical support, such as technical tables by Jarle
Johannesen [32]. This book gives much general information on everything related to

engineering from threads, friction and force calculations.

Wiley & Bosch’s automotive handbook [11] is a pocket book containing information on topics
related to automotive industry such as machine parts, materials, engine dynamics etc. This

book serves a purpose as a quick searchable encyclopedia.

Date: 01.06.2017
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3 METHODOLOGY

This chapter highlights how the this master’s thesis is performed. For doing FE analysis some
elements needs to be in place, such as a geometry or part, material properties, mesh,
constrains and loads. This will be explained in this chapter. For detailed step-by-step guide on
building the model, please see appendix 7.1.

The main things of interest in this thesis is the forces acting in the con-rod and the bolts through
the crank bearing. As these forces is fluctuating through the stroke creating stresses, bending
and fretting. For being able to do calculations on input forces is needed. They can be calculated
by knowing engine parameters and geometry. The parameters, which influence the stress in
the assembly, is the engine speed (RPM), weight of parts and combustion pressure. However,
for simplifying reasons this thesis uses bearing forces throughout the stroke, from an engine

manufacturer.

This thesis consist of three simulation cases. The first case is to confirm the features in abaqus
one by one, such as bolt pre-tension, contact forces and bearing force/distribution. In case two
all these features are combined in a simplified connection rod assembly, to confirm that the
features works in combination. The final case is to create a “realistic” connection rod based on

real geometry.

For verification of the model, a combination of hand calculations and comparing with industrial
simulations is used. The idea is that the simplified and realistic model should get results in the
same ballpark as the industry test.

Date: 01.06.2017
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3.1 Building the model

3.1.1 CAD model
The parts in the simulation is created in Abaqus/CAE software. The software has a built in CAD

tool which allows for creating 3Dmodels. Drawings of the parts is in Appendix D and E. The
model consist of 3D deformable extruded parts. They can be created in the part module of

Abagus as shown in Figure 24.

Module: |: Part v Model: ]: Model-1-With C
[
Ay B2 | [$ CreatePan X
/;;' L Name: Part-3
V/ iﬁ' Modeling Space
@ - | ’,__') 20 Planar O Axisymmetric
__;_IJ _["_, Type Options
3 (®) Deformable
¥ | |[Sodomne]
() Discrete rigid
Y 5 None available
W, &=, O Analytical rigid
.“{. Lﬁ., O Eulerian
< "4 .‘ Base Feature
g 3 Shape Type
O 5= @) Solid Extrusion |
428 | TS
[ K = Swiee,
&, & Owire |>"%P
@ & O Point

Approximate size: | 2004
= X Fillo

m nart: Bi.
Figure 24: Create part option box

The options on the picture is used for the connection-rod, cap and bearing. The bolts is also 3D
deformable solid shape, but use revolution-type for sketching. A sketch is created for the

section, correct measurements is chosen and the part is extruded or revolved to correct size.

For the holes in the model, e.g. bearing hole, a datum axis is created. In the middle of the hole a
reference point is placed, showed in Figure 25. This is for joining the bearing and lug together in

the assembly.
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Figure 25: Creation of reference point and datum axis

The assembly consists of five parts; connection rod, two bolts, bearing, and big-end cap. These

parts are joined in the connection rod assembly. By sketching the parts with reference to the

same coordinate system, the assembly process can be performed more effectively. This method

saves time, as the parts do not have to be constrained with reference to each other.

The bolts needs to be constrained in the correct place in the assembly model. Coaxial

constraint and Face to Face constraint functions are used for this. Coincident point

constraint is used to align the bearing in the big end, as both parts has reference point at the

same place. The assembling of the simplified model is illustrated in Figure 26.

5

A

Figure 26: Simplified connection rod before (left) and after (right) assembling
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3.1.3 Mesh

The simulations performed in this thesis uses C3D20R elements. This element type uses
second order quadratic interpolation elements in three dimensions with reduced integration [33].
C3D20R elements gave more stable simulation results, lowering chances of failure compared to
the Abaqus default element type C3D8 [33]. Both element types are illustrated in Figure 27

C3D20 element type was also tried for simulation but tests used too large calculation time.
C3D20 elements has 27 integration points compared to 8 for C3D20R, resulting in approx. 3.5
times longer calculation time [33]. For contact simulations, however, the mesh density can be
increased with reduced integration, leading to better contact results at the same computing

capacity compared to fully integrated elements [34].

Hourglassing can be a problem for first-order, reduced-integration elements [33]. However
second order reduced-integration elements does not experience the same difficulties and is

recommended in cases where the result is expected to be smooth [33].

< > St

Figure 27: Linear C3D8 Element (left), Quadratic C3D20 Element (right)

Image from Abaqus Analysis User's Guide [33]

3.1.3.1 Bias meshing

Is a technique used for enhancing the mesh quality. It is done by defining local seeds for the
mesh control meaning the mesh density can be controlled towards a specific area. This is a
good tool for creating high-density mesh around geometry, which needs a high level of detalil
without increasing the mesh density for the whole model. This spares the number of elements
needed for producing valid results, resulting in a more optimized model using less CPU power
[28].

Date: 01.06.2017
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3.1.4 Partitioning

Is a method to cut the model making it suitable for meshing. When using quadratic brick

elements the 3D model needs to be four sided enabling a good mesh. This is performed by

cutting or partitioning the model, creating sections that is four sided. These sections are called

cells in Abaqus. The partitioning should be symmetrical if possible. For advanced geometries, it

is difficult to partition the model and use quadratic brick elements. For these cases, tetrahedron

elements can be used. Note that tetrahedron elements are stiffer due to the triangular shape,

meaning the mesh density must be increased getting more accurate results [33].

Figure 28 shows how the simplified model is partitioned symmetrically. It has four sided cells

making it easy for creating quadratic elements. Note that the holes for the bolts creates

additional needs for partitioning.

Figure 28: Partitioned simplified model assembly




UNIVERSITY OF BERGEN Page:

. ) ) Student Initials: JHL
Finite Element Analysis of the fatigue

strength of a big-end bolt

3.1.5 Material Properties

For simplification, the material properties in the simulation is limited. Meaning that for the
connection rod parts and bolts, general steel stiffness is used. This includes only elastic
behavior with young modulus on 210E3 [MPa] and poisons ratio on 0.3. Plasticity behavior is
neglected, because it is assumed that the size of the design and forces acting on it creates
stress within the range of elastic deformation.

For the bearing, elastic behavior is chosen with stiffness 3 times higher compared to the
connection rod. This is because that the crank pin gets low deformation or ovalization compared
to the big-end hole during operation. Methods using rigid bearing was performed, but with weak
results as the simulations performed unstable and with many failed attempts. The bearing has
specified thermal expansion coefficient with a = [L1E-6 K] and anisotropic properties enabling
the bearing to expand closing interface gaps, before load is applied, as a method for stabilizing

the simulation.

Date: 01.06.2017
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. Young-modulus Poisson | Thermal
Material Name . .
[MPa] ratio expansion
Material-Steel 2.10x 10° 0.3|No
Material-Stiff 6.30 x 10° 0.3|Yes (11x 10°K™)

Selected material for parts

Bolts

Material-Steel

Connection rod upper

Material-Steel

Cap

Material-Steel

Bearing

Material-Stiff

Table 3: Material properties for parts

3.1.6 Interaction
The interaction module in Abaqus allows the user to specify interactions in the model. This
includes specifying contact mechanics, couplings, thermal interaction and constraints between

regions [28].

3.1.6.1 Contact mechanics, master and slave surfaces
The parts in the assembly interacts with each other. Contact behavior between surfaces needs
to be specified. Master and slave surfaces is a method Abaqus uses for specifying surfaces in

contact. For simulations with two surfaces with deformable bodies, Abaqus user guide says that
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the master surface should be choses of the stiffest body, or the coarsest mesh, if they have the
same stiffness [28].

In simulations with rigid bodies, master surface must be chosen on the rigid surface, as this
surface penetrates the slave body [28].

For creating contact surfaces Abaqus has a built in function called Find Contact Pairs, which
automatically detects surfaces in contact or within a specified clearance [33] . An algorithm
automatically detects which surface should be the master or slave. This can be manually
changed. This function saves the user a lot of time, not having to manually specify all the
contact areas, reducing the risk of human error. Figure 29 shows the results from the “find

contact pairs” function, where the purple surfaces are slave, and red are master surfaces.

Figure 29: Contact pairs

All surfaces is steel against steel, machined surfaces, which would give static friction number of
approx. 0.15 and kinetic friction number between 0.1 to 0.03 (dry to lubed) [32]. For the bolt
interfaces, a friction factor of 0.18 is chosen with reference to the friction used in industrial
simulation [31]. As the bolt pre tensioning feature only works when frictional behavior is turned
on [33].

Date: 01.06.2017
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For the interface between the cap and connection rod rough interaction properties is used. This

makes the parts unable to slip while in contact [28]. This is a simplification for simulating

serrations.

For the interface between the bearing and big end hole frictionless behavior is turned on.

3.1.6.2 MPC-Coupling

Is a function that is used in this thesis for distributing a concentrated force over an area [28].

This is handy when attaching the bearing load, as the bearing load is defined as a force vector

in the AVL report [31]. As the bearing is round, the force vector has to push over a round

surface. By defining a reference point, which connects to the intended surface, the MPC-

coupling is able to spread the load from the vector in the reference point, over the surface. This

is done by using MPC-coupling pin as seen in Figure 30.

Reference
point

Figure 30: MPC-Coupling pin

3.1.6.3 Springs

Springs are used to hold the bearing in place during simulation. Due to the clearance between

the bearing and the connection rod, the bearing needs to be connected with some

sort of

coupling for not creating errors in the simulation. This is done by placing a few springs with very

small spring stiffness (approx. 0.01 Nm) so small that they can be neglected. This technique

helps the simulation run more smoothly without errors.
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Clearance

Figure 31: Using springs for stabilizing the model

3.1.7 Steps
When Abagus perfomes simulation, steps has to be created in order to perform tasks in specific
order [33]. The simulation for the models in this thesis is performed in four steps. These steps

and function of them is shown in Table 4.

Step )
Name Function
number

0 initial Initial step. Interactions is defined, such as contact
nitia
mechanics, surfaces, friction and temperature.

Bolt pre tensioning must be performed in the first step
[28], this is defined by Abaqus.
Temperature increases. This effects only the bearing

1 Pre-tension

as this is the only part with material properties with
2 Expand defined coefficient of thermal expansion. Enables the
bearing to grow, closing the gap between bearing and

connection rod.

While the bearing is heated and in expanded state, the
3 Apply Load bearing force is applied with specified direction and

magnitude.

Temperature decreases to initial temperature, opening

the gap between the bearing and connection rod.
4 Unexpand )
Thermal stresses will be removed and only stresses

from pre-tensioning and applied load will be present.

Table 4: Step and function
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3.1.8 Loads and constrains

The connection rod is fixed or “welded” at the top (Abaqus calls this encastre). This is a
simplification because in real life, the connection rod is pin connected between the crank and
the piston. A more correct method could be to use dynamic explicit method, simulating the
movement and forces throughout the power stroke. This is very consuming on CPU and the
results collected from such a method would give more information on the stress in the
connection rod arm. This thesis investigates the big-end part, which therefore legitimates the
simplification fixing it at the top.

Furthermore, the bearing is constrained so that it is freely to move in two directions and rotate in
three directions, but fixed in one direction. Meaning that it will not be able to fall out through the
big-end hole. It will not rotate, and is limited to very little movement in the other directions as it
will meet the inside of the big-end hole, and be hold in place by these walls. In real engines, the

bearing shells is locked in place in the big-end by wedges [5].

The assembly is mainly exposed to two loads; bolt pre-tensioning forces and bearing forces.
The bolt pre tension force is varying with the bolt material. A typical rule of thumb when pre-
tensioning bolts is to pre-tension them up to 70% or 90% of yield strength for reusable or

permanent connections respectively [2].

The bearing forces for the simplified connection rod and realistic connection rod is according to
AVL report [31].

Date: 01.06.2017
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direction

Bolt Pre-
Tension

Figure 32: Loads and constrains

3.2 Verification method

A FEA-simulation of a connection rod by an engine manufacturer is the basis of the verification
of this thesis, in conjunction with hand calculations and academic papers (Grant et al.). Due to
intellectual property rights, details on the connection rod will not be published. If the results are

within reasonable limits this will verify the robustness off the models.

To manage to build simulation model with many mechanisms working together, it is important to
have tested each part mechanisms, to verify the functionality. It is easier to do one thing at a

time, than trying to do everything simultaneously.

3.3 Preliminary FEA-models (exercise models)

The preliminary models are created with very simple geometry. The idea here is to verify that
the different mechanisms works e.g. contact mechanisms between instances/parts, pre-
tensioning of bolts, correct clearances etc. The student uses these models also for training and

“getting known” to the FEA tool Abaqus.
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The main models that has been used is shown in Table 5, with further explanation of the models

Name Function

1 | Bolt Pre tensioning in sleeve Bolt pre-tension feature in assembly

_ _ _ Bolt pre-tension feature in assembly with
2 | Bolt pre-tensioned in split sleeve
more parts

3 | Threaded (tied) pre-tensioned bolt in hole | Bolt in threaded hole, pre-tensioned

o o Simulate the bearing load through a rigid
4 | Rigid shell bearing in deformable body _ _
bearing to the connection rod

Stiff deformable bearing in deformable | Simulate the bearing load through a stiff
body bearing to the connection rod (Workaround)

Table 5: Preliminary FEA-models

3.3.1 Bolt Pre-tensioning in sleeve

This exercise is to practice bolt pre-tension in sleeve. This includes creating parts, creating
material properties, creating assembly, assigning contact behavior and specifying loads and
constrains. Results from the exercise is showed in Figure 33 and Figure 34. Note that the FEA
results (Figure 34) only purpose is to confirm that the simulation completed.

S, Mises

(Avg: 75%)
+1.094e+02
+1.006e+02

+3.908e+01
+3.028e+01

+3.892e+00

»
ODB: Job-1.0db  Abaqus/Standard 6.14-1 Tue Feb 07 13:

Y
Z
X '\’ Step: step-bolt .
Increment 1: Step Time = 1,000

Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +4.197e+03

Figure 33: bolt and sleeve Figure 34: FEA pre-tensioned bolt results
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3.3.2 Bolt pre-tensioned in split sleeve

This exercise is the same as above but with a split sleeve. This is to confirm that the pre-tension
of the bolts would hold an assembly together, as it would have to do for holding the connection
rod and cap together. Again, the FE is only to confirm that the simulation completed.

S, Mises

(Avg: 75%)
+1.113e+02
+1.024e+02
+3.341e+01
+8.445e+01
+7.550e+01
+6.65de+01
+5.758e+01

+3.842e+00

ODB: Job-1.0db  Abaqus/Standard 6.14-1

| Step: step-bolt
z X Increment  1:Step Time = 1,000
Primary Var: . Micec

Figure 36: FEA pre-tensioned bolt results two sleeves
Figure 35: bolt and two sleeves
Upper sleeve removed for illustration

3.3.3 Threaded (bonded) pre-tensioned bolt in hole

Figure 37 sows a box with a hole, and a bolt. The exercise is to simulate fastening of a bolt with
threads in a hole. A simplification is that the surfaces between the hole and bolt (thread area) is
tied together. Meaning the mesh here is “welded” together, which allows for no slippage

between the nodes [28].

S, Mises
(Awg: 75%)
+1.104e+02
+1.012e+02
+0.197e+01
+G.276e+01
+7.358e+01
+6.43%e+01
+5.519e+01
+4.600e+01
+3.660e+01
+2.761e+01
+1.841e+01
+9.216e+00
+2.113e-02
Y ODB: Job-1.0db  Abagus/Standard &.14-1  Tue Feb 28 12:
I Step: Bonding .
Increment 17: Step Time = 1.000
z X Primary Yar: S, Mings
Figure 37: Bolt with threads in hole. Figure 38: Thread in hole results.
Note that cells has been removed for better Von-mises stresses after performed pre-tensioning,

visualization with cut-section view.
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3.3.4 Discrete Rigid Bearing in deformable body

This method is based on creating a discrete rigid part, meaning it will not deform when exposed
to forces [34]. The bearing is simulating the crank which in real life does not deform much
compared to the connection rod big-end during the stroke [31].Using a discrete rigid bearing is a
simplification, which reduces the calculation time [33].

After testing multiple simulations with this method, it was decided to not use the method, as the
simulation was unstable resulting in many failed attempts. One of the test setup is illustrated in
Figure 39. As a work around a high stiffness, deformable body method is used.

Connection rod

Rigid Bearing

Figure 39: Rigid Bearing
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3.3.5 High Stiffness bearing in deformable body

This method uses a deformable bearing instead of rigid. By having very high stiffness of the
bearing material compared to the connection rod, the deformation in the bearing is so small that
it can be neglected. Drawback of this method is that an extra part has to be meshed, resulting in
higher calculation time. Figure 40 shows the assembly with deformable bearing.

Conneclion rod

Stiff deformable bearing

Connectionrod cap

Figure 40: Stiff deformable bearing
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3.4 Setup Simplified Model

Simplified model is built with symmetrical geometry enabling is easy to partitioning and

meshing. The dimensions are choosed by the student and are not representing any real

geometry. The overall size however is within the same ballpark as the reference industrial
connection rod [31] with a big-end hole of @270mm.

Input parameters simplified model

Material properties

According to Table 3: Material properties for parts

Bolt pre-tension

1.5 [MN]

Bearing Force

1362.308 [kN]

Bearing Force Direction

1.44 deg

"Rough” surface
(serrations)

Table 6: Input parameters simplified model

;2 B : Encastred
|| []]% ETH

Upper
| Connection rod

|__—| Stiff deformable

Bearing

%

MPC pin
coupling

Frictionless
interface

\ Cap

Pre-tensioned
Big end bolis

Figure 41: Simplified model setup
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3.5 Setup Realistic Model

The purpose of the realistic model is to work as a global model highlighting bending, tension,

shear stresses and notch effects during the power stroke. Detailed geometry for the realistic

model is in Appendix D and E. Material properties for the parts is similar as for simplified model,

see Table 11: Basis of calculations. Realistic model has big-end bolts with threads, fastened in

the upper connection rod using technique described in chapter 3.3.3. The connection rod is

encastred (welded) at top and force is acting through MPS-pin coupling on the bearing. The

load cases for simulating the power stroke is described in Table 8 similar to AVL report [31]. The

setup of the model is according to Figure 42 and Figure 43.

Input parameters realistic model

Material properties

According to Table 3: Material properties for parts

Bolt pre-tension

1.529 x 10° [N]

Bearing Force

According to Table 8: Load cases for power stroke

Table 7: Input parameters realistic model

Time: 360 deg | 290 deg | 180 deg | 55deg 0 deg 10deg | 75deg | 180 deg | 290 deg | 330 deg | 360 deg
) BTDC BTDC BTDC BTDC TDC TDC TDC TDC TDC TDC TDC
O [deg] | -180 94.85 0 -73.78 0 1.44 26.85 0 -92.65 | -162.75 -180
F[N] | 384259 | 155907 | 343704 | 150276 | 1234854 | 1362308 | 345428 | 374346 | 155516 | 321957 | 384258

Table 8: Load cases for power stroke

Note that BTDC means number of crank degrees Before Top Dead Center. TDC indicates

number of crank degrees after Top Dead Center.
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Encastred

Upper
Connection rod

"Rough” surface
(serrations)

Bolt 1

Pre-tensioned
Y | Bigend bolis

b x

Stiff deformable
Bearing

MPC pin
coupling

Frictionless
interface

Bolt 2 Cap

Figure 42: Realistic model setup

Figure 43: Load directions




Finite Element Analysis of the fatigue

strength of a big-end bolt

UNIVERSITY OF BERGEN

Student Initials:
Date:
Page:

JHL
01.06.2017
50 of 125

4 RESULTS

4.1 Activity 1: Mechanisms Results

4.1.1 Contact Simulation Results

The contact simulation results is from FE simulation in abaqus and is illustrated in Figure 44.

CPRESS

+1.81zZe+02

+1.661e+02

+1.510e+02
+1.359e+02

+1.208e+02

+1.057e+02
+9.062e+01 i
+7.552e+01
+6.041e+01 -
+4.531e+01
+3.021e+01 B
+1.510e+01
+0.000&e+00

T QODB: verification-6oClock-1600kM.0db Abaqus/Standard 6.14-1

X l Step: Unexpand

Increment 6 Step Time = 1.000
Primary War; CPRESS
Ceformed War: 1 Deformation Scale Factor: +1

Figure 44: Contact pressure from Abaqus

000e+00

This shows maximum contact pressure of approx. 180MPa. Average contact pressure is

assumed to be around 120 MPa based on the colors in the middle of the lug.

4.1.1.1 Verification Contact Simulation Results

Results from hand calculations using Hertz equations in chapter 2.5

Input
Length [mm] 100
Radius A [mm] 99
Radius B [mm] -100
Force [N] 1.60 x 10°
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Young Modulus A [MPa] 2.10x 10°
Young Modulus B [MPa] 6.30 x 10°
Calculations:

E' [Mpa] 3.46 x 10°
R' 9900
b contact area [mm] 34.14
Pavg [MPa] 117.2
Pmax [MPa] 149.2

Table 9: Results Hertz equations

To summarize the results from Figure 44 the max contact pressure force is approx. 180 MPa

while the max hand calculated is 150 MPa. This gives a deviation of 20 %.

The average contact pressure from Figure 44 is difficult to read, but is assumed to be around

120 MPa from looking at the picture. Hand calculated average pressure is 117.2 MPa. This

gives a deviation of 2.4%

4.1.2 Bolt-Pre Tension Results

Typical rule of thumb according to eFunda [26] and Johannesen [2] when applying bolt pre-

tension, is to use 75 % and 90 % of the yield strength of the material for respectively reusable

and permanent bolt. Bolt material grade 12.9 is choosed, giving the following results.

Bolt Pre-Tension Calculation data

Material Steel | Units
Material Grade 12.9

Tensile strength 1220 | MPa
Yield strength: 1098.0 | MPa
Nominal diameter 52 | mm
Pitch 5{mm
Bolt pitch diameter: 48.8 | mm
Bolt area: 1866.7 | mm?2

Tension force Reusable:

1.537 x 10° | kN

Tension force permanent:

1.844 x 10° | kN

K correction factor:

0.3

Torque reusable:

22.482 x 10° | kKNmm

Torque permanent:

26.979 x 10° | kNmm

Pre-tension Stress Reusable:

824 | Mpa

Pre-tension Stress Permanent:

988 | MPa

Table 10: Bolt Pre-Tension Calculation data
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The simulation results on the pre tensioning feature in Abaqus has given the following results as
shown in Figure 45. This is based on pre-load on 1500kN.

5, Mises 5, 522
{Awg: 75%) (Awvg: 759%0

+8.6608+02 +8.525e+02 7
+7.953e+02 +7.598e+02

+7.246e402 +6.671e+02

+6,.530e402 +5.743e+02

+5.832e402 +4.816e+02

+5.124e402 +3.6809e+02

+4.417e+02 +2.9627e+02

+3.710e+02 +2.035e+02

+3.003e+02 +1.108e+02

+2.296e+02 +1.813e+01

+1.58%e4+02 -7 457e+01

+8.817e4+01 -1.673e+02

+1.746e+01 -Z.6008+02

Figure 45: Mises stress, S22 stress and path
Through pre tensioned bolt, from left to right respectively
The stress along the path defined in Figure 45 is illustrated in Figure 46.
748, 1 I Ll I I I I 1

i

n

£

o

L 1 1 | L 1 L L " 1 L 1 1 | L
o. 1ad. 20. 30 40, 50. 60, 0. &0,

True distance along path

‘ — 5, 522 (Avg: 75%): True Dist. along 'Bolt’

Figure 46: S22 stress along path through bolt

4.1.2.1 Verification Bolt-Pre Tension Results
The average stress from Figure 46 is approx. 743MPa. From hand calculation, the axial stress

should be 823 MPa for the pre-tensioning force selected. This gives a deviation of 9.7%.




UNIVERSITY OF BERGEN

Finite Element Analysis of the fatigue

strength of a big-end bolt

Student Initials:
Date:
Page:

JHL
01.06.2017
53 of 125

4.1.3 Bearing Load Simulation

The following results is collected from a FEM-simulation. The goal of this simulation is to have

some results, which can be compared to hand calculations, verifying that the setup of the model

iS correct.

The basic of the calculation is a lug with a clearance fit bearing. The bearing is pressed

downwards in negative Y-direction (6 o’clock), details listed in Table 11.

Material Properties

Young-modulus Thermal

Part [MPa] Poisson ratio expansion
Material-Steel Lug 2.10E+05 0.3|No
Material-Stiff Bearing 6.30E+05 0.3 | Yes (0.01)

Forces

Load Force: 1600 kN
Direction: 180 deg
Boundary Encastred at top

Table 11: Basis of calculations

Figure 47 shows the setup of the model. This simulation contains contact mechanics between

bearing and lug, not investigated in this section. The load force is illustrated with the letter F.
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Figure 47: Bearing and lug, with boundary constraints

For this simulation the principal stresses around the middle of the lug hole, and tension forces in

the lug sides has been investigated. The setup for the results has been done by using paths

(Figure 48).

Figure 48: Path through lug wall (left) and around lug (right)
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Results from lug wall
Figure 49 shows the probed values from the nodes found in the path through the lug wall. Note
that the direction of probing is from the inner hole to the outside, meaning that the highest stress

is closes to the lug-hole.

S22 Stress (Y-direction) [MPa]

500

400

300

200

S22 Stress [MPa]

100

-100
Distance along path [mm]

Figure 49: Probed S22 stress along path

s, 522

(Avg: 759%)
+4.973e+02
+4 . 449e+02
+3.924e402
+3.400e4+02
+2.875e+02
+2.5351e402
+1.826e4+02
+1.301e+02
+7.768e+01
+2.522e+01
-2.7253e4+01
-7.96%e+01
-1.321e+02

Figure 50: S22 stress of lug part
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Results from lug hole
Mainly principal stresses are investigated as these can be compared with a paper from Grant et
al. where a similar study was performed on lugs. The Principal stress are as follows:

2, Max, Principal S, Mid. Principal S, Min. Principal
(Avg: 75%) (Ava: 75%) (Avag: 75%)
+5.1598+02 +1.2942+02
¥4604402 +1103e+02 H1.s3detl
+d1226e402 +3.117e+01 +3.362e+01
+3.762e+02 +7.204e+01 15750401
+3.2962402 +5.297e+01 tl.z75et
+2.8308+02 +3.3798+01 -8.107e+00
+2.36de+02 +1.d66e+01 -2.897e+01
+1.898e+02 -4 4692400 -4,9533e+01
+1.432e+02 -2.360e+01 -7.06%e+01 ~
+3,6668+01 -4.272e+01 -9,155e+01 I
+5.007e+01 -6.185e+01 -1.124e+02 N
23-_;807%0010 -3.098e+01 -1.333e+02 T
30e+ -1.001e+02 -1.541e+02 ek
-1.750e+02 iy
i
TN
ot L]

",
2T

:
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Figure 28: FE-analysis results, max-principal (left), mid-principal (middle), min-principal (right)

By combining the results along the path in the lug hole, the following graph shows the principal

stresses occurs.

Principal Stresses
600

500
400
300

200

Stress [MPa]

100

SET
S7¢
04¢
STE
05¢

-100

-200
Position [Deg]

=M ax-Principal Mid-Principal —===Min-Principal

Figure 51: Principal stresses around lughole for clearance fit bearing




Student Initials: JHL

Finite Element Analysis of the fatigue
Date: 01.06.2017

L strength of a big-end bolt
UNIVERSITY OF BERGEN Page: 57 of 125

4.1.3.1 Verify Bearing Load Simulation
Verifying the bearing load is done by comparing the results from the FE-analysis with hand
calculations and papers.

The hand calculation is simplified using formula for axial loading.

Equation 18: Axial Loading

Where:
o = Axial Stress
F = Force

A = Area

The geometry of the lug hole is simplified, and only the area which is left in the middle of the lug
is taken into consideration, as this would give highest axial stress. The calculation gave the

following results:

Hand calculations axial-stress y-direction
Force 1.60x10° | N
Direction 6 o’clock
Width 50 | mm
Depth 100 | mm
Area 5000 | mm?
Total Area 10000 | mm®
Mean Stress (Y-direction) 160 | MPa

Table 12: Results hand calculations axial stress

Results from the lug hole gave the graph as shown in Figure 49. By integrating the graph finding

area under the curve the mean stress is found. For integration the slice sample method or
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rectangle method is used using the midpoint approximation between each x-position point and

the curve to find the area under curve

Probed Values from Abaqus
X-position S22 [MPa] Area (Slice sampled)
0.0 461.1 2091.7
5.0 375.5 1704.1
10.0 306.1 1385.3
15.0 248.0 1112.4
20.0 197.0 761.3
24.3 158.3 599.1
28.6 121.3 443.0
32.9 85.5 289.8
37.1 49.8 135.3
41.4 13.4 -24.5
45.7 -24.8 -194.0
50.0 -65.7 -328.6
Sum [N/mm] 7974.9
Mean Stress [MPa] 159.5

Table 13: Probed values lug hole wall S22 (Y-direction)

The hand calculations gave a result of 160MPa for the mean stress. Average from integrated

probed values gave 159.5 MPa. This is a deviation of 0.0625%.

Circumferential stress verification

Grant et al. [30] study on pin loaded lug shows that for a clearance fit pin under load the

circumferential stress around the lughole is highest around position 75deg from bottom

(60’clock position) where the load is applied. This is illustrated in from the study [30].
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Figure 52: Grant et al. circumferential stress around clearance fit lughole

The position of highest circumferential stress on Figure 51 is in the same area as for the Grant

et al. study.
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4.2 Activity 2: Simplified Model Results

Simplified model results shows that all mechanisms works together without failing. Highest max
principal stresses is in the bolts, with a pre tension stress of around 850 MPa according to
Figure 54.

Mises stresses

3, Mises S, Mises
(Avg: 75%) (Avg: 75%)
+8.645e+02 +8.640e+02
+7.925e+02 +7.921e+02
+7.205e+02 +7.201e+02
+6.485e+02 +6.482e+02
+5.765e+02 +5.762e+02
+5.045e+02 +5.043e+02
+4.326e+02 +4.323e+02
+3.606e+02 +3.604e+02
+2.886e+02 +2.884e+02 ;
+2.166e+02 +2.165e+02 - 540e+002
+1.446e+02 +1.445e+02
+7.259e+01 +7.256e+01
+5.966e-01 +6.,116e-01
Max: +8.645e+02 8002 Max: +8.6408+02
Elermn: BOLT-2.479 Elem: BOLT-2,791
Node: 191 Node: 251

Principal stresses

Figure 53: Simplified model mises stresses

S, Max. Principal S, Max. Principal {(Abs)

(Avg: 75%) (Avg: 75%)
+8.658e+02 +8.658e+02
+7.724e+02 +7.109e+02
+6.769%9e+02 +5.561e+02
+5.855e+02 +4.012e+02
+4.920e+02 +2.464e+02
+3.986e+02 +9.150e+01
+3.051e+02 -6.336e+01
+2.117e+02 -2.1826'1-02
+1.182e+02 | [HEEEY =0 o -3.731e+02
+2.478e+01 ?
2 -5.279%e+02
6.867e+01
= -6.828e+02

1.621e+02

-2 5566+02 -8.377e+02

Max: +8.658e+02 faconitlc
t U Max: +8.658e+02

Elem: BOLT-1.296 | i
Node: 132 Elem: BOLT-1.296
Node: 132

Max: +8.648e+002 6/
Max: +8.858e+002




UNIVERSITY OF

BERGEN

Finite Element Analysis of the fatigue
strength of a big-end bolt

Student Initials:

Date:
Page:

JHL
01.06.2017
61 of 125

S, Mid. Principal
(Avg: 75%)
+1.256e+02
+6.361e+01
+1.633e+00
-6.034e+01
-1.223e+02
-1.843e+02
-2463e+02
-3.083e+02
-3.702e+02
-4,322e+02
-4.,942e+02
-5.562e+02
-6.181e+02

Max: +1.256e+02
Elem: BOLT-2.799
Node: 37

Figure 54: Simplified model, Principal stresses (4 figures)

Bearing Load Distribution

S, Min. Principal
(Avg: 75%)
+8.856e+01
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-4.520e+02
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§2533145 e
-9.024e+02
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Max: +8.856e+01
Elemn: BOLT-1.143
Node: 371

The bearing load pressure is distributed evenly in to the connection rod as seen in Figure 55.

The stress is in the range of approx. 0 to 110 MPa.

CPRESS
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+1.977e+02
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+1.617e+02
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+3.594e+01
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+0.000e+00

Max: +2.157e+02

Node: 92
Min: +0.000e+00

Node: 793

Elern: CONROD-UPPER-1.93

Elern: CONROD-UPPER-1.49
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-
L

:
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| —4——1

Bearing Load
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Figure 55: Bearing load pressure distribution

4.2.1 Verification Simplified Model Results

|~
)

Maximum principal stress result shows stress around 850 MPa for the bolt. Hand calculations

on pre-tensioned bolt strength according to Table 10 gives 820 MPa, which is within the same

ballpark estimate.

The bearing load stress from Figure 55 of approx. 110 MPa is within the same range as for

Figure 44 at an average of approx. 120 MPa.
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4.3 Mesh Sensitivity Analysis Realistic Model

For knowing how many C3D20R elements is needed to produce valid results, a mesh sensitivity
study is performed. The aim of the study is to find a mesh size which produce correct results
but without using to many elements as this increase calculation time. The study uses maximum
mises stress and is set up with approx. average elements size from 50mm to 2.5 mm. The
results show that the curve is converging around 2100MPa for elements smaller than 5mm.
This gives a mesh consisting of 21289 elements for one bolt. Due to the high number of
elements and observation that the highest stresses in start of thread section, bias meshing is
used for saving computer power and keeping result quality of the area.

Max Mises Stress [MPa]

2200
2000
1800
1600

Max Mises
1400

Mises Stress [MPa]

1200

1000
50 25 16 10 5 2.5

Approx. element size [mm]

Figure 56: Max mises stress and element size
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4.4 Activity 3: Realistic Model Results

Realistic model consist of 11 simulations from different snapshots during the power stroke. The
realistic model is representing a global model. The 11 simulations is performed for finding the
change in stress, which can be used for fatigue analysis. For finding the most vulnerable areas
in the global geometry, the simulation after 10deg TDC is used as basis as this contains the

highest forces.

S, Mises
S, M
(Avgl:sefs%) (Avg: 75%)
+2.02564+03 +2.025e+03
+1.856e+03
+1.856e+03 116876103
+1.687e+03 ~519° 03
;j:asets BRI
Tiise103 +1.181e+03
+1.012e+03 +1.012e+03
+8.437e+02 +8.437e+02
+6,750e+02 +6.750e+02
+5.062e+02 +5.062e+02
+3.375e+02 +3.375e+02
+1.688e+02 +1.688e+02
+5.265e-02 +5.322e-02
Max: +2.025e+03
Elemn: BOLT1-1.251
Node: 136
Min: +5.322e-02
Elem: Connection Rod upper-1.4416 in: +5.322e-002
Node: 85
Max: +2.025e+003
Figure 57: Realistic model, mises stress
S, Max. Principal S, Min. Principal
(Avg: 75%) (Avg: 75%)
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+1.170e+02
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Elem: BOLT2-1,3182 Min: -1,386e+03
Node: 502 Elem: BOLT2-1.1781
Node: 27

Max: +2.620e+003
B0Se+002

Figure 58: Realistic model, Max and min principal stress

Both max mises stress and principal stress is highest in bolt 2, as seen in Figure 57 and Figure
58. By inspecting these bolts further (see figure Figure 59 and Figure 60), it is clear that the
highest principal stress is in the area where the thread starts. The stress around the thread
edge is in the range from 2000 — 2600MPa. This is way above the yield limit for any steels
meaning plastic deformation occurs. It is also way above the ultimate tensile strength for steels.

The max principal stress in the bolt rod (green area) is around 820MPa.

Date: 01.06.2017
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S, Max. Principal

(Avg: 75%)
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Figure 59: Max Principal stress bolt 1

Figure 60: Max Principal stress bolt 2

4.4.1 Circumferential bolt stress analysis

Circumferential path around the high stressed thread section is defined for comparing the stress

distribution for the 11 simulations at the top of the threads. This is illustrated in Figure 61. The

results from the simulations is showed in Figure 62 and Figure 64.
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Max: +2.523e+003

Figure 61: Circumferential path around first thread

44.1.1 Bolt1Results:

Max Principal stress around first thread bolt 1
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Figure 62: Max Principal stress around first thread bolt 1
Figure 62 shows the maximum principal stress around the thread section for bolt 1.
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The highest change in stress is between “290 deg BTDC” simulation and “0 deg TDC” with
change in max principal stress of 338.8 MPa. This is at point “348 deg” on the circumference
around the thread.

Max Principal stress around first thread for highest and lowest
simulation case with pre-tension step for references. bolt 1

N
D
o
o

2500

2400

Max Principal Stress [MPa]

N N N
= N w
o o o
o o o

2000

0 22 45 67 89 110 132 154 176 199 222 245 269 281 303 326 348

Circumferential position [deg]

@290 deg BTDC  e====( deg TDC Pre Tensioned Step Stress

Figure 63: Max Principal stress high, low and pre tension, bolt 1

Figure 63 shows max principal stress for the circumference around the thread for bolt 1 in
compare with pre-tension stress on the bolt. Note that the pre-tension stress is located between

the highest and lowest simulation cases.
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Max Principal Stress [MPa]
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4.41.2 Bolt2results:

Figure 64 shows the maximum principal stress around the thread section for bolt 2. The highest
change in stress is between “55 deg BTDC” simulation and “0 deg TDC” with change in max
principal stress of 174.6 MPa. This is at point “231 deg” on the circumference around the
thread.

Max Principal stress around first thread bolt 2

0 24 90 112 132 152 175 197 220 242 264 287 309 332
Circumferential position [deg]

=360 deg BTDC === 290 deg BTDC 180 deg BTDC === 55deg BTDC ====0 deg TDC 10 deg TDC
@75 deg TDC emmm=180 deg TDC e====290 deg TDC e=m===33(0 deg TDC e====360 deg TDC

Figure 64: Max Principal stress around thread section bolt 2

Figure 65 shows max principal stress for the circumference around the thread for bolt 2 in
compare with pre-tension stress on the bolt. Again the pre-tension stress is located between the

highest and lowest stress simulation cases.

345
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Max Principal stress around first thread for highest and lowest
simulation case with pre-tension step for references. bolt 2
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Figure 65: Max Principal stress high, low and pre tension, bolt 2
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4.4.2 Longitudinal bolt stress analysis

This analysis is performed in the longitudinal direction along different paths of the threads for
both bolts.

4.4.2.1 Bolt 1results over notch path:

Figure 66, Figure 67 and Table 14 shows the max principal stress analysis over the notch for
bolt 1. The path is running through the highest stressed point around the thread section for case
“290deg BTDC”. The results shows notch effect giving high max principal stresses up to approx.
2498 MPa. Lowest principal stress in this point during the “0 deg TDC” case gives 2153 MPa.

This gives a cyclic difference of 344 MPa through the stroke. Note that the results at position 12

gives low stresses compared to surrounding.

Figure 66: Path for longitudinal stress analysis bolt 1

Longitudinal stress bolt 1
Pre Delta
Position 290 deg Tensioned 0deg TDC | Principal
BTDC

[mm] [MPal] Step Stress [MPa] Stress

[MPa] [MPa]
0.0 859 850 842 17
3.9 966 958 938 28
7.2 1332 1312 1256 76
10.0 2 498 2 309 2153 344
11.6 165 -35 7 158
14.1 1176 1120 988 188
16.9 429 409 362 67
19.9 412 328 346 65
23.2 348 309 303 45

Table 14: Longitudinal stress bolt 1
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Max Principal stress along longitudinal path bolt 1
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Figure 67: Max Principal stress along longitudinal path bolt 1
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4.4.2.2 Bolt 1results along thread:

The following analysis shows the stress along the thread section for bolt 1, see Figure 68,
Figure 69 and Figure 70. The figures illustrates the load case with the highest local stress
“290deg BTDC". These results shows high stress along the first 3, 4 mm along the path with
peak stress at the 2 mm position. The stress rate decreases smoothly after 5 and 6 mm position
until the end of the thread section.

S, Mises

(Ava: 75%)
+2.08%e+03
+1.915e+03
+1.741e+03
+1.567e+03
+1.393e+03
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Elern: BOLT2-1,1730
Face: 4

Figure 68: Path and mises stress along thread section bolt 1
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Figure 69: Path and max Principal stress along thread section bolt 1
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Stress along thread bolt 1 at case "290 deg BTDC"

Position [mm)]

=@=\lises stress [Mpa] ==@=\lax Principal stress [Mpa]

Figure 70: Stress along threads bolts 1
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4.4.2.3 Bolt 2 results over notch path:

Table 15, Figure 71 and
Figure 72 shows the max principal stress analysis over the notch for bolt 2. The path is running
through the highest stressed point around the thread section for case “55 deg BTDC”. The
results shows notch effect giving high max principal stresses up to 2592 MPa at position
10.0mm. Lowest principal stress in this point during the “0 deg TDC” case gives 2491 MPa. This
gives a cyclic difference of 100 MPa through the stroke. Note that the results at position 11.6

gives low stresses compared to surrounding stresses.

Figure 71: Longitudinal path bolt 2

Longitudinal max principal stress bolt 2
Pre

Position 55deg | Tensioned| 0deg Pr?:t:it;al

[mm] BTDC Step TDC Stress

[MPa] Stress [MPa] [MPa]

[MPa]

0.0 821 837 830 -8
3.3 896 913 900 -5
6.7 1053 1071 1049 5
10.0 2592 2580 2491 100
11.6 149 35 121 28
14.1 1114 1098 1063 51
17.0 377 369 373 3
20.5 300 294 309 -9
24.5 472 466 468 4
29.2 263 259 272 -9
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Table 15 Longitudinal max principal stress bolt 2
Max Principal stress along longitudinal path bolt 2
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Figure 72: Max Principal stress along longitudinal path bolt 2
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4.4.2.4 Bolt 2 results along thread:

The following analysis shows the stress along the thread section for bolt 2, see Figure 73,
Figure 74 and Figure 75. The figures illustrates the load case with the highest local stress “55
deg BTDC”. These results shows stress peak at position 2 mm at 1080 MPa for max principal
stress and 1200 MPa for mises stress. The stress decrease smoothly throughout the threads
with a sudden increase at position 13 mm.

3, Mises

(Avg: 75%)
+2.011e+03
+1.844e+03
+1.676e+03
+1.509e+03
+1.341e+03
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Min: +2.110e-01
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Face: 3

Figure 73: Path and mises stress along thread section bolt 2
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Figure 74: Path and max principal stress along thread section bolt 2
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Stress along thread bolt 2 at case "55 deg BTDC"
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Figure 75: Stress along threads bolts 2
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4.5 Activity 6: Verify Realistic Model Results

Pre-tension of bolts gives stress in the rod part of the bolts around 810-830 MPa depending
on load case and bolt 1 and 2. Compared with simplified model results in Figure 54 giving max
principal stress in the bolt rod of approx. 820 MPa, and Table 10 giving 824 MPa, this is within
the same range.

Notch effect is observed in the first thread for both bolts. This gives max principal stresses up
to 2500 MPa for bolt 1, and 2600 MPa for bolt 2. Simple hand calculations using the method
from chapter 2.9 and geometry data for M52 bolt gives following results:

Notch effect results

d [mm] 48.8

d [mm] 52.0

Input

o ref [MPa] 820

r [mm] (Assumed) 0.1

D/d 1.0656

r/d 0.0020
. Interpolated B 1.0006

Calculations

Interpolated a -0.1794

Kt 3.0379

o Max [MPa] 2491

Table 16: Notch effect results for assumed r-value

Hand calculations in Table 16 gives stress in the area of 2500 MPa. This is within the same
ballpark figure as the simulation results. Note that this result is with small assumed filet radius of

0.1 mm. This is used as the model bolt geometry does not have any filet radius.

However for an M52 bolt, the round fillet in the bottom of the thread is R=0.722mm according to
DIN13. This gives results as showed in Table 17

Notch effect results (r=0.72)
d [mm] 48.8
D [mm] 52.0
Input o ref [MPa] 820
r [mm]
0.72
Calculations D/d 1.0656

Date: 01.06.2017
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r/d 0.0148
Interpolated B 1.0006
Interpolated a -0.1794
Kt 2.1309
o Max [MPa] 1747

Table 17: M52 notch results (r=0.72)

Stress distribution along threads gives for the realistic model high stress at the first thread,

as seen in Figure 70 and Figure 75. It looks that the first thread takes up most of the forces.

Figure 9 by Leyers [16] shows a more evenly distributed load.

4.6 Fatigue calculations

The starting of cracking is most likely to start at the point with highest maximum principal stress

[26]. This thesis shows highest change in max principal stress (338.8 MPa) at point 348 deg

around the first thread in bolt 1. The results of stress analysis is illustrated in Table 18

Stress analysis
Max stress [MPa] Omax | 2498
Min stress [MPa] Omin | 2153
Stress range [Mpal] o, 345
Alternating stress [Mpa] Oa 173
Mean stress [Mpa] Om | 2326
Stress ratio R 0.86
Amplitude ratio A 0.07

Table 18: Stress analysis

Calculation on the endurance limit given at alternating stress for 12.9 grade steel using method

described in chapter 2.6.3 gives the following results as described in Table 19.

Endurance Limit Calculations Results

Mean load F,,, [MPa]

820

Yield strength [MPa]

1098

RTAHT

0.75

Endurance Limit 6, [MPa]

44

Table 19: Endurance limit results

Note that the results from bolt 1 is above the endurance limit, meaning it will fail before 108

Cycles.
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Predicting the fatigue life using Goodman Miner rule and Basquin law predicts fatigue failure for

uncracked components. For this thesis results is not possible because the mean stress is higher

than the tensile strength, giving error. However, if the mean stress is assumed to be 820 MPa

as it is for the rod area, still holding stress range of 345 MPa, calculations can be performed, by

assuming other properties as well. The calculations uses data from Table 19 for zero value

(R=0) predictions. Table 20 shows the results with stress range at 345 MPa, resulting in half a

cycle before fatigue failure. This is low cycle fatigue, or simply over stressing the component to

failure. The Basquin law is not valid for low cycle fatigue.

Fatigue lifetime calculations
Mean stress [MPa] Om 820
Stress range [MPa] o, 345
Tensile strength [MPa] Ots 1220
Zero Mean Stress equivalent [MPa] Aoy, 1052.25
Number of cycles at zero N¢; 108
Stress range at zero [MPa] O 88
Constant (typically 0.07 and 0.13) b (Assumed) 0.13
Number of cycles [\ P 0.51
Engine speed (Typical generator set 50hz) RPM 750
Power strokes pr. min (4T) RPM 375
Minutes until break min 0.00136
Hours until break hours 2.2x10°

Table 20: Fatigue lifetime calculations

Table 21 shows a comparison with assumed stress range of 28 MPa, for references only. This

is for highlighting how strong influence the stress range has on fatigue lifetime, as the stress

range influence the zero mean stress equivalent.

Fatigue lifetime calculations
Mean stress [MPa] Om 820
Stress range [MPa] o, 28
Tensile strength [MPa] Ots 1220
Zero Mean Stress equivalent [MPa] Ad,, 85.4
Number of cycles at zero N¢ 10®
Stress range at zero [MPa] (o) 88
Constant (typically 0.07 and 0.13) b (Assumed) 0.13
Number of cycles Ns, 125947856
Engine speed (Typical generator set 50hz) RPM 750
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Power strokes pr. min (4T) RPM 375
Minutes until break min 335860
Hours until break hours 5597
Years until break (Day/night power production) years 0.638

Table 21: Comparison fatigue life at lower stress range

Typical engine parameters for a medium speed engine are combined in the calculation, for

references only. This is to illustrate how the fatigue life would be in number of hours operational

time, as number of cycles is not that easy to relate.
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5 DISCUSSION

An important part in research is to discuss the validation of the results. Everything from the
method for conducting the experiment, to how the data is interpreted may influence the result.
The discussion should highlight weaknesses and strengths that may explain why the result is
what it is. This, together with data from the results, will form the basis for the conclusion and

improvements for future work.

5.1 Discussion on Methodology

In Abaqus there are many features which can be used for creating simulation models. Different
methods can give similar results. However, different methods has strengths and weaknesses. It
is not always straightforward to know which method is most suitable. For instance on contact
mechanics when choosing discretization method, “nodal to surface” or “surface to surface”, both
methods will solve, but surface to surface creates a more “averaged” result, which often is more

correct [33].

3D model models used in this thesis has only representing geometry. Meaning it has
weaknesses as the geometry is simplified. For instance on creating the “realistic model” which is
based on a real connection rod, very few measures were available. Leading to the student
having to interpret and guess most of the measures, of course this leads to errors, as the

models are not identical.

Liberties are taken to reduce calculation time. This includes ignoring chamfers and round
effects, which would lead to difficult partitioning, meshing and increased calculation time.
Correct partitioning and good seeding of the mesh is important for good results; this could be

improved and further optimized.

Meshing of the model might lead to deviations, as mesh refinement should be performed,
especially over the notch area. Mesh sensitivity analysis has been conducted with the aim to
find optimized meshing density.

Mesh Element type for this thesis is C3D20R elements having reduced integration, which is
approx. 3.5 times faster compared to C3D20 elements. Due to limited computer power it was
most reasonable to use reduced integration. Even with reduced integration, the computer used

approx. 10-12 hours for each job limiting the progress of the thesis.

Date: 01.06.2017
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Simplifications has been used much throughout this thesis. One example is static analysis
instead of dynamic analysis. The reason for this is mainly to lower the calculation cost. The
forces and inertias, which the con-rod assembly is exposed to during load cycles, has been
taken into account in the static analysis. However, the static analysis only simulates some

cases, which might not show the peak or worst case loads scenarios.

The material properties for this model is defined for linear elastic behavior only. The results

shows stress, which would exceed the yield and tensile limit even for high strength steels.

Interface between cap and connection rod is simplified by specifying rough behavior, which
does not allow slippage. This was to done to avoid having to model serrations, which would be

time consuming and not necessary important for the global results.

The interaction and contact mechanics could be improved as the friction factor was choosed to
be 0.1 even though it could vary depending on the tribology.

The thread section is very simplified using tied nodes instead of modeling threads. This
creates a stress distribution, which is not as realistic compared to other methods. In combination

with no filet radiuses this leads to stress concentration areas with high SCF values.

Much time of the thesis has been spent pursuing methods and options, which did not give any
result or ended in failed simulation attempts. Some of the reason for this is that the student did
not have sufficient experience in the simulation software, and spent more time learning the tool
than assumed. One important part of this thesis is the step-by-step guide in appendix A, which
shows how the model was created, button to button. This document could prove valuable for

future work.
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5.2 Discussion on Results

Very high stress in areas, plastic deformation is most likely caused by simplified geometry,
without any smooth changes in dimensions such as filets. This leads to a high stress
concentration factor as the fillet radius is going towards zero. A local model of the first thread
with refined mesh would give a more correct simulation of the stress concentration in the start of
the thread.

The design of the realistic model might have the starting point ford the threads at an unfortunate
place. This may lead to the stress from the bearing going straight through the notch area.
Changing the start point of the threads could alter the results. Finding the optimum placing point
for the first thread in the global model has not been analyzed. This could be investigated in

future work.

Pre-tension force for the bolt can be discussed if is set correctly. The results shows that during
the pre-tension step, the notch effect creates stress above tensile strength. However, there is
documentation [22] which suggest higher pre-load force is good against fatigue as the stress
range through the bolt might decrease. Again the amount needs to be optimized as
overtightening clearly can lead to fracture. Optimization of the pre-tension force with regards to
the notch effect is essential for obtaining good fatigue life. Future work should include adjusting

the pre-tension force in a locally model with redefined mesh.

Change in stress around circumference path indicates that the bolts are subjected to
bending. Bending is generally not optimal in bolts, as bolting material often has anisotropic
properties with best strength properties in tension direction [2].

Longitudinal stress along threads is not distributed as evenly as compared to Figure 9 by
Leyers [16]. In the global model the first thread, takes most of the load, giving high stress at this
area. Further work could include investigating other approaches for fastening the threads to
connection rod, using other features in Abaqus. Other bolt geometry like boring the lower thread
part is also an interesting simulation case as this is a method used for distributing the load more

evenly [8].

Unable to predict fatigue life due to stresses above tensile strength. Again, the next step

would be to create a local model of the first thread applying the displacement from the global

Date: 01.06.2017
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model. This should be performed with a refined mesh, and updated geometry giving better SCF
conditions at the notch. For the refined model there should also be possible to simulate the

crack growth rate given by the paris law.

The fatigue calculations has clearly flaws regarding high level of assumptions on parameters.
This in combination with results from the global model, with stresses above the tensile strength

makes the need of further work on fatigue lifetime calculations necessary.
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6 CONCLUSIONS

This thesis has confirmed that it is possible to create a global model, simulating the forces

acting in the big-end section of a connection rod, during a power stroke.

In this simulation, it is showed that contact mechanics between parts is possible to simulate with

reasonable results.

The realistic model shows that during loading of the big-end assembly, some areas especially in
the bolts are exposed too much higher stress compared to other areas. These areas with high
max principal stresses are more exposed to cracking and fatigue failure.

Analysis of the bolts shows that the most stressed areas is close to the first threads as this
takes up most of the load in combination with notch effects. Circumferential analysis shows that

the bolts are subjected to bending moment throughout the power stroke.

6.1 Future work

For enhancing the results on the topic, further work should be conducted, as this thesis only

scratched the surface with regard to fatigue calculations.

A local model of the first thread section with enhanced redefined mesh should be created. This
can use the displacements from the realistic model as input to the stress calculation. This would
allow simulating more realistic notch effects, which could give better fatigue life predictions
using empirical formulas. Furthermore, the simulation of crack growth from a point could be

performed with the use of Paris law.

A better method for simulating correct stress distribution in the thread would also come in
handy. When this is performed a comparison between coarse threaded vs. fine threaded bolts
could be done. Other configurations, such as create boring in the thread end of the bolt could

also be analyzed.

Date: 01.06.2017
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7 APPENDIX

7.1 APPENDIX A. STEP BY STEP HOW TO BUILD THE MODEL

Create part (Part module)

Create the connection rod with the following settings. The bearing is the same. But for the bolts,

revolution is a better technique.

alla e I AL B R
e ~ADAOUE AL D15 VIEWPROTLT
= File Meodel

Viewport View Part

O LSEmEt LE
M A2zt A 1 2 3 4 A %8 Partdefaults
Module:’:'l:'art—v Model:lm P‘art:|

Model  Results

@ Maodel Database et
= #F Models (1)

T
IE Materials
ﬁ} Calibrations
ﬂ} Sections
@' Profiles

ﬁ Assembly

ol Steps (1)
B= Field Qutput Requests
% History Output Requests
Iﬁ Time Paints
Bm ALE Adaptive Mesh Censtraints
E Interacticns
E Interaction Properties
gli Contact Contrals
;]-(ﬂ' Contact Initializations
a\’{rﬂ Contact Stabilizations
"Q:l Constraints
@ Connector Sections

F Fields
r“u Amplitudes

nLt .

Feature Tools

Plug-ins  Help K7

All

2g 3

% =
™, %
rps

K| Fill |

L

A new model datsbase has been created.

The model "Hodel-1°

haz been created.

-y \-FE3JLE

Modeling Space
() 2D Planar () Axisymmetric

Type Options

(O Discrete rigid
() Analytical rigid
() Eulerian

Mone available

Base Feature

Shﬁpe T}"FIE

@] [EZE—

() Shell | Revolution ’
[s

l::”‘#"-’ire Weep

i) Point

| Bpproximate size: | 2000

Cancel

APPENDIX A 1: Part
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Sketch the parts as desired. Technical drawings is in appendix. Make sure to save the parts as

the works goes on, to your desired working directory.

Create materials (Property module)

Material specification for the connection rod:

Profile |

Medule: {

&= Edit Materia *
Mame: | Material-Conrod

— - Define a E |
Description: name 2 |

Material Behaviors

=

TLE
(W
B,
£ B
Gl=

\ Mechanical properties ->

Elastic
General Thermal  Electrical/Magnetic  Other td
Elastic
Type: |lsotropic i ¥ Suboptions

[] Use temperature-dependent data

Mumber of field vanables: 0=

Moduli time scale (for viscoelasticity): | Long-term

] Mo compression

[

] Mo tension
Data
Young's Poisson’s
Modulus Ratio
1] 2083 o3

Typical Steel values

oK

Cancel

APPENDIX A 2 Material
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Create material section

Module: E Property M Model: |2 Model-1  ~  Part: I;I(:onrod [
e
jE, o Create Section b

El. | Name:ISection-conrod |_

& Category _Tyge -
o

() Shell | Generalized plane stram |
1@' () Beam Eulerian
) Compaosite
@ Fluid
B (O Other
J
< Ganel

o &y
w
+ A

i Y
& n

APPENDIX A 3: Section

In edit section choose material-conrod.
Assign the section or the parts, which should have the specified material properties.
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Module: Model: |: Model-1 El Part: ||§| Conrod El

e
&
ZLUE
B,
B
&
D
2
i Ly
2

+ 128
Eﬁ
R s

M [y

Y

e

z o

- Select the regions to be assigned a section ( [#] Create set: | Set-2

| 1 ||Dune| |

APPENDIX A 4: set section

Material Specification for the bearing:

The bearing is 3 times more stiff compared to the connection rod. Rigid elements was more

unstable when processing, so workaround using stiff deformable material made the program

solve more smoothly.
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w Edit Materia X

Marne: | Material-Bearing

Description: » .

Material Behaviors

General Mechanical Thermal Electrical/Magnetic  Other &
Elastic
Type: | lsctropic g ¥ Suboptions

[] Use ternperature-dependent data

Mumber of field vaniables: 0=

Meduli time scale (for viscoelasticity): | Long-term d

[] Mo compression

[] Me tension
Data
Young's Poisson's
Modulus Ratio
1 £30E3 0.3

Ok Cancel

APPENDIX A 5: Bearing Material

The bearing also need to specify expansion because later when applying load, the clearance
gap between the bearing and the conrod needs to be closed. After trying many methods the
most stable proved to be expanding the bearing so that it closes the gap, apply the load, and
then remove the expansion. The expansion is anisotropic and only expanding in radial direction.
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= Edit Material *
Mame: Material-Bearing
Description: )
Material Behaviors
Elastic
Mechanical -> Expansion
General ermal Electrical/Magnetic  Other
Expansion
Choose Anisotropic [
[] Use user subroutine UEXPAN
Reference temperature: D -
[] Use temperature-dependent data |TY[JICEI| Steel Values [
MNumber of field variables: /—
Data il
alphaii alpha22 alpha33 alphal2 alphal3 alpha23
1 1.1E-005 0 0 0
aF Edit Material
7

MName: Material-Bearing

Description:

Material Behaviors

Elastic

Mechanical -= Expansion

General Thermal  Electrical/Magnetic  Other

Expansion

Type: Choose Anisotropic

[] Use user subroutine UEXPAN

Referencetemperature:D |T o Steel vl
ypical >leel Values

[ Use temperature-dependent data
MNumber of field variables: /-
Data |
alphail alpha22 alpha33 alphal2 alphal3 alpha23
1 1.1E-005 0 0 0 0

APPENDIX A 6: bearing material expansion
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Assign section bearing (anisotropic material)

The section can be defined similar as for the connection rod. So follow the same steps for

assigning the material properties to the bearing.

NOTE: Since the bearing has anisotropic material, direction of the material has to be assigned.

First a datum cylindrical coordinate system has to be created for references.

FLUTIELWY U RFADALIU D SIMDITIED MICTED 1 IIMEPHTIED MIDOE! |.CAE [ VIEWDOI. 1]

Composite  Assign  Special  Feature

| Tools TF'Iug-ins Help K?

LE‘ All

ﬂzix'l 2 3 4 '&.@E Attachment l-ﬂ @@Gﬂ(—“nﬁn

Beference Point...

Property ~ Model: |2 Model-1

EN

Set rE
[ 3

Surface

Partition...
Datum...

Analytical Field  »

Discrete Field [

Display Group  »

# Create Datum

o B o oW [==

=

Type
() Point () Axis () Plane

Method

b Wiew Cut [

Customize...
Opticns...

I [== [== [===

Offset from C5Y5S

2 lines

W

4= Create Datum CSV5 X

Mame: | Daturn csys-1

Coordinate System Type

() Rectangular
(®) Cylindrical

() Spherical

Fill out the Create Datum C5Y5 dialog

| Continue... || Cancel |

APPENDIX A 7: Datum
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When Abaqus asks for points choose the defaults, and it will align with the assembly coordinate

system.

For creating material orientation follow the instructions in the picture below. Depending on your

cylindrical datum coordinate system orientation the rotational direction might be changed.

Module: E Property EI Model: |- Model-1 EI Part: ||§| Bearing EI
%, o

7e

o Edit Material Orientation X

E‘TE' Region: (Picked) [3

b | —

& Orientation
-"2n1 Definition: | Coordinate system E| &

(] |csvs: Datun csy=-1 3 L l\
&
A Additional Retation Direction

@ O txis1 O Axis 2 @ Axis 3

D Additional Rotation

3’_‘1 HI-. (® None

==

4 Oangle|

+

1_;} Stacking Direction

() Elernent isoparametric direction 1
he= _ . .
), b‘ (O Element isoparametric direction 2

mm & (® Element isoparametric direction 3 (bottom to top)

= Fillintl () Mormal direction of material erientation (Continuum Shell only)
3.05321e+0

3 05321040

APPENDIX A 8: Material Orientation
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Create Partitions
Before assembling the parts it is handy to partition the part first. This is because if you firs

assemble the parts and then patrtition it, the names of the parts or surfaces might change and

delete the sets and references creating problems for the model.
Go to mesh module and object: parts. Each part will have to be partitioned.

Module: EMesh E Model: |2 Model-1 E Object: () Assembl @Part:EConrod-Lower E[

P [l
e i
pa @
e

Py,
i L

=

12

LA

F
E B

LS

+
:‘:‘ = :‘\'

)

Ly B

b |1

Orange color
means the par
contains geometry
which is not suitable
for square meshing

APPENDIX A 9: Partition 1

The geometry needs to be partitioned so that it exists of four-sided parts. Meaning that circles

and half circles needs to be split.




e o . . Student Initials: JHL
£ Finite Element Analysis of the fatigue
o ] Date: 01.06.2017
s strength of a big-end bolt
UNIVERSITY OF BERGEN Page: 95 of 125

Module: E Mesh El Model: |: Model-1 El Object: () Assembly @ Part:

o L
e B

The lug hole needs an extra sketch for

§ 7] ﬂ specifiyng good mesh size This is
fes H sketched and will be sweept partitioned,
splitting the model.
&, Ly
&
e b
o s e 55 {5
& Ltition Cell:
+ 67 o Sketch Planar Partition
i v
‘gﬂ & ‘J\n
z X
o

APPENDIX A 10: Partition 2

Modula:EMesh E| Moda\:l: Model-1 E| ume:t:OAssamb\y@Pam
Y
=
P,
s i
==

Chose edge to
extrude along

m
]

&
&l

G = |
&

1 .@% &l Choose edge to be

I Partition Cell: exiruded. Hold shiftkey

P
s

L G Extrude/Sweep for picking more than one
X . Edges edge at the time.
4 A
A Z X
&

Module: |EMesh El Model: |: Model-1 El Object: O Assembly ® Part:
oy [l

&, k= Green colour meaning it

B9 @ is four sided and suitable
3 for quadratic meshing

= B

=

B,

&, Ly

APPENDIX A 11: Partition 3
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By defining cutting planes it is easy to partition the rest of the model. Putting in some extra

partitioning will make sure that elements are align when meshed. For instance between the

bearing and the lug, it is important to align the mesh so that it does not create issues during

simulation.

Medule: |5 Mesh M Model: |2 Model-1 Object:OAssembly@Part: 2 Conrod-Lower

0 b B L G|

¥ Partition Cell:
b Define Cutting Plane

APPENDIX A 12: Partition 4

Create Assembly
Go to assembly module and insert the parts for the assembly. The parts needs to be

constrained to each other
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|Module:EAssemb\y M| Mot = Modet-1 ] step: [Timitial -

Model after assembly:

Functions for
constraining the
parts

Parts

Bearing
Bolt

Conrod-Lower
Conrod-upper

Instance Type
@® Dependent (

45 Create Instance X

Create instances from:

O Independent (mesh on instance)

Mote: To change a Dependent instance's
mesh, you must edit its part's mesh.

Auto-offset fram other instances.

O Models

mesh on part)

Apply Cancel

APPENDIX A 13: pre-Assembly

Modu\e:‘:Assamh\y ~ Model: [ Model-1 || Step:|Z Initial

I
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B [Fe Fp it

&

I [
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++.
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P

&N

APPENDIX A 14: Assembly
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Creating Mesh

This simulation uses C3D20R elements for all parts. This needs to be defined for the parts and

can be done as follows:

Adaptivity Feature Tools Plug-ins Help K?

v Controls..

Qrientation

Global Numbering Control...
Part...

[y fan
3 4 A TMohodars  [@- i@ oK o CRE2EF0 mEREIIEE
~| Model |- Model-1 |~ Object: () Assembly @ Part: | Conrod-Lower v

Gl B BALe e ST

Region...

Delete Part Native Mesh...
Delete Region Native Mesh...
Create Bottom-Up Mesh...
Associate Mesh with Geometry..,
Delete Mesh Associativity...
Edit...

Create Mesh Part...

Verify...

==

E,_

'R b,

+

-J—-:j_ u, Y

4 A

o |#= X Setthe data using the Element Ty

& Element Type e
Element Library Family
® Standard O it [ —— f
Acoustic E
Geometric Order Cohesive

(O Linear | ® Quadratic Continuum Shell hd
Het | Wedge Tet

O Hybrid formulation Reduced integration

Element Controls

Viscosity: (®) Use default O Specify
Element deletion: @) Use default (O Yes (O No
Max Degradation: (@ Use default () Specify

C3D20R: A 20-node quadratic brick, reduced integration.

:r 208 minutes of idle time; the liceni Note: To select an element shape for meshing,

ition has been assigned to the selectef
re modified.
se modified
:m saved to "CnUsers Jan Harald Googly
:n saved to "C:wUsers~Jan Harald-Googlt

select "Mesh-» Controls” from the main menu bar.

oK Defaults Cancel

APPENDIX A 15: Create Mesh

Some edges and curves might need special attention for creating a good mesh structure.
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Module: E Mesh El Model: |: Model-1 El Object: O Assembly @ Part:

3

b

B
=

7@
-

L

i}

i

R i,
B by,
[x;n. A
1.5
i o

i

=]

b

¥

2 Global Seeds

Sizing Controls

|Apprﬂximata global size: [ [

Some edges
needs to be Curvature control
seeded more Maximum deviation factor (0.0 < h/L < 1.0):

speciﬁcally (Approximate number of elements per circle: 8)

Minimurmn size control

(®) By fraction of glebal size (0.0 < min < 1.0}
O By absolute value (0.0 < min < global size)

| ok | [Tappy | |pefaurrs | | cance |

APPENDIX A 16: Global seeds
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The parts needs to be partitioned as instructed in previous chapter. When creating mesh make
sure to verify the mesh integrity. If this is not good enough adjustments in the partitioning needs

to be performed.

=] Fle Model Viewport View Seed Adaptivity Feature Tools Plug-ins Help K?

LEESEE b c o o R @ e @ @B verses B @ FIT
- . Qrientation - T a o
illspatEifigliaatlply S MEE N AR EE ooe K - §.E

Model  Results Global Numbering Control... odel: |- Model-1 E Object: () Assembly @ Part:|~ Conrad-upper E

Part...

= -
£ Model Database M*® % o
48 Models (1) Delete Part Native Mesh...
= Model-1 Delete Region Native Mesh...
[ Parts (4)

Create Bottom-Up Mesh...

Bearing Associate Mesh with Geometry.. raT— -
Bolt & Verify Mes
c 4L Delete Mesh Associativity...
onrod-Lower
1 Conrod pp Edit... Shape  Size  Analysis
S Create Mesh Part Metrics Metrics  Checks
8, Features (14) EatelMehiE o=
Solid extrude-1 Color Key
Cut etrude-1 ,_},’ Errore -
Cut extrude-2 :
Partition cell-1 I Warnings
Parition cell-2 W, By
Partition cell-5 s Eﬁc
Partition cell-3 =
Partition cell-4 w4
Partition cell-§ 1 1
Partition cell-7 el
Partition cell-2 (2]
Partition cell-9 ) O] Creste set [RoorElements=1 <. v [elements |
Barition cell-10 inx —
Highlight Reselect Defaults Dismiss
- Partition cell-11 N [ighiignt | | | | | | |
b sets (2) %
- M Surfaces
@ Skins
() Stringers

$E Section Assignments (1)
B Orientations

By Composite Layups

Mz Engineering Features
fn Mesh

[Pz Materials (2)

& Calibrations

T Sections (2) ¥

2 Profiles

#i8 Assembly

offs Steps (1) .
- B= Field Output Requests

B History Output Requests Check the integrity of the mesh

“[ Time Points
fm ALE Adaptive Mesh Constraints
=

o
R Select the verification options from the dialog

Humber of slements : 2694,  Analysis errors: 0 (0%), Analysis warnings: 0 (0%)

Part: Conrod-upper
Hunber of element 2694,  dnalysis errors: 0 (0%), Anclysis wornings: 0 (0%

APPENDIX A 17: mesh verification

ihalle

Create Step
The steps are used to tell abaqus what to be done at different time. Note that pre-tensioning of

bolts has to be done in the first step. Intereactions such as contact mechanics can be inserted

in the initial step.
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Mﬂdule:EStep ~ | Model: > Model-1  ~  Step: |- Initial I
o
- o Step Manager >
11040
Name Procedure Migeom Time
B W |ritial (Initial) N/A
-
&, g,
i:ﬁlli A Edit... Heplacen. Rename:., WElEEE Mlgeom... Disrniss

5 Create Step

Mame: | Pre-Tension

Soils

General

Static, Riks
£

Insert new step after

Procedure type: | General i
Dynamic, Temp-disp, Explicit 2
Geostatic

Heat transfer

Mass diffusion

Continue... |

Cancel

APPENDIX A 18: Steps

This thesis uses general procedure type, and static general step properties. Other types can be

choosed depending on the simulation performed.

In Edit step choose Nlgeom ON. This feature allows for larger displacements, creates more

stable simulations, but increases simulation time.
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o Edit Step
Mame: Pre-Tension
Type: Static, General

1 Incrementation  Other

Description:
Time period: |1

O off (This setting controls the inclusion of nonlinear effects

Nigeom: of large displacements and affects subsequent steps.)

Automatic stabilization: | None

[ Include adiabatic heating effects

Cancel

APPENDIX A 19: Nigeom on

In incrementation tab decrease the increment size to 0.1 or 0.01. This reduces the increment

size, which might improve the stability of the simulation, but can increase simulation time.

¥
MName: Pre-Tension
Type: Static, General
[ Basic Other
Type: @ Automatic () Fixed
Maximum number of increments: | 100
Initial Minimum  Maximum

Increment size: I'IE-DDS 1

Cancel
APPENDIX A 20: Increment size
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Create Interaction/Contact mechanics
Go to interaction property manager and create the contact mechanics properties.

|Modu|e: ]: Interaction

'\_I'l Model: |: Model-1 | Step: |: Unexpand it

==
S
4@
=)

& Interaction Property Manager X
Name Type
Dismiss

b

45 Create Interaction Property

}\lame: IntProp—FrictionIesi |

Type
s B
Film condition
Cavity radiation
Fluid cavity
Fluid exchange
Acoustic impedance W

Cancel
APPENDIX A 21: Interaction

When pressing continue, you continue to Edit Contact Properties, choose Mechanical and

Tangential Behaviour -> Frictionless (for frictionless, between bearing and lug)

For friction properties, choose Penalty and specify the coefficient of friction.
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o Edit Contact Property

Mame: IntProp-Friction
Contact Property Options

Tangential Behavior

Mechanical Thermal Electrical

Tangential Behavior

Friction formulation: | Penalty

Friction  Shear Stress  Elastic Slip

Directionality: @) lsotropic (O Anisotropic (Standard only)
[ Use slip-rate-dependent data

[] Use contact-pressure-dependent data

[ Use temperature-dependent data

Murnber of field variables: 03

Friction

Coeff
1

APPENDIX A 22: Friction

Specify contact mechanics for surfaces.
Abaqus has a built in tool for finding contact pairs. This saves the user much time when defining

surfaces. All parts in contact is displayed in the table, and individual property values can be

chosen for the different contact pairs.

Modu\e:‘:\nteramon Fl mode:

2 Model-1

~| Step:|* Unexpand

=N
2@
<1 &

4F Find Contact Pairs

Search Options  Names Entities Rules Advanced

Search domain: | Whole model ]
Include pairs within separation tolerance: | 12.12
Extend each surface found by angle: 20

[ Include pairs with surfaces on the same instance

Contact Pairs (14 new candidates)

[[] Show previously created interactions and ties

Narme filter: g EaE rat :éz
Name Separation Type  Sliding  Discretization Property Adjust Surface. -
Smoothing

CP-1-Bearing-1-Conrod [EREXRCAMM Interactior Small  Surf-Surf iProp-Frictionless | OFf  Automatic
CP-2-Bearing-1-Conrod- LM Intersctior Small  Surf-Surf Off  Automatic
CP-3-Conrod-Lower-1-CNMMMM Interactior Finite  Surf-Surf IntProp-Friction Off  Automatic
CP-4-Conrod-Lower-1-CMMMMM Interactior Finite  Surf-Surf IntProp-Friction Off  Automatic
CP-5-Conrod-Lower-1-E[NMMM Interoctior Finite  Surf-Surf IntProp-Friction Off  Automatic
CP-6-Bolt-1-Conrod-Lou M Intersctior Finite  Surf-Surf IntPrap-Friction Off  Automatic
CP-7-Bolt-2-Conrod-Lov MMM Interactior Finite  Surf-Surf IntProp-Friction Off  Automatic
CP-8-Conrod-Lower-1-B[ MMM Interactior Finite  Surf-Surf IntProp-Friction Off  Automatic
CP-9-Conrod-upper-1-B[UNMMMMN Interactior Finite  Surf-Surf IntProp-Friction Off  Automatic
CP-10-Bolt-1-Conrod-uf MMM Interactior Finite  Surf-Surf IntProp-Friction Off  Automatic
CP-11-Conrod-upper-1- [N Interactior Finite  Surf-Surf IntProp-Friction Off  Automatic
CP-17-Conrad-unner-1- [N |nteractior Finite  Surf-Surf IntBran-Friction Off Autamatic hd

Highlight in viewport:| Selected pairs W

Master Bl Slave B Search domain []

| Find Contact Pairs | oK Cancel

APPENDIX A 23: Global Pairs
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NOTE:

For the surfaces between upper and lower part of the connection rod, contact property is
set to Rough. Meaning that no slip will occur when points are in contact. This is a
simplification for simulating serrations
For the surface in the thread region, contact properties can be turned off, because these
surfaces are tied as a simplified simulation for threads

Tie thread region
For simulating the inside, threads locking the stud to the upper connection rod tie surfaces is

used. This is a simplification for not spending time creating 3Dmodel of the treads, which is very

time consuming and heavy to simulate for the computer.

2 Edit Constraint x |
Module: |: Interaction  ~| Model: |- Moc Name: Tie-Threads2
Type: Tie
E f Mastersurface: s Surf-33 [} M
% 3¢ Create Constraint % f Slavesurface m_Surf-33 [
Name: Discretization method: | Analysis default
- [ Exclude shell element thickness
4 @ Type L
g osition Tolerance
R Tie (®) Use computed default
ﬁ Py (O Specify distance:
y Display body
@. . Note: Nodes on the slave surface that are
Coupling considered to be outside the position
P Adjust points tolerance will NOT be tied.
< F .
:fﬁ Cansi;r;lnt : Adjust slave surface initial position
o -to-soli )
;g' sli-tomsol cloup "9 Tie rotational DOFs if applicable
Embedded region ) )
RP = onstraint Ratio
X Equation
=+ / I Continue... | Cancel
3 Y -
0K Cancel
APPENDIX A 24: Tied Thread
MPC-Pin

Is a feature, which makes it possible to find a point and lock it to a surface. This comes in handy

when for instance specifying a concentrated load over a surface. Make sure to have defined a

reference point that can be defined as control point, and select the slave area. Use MPC type

pin.
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Module: H Interaction :I Model: ': Mode

E — # Edit Constraint x

reate Constrain X

i 7 Creste Conshant Name: MPC-pin

= Name: Namq
| — | Type: MPC Constraint )

Lf ;_z) :*_db N I‘ Control point: m_Set-17 [

= igid bo
= Display body f Slavenodes: s Set-17 [} |
# Counina.
i MPC Type: Pin v
Sl Lrce |
Shell-to-solid couplin

{-!5- Embedded regionp ’ CSYS (GlOba‘l) k J\

RP Equation S

2 / I Continue... I Cancel ‘ OK cancel

Create Strings

APPENDIX A 25: MPC-Pin

Strings needs to be added between the bearing and the lug. There is clearance here, and when

applying load to the bearing, this moves and and will create discontinuities error in the

simulation. A work around here is to add strings which holds the bearing in the lug. The spring

constant is set to be very low typ. 0.1N/mm which will have no impact on the result

Go to Assembly -> Engineering Features -> Springs/Dashpots.
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3

Model  Results |M5du|e: ]?A;samb\y :] Model: ‘: Model-1  ~ Step: | Unexpand

=] Model Database - B [
B Models (1) - g -
£ Model-1 r}
O Parts @) &k
Bearing @0 o
Bolt l
Coenrod-Lower ﬂj‘ ILI'T_J‘
Conrod-upper 2
Bz Materials (2) ief
&3 Calibrations -
. &, by
ﬂ} Sections (2) g o .
# Profiles ‘ %‘_
[(TE Feemiy ]
xrz)
B [ Instances (5) + t#\.‘
- Bearing-1 -—-j_ ;"4“
Conrod-Lower-1

- Conrod-upper-1
Bolt-1
- Bolt-2
5 ¢ Position Constraints (3)
- Coincident Point-1
Face to Face-1
- Faceto Face-2

Coaxial-1
- Coaxial-2
& Features (1)
& Sets (3)
My Surfaces (28)
- ﬂ@_ Caonnector Ass\?nments
E} Engineering Features

-l Inertias

% Cracks

[g Springs/Dashpots
a Fasteners

offs Steps (5)

B= Field Output Requests (1)

E History Qutput Requests (1)

APPENDIX A 26: Springs

When applying strings, make sure that the nodes are on the same plane, so that the springs are
as much in direct X or Y direction as possible. Creating extra partitions in the bearing might be
necessary for having them in the same plane. Make sure to redefine sets and surfaces if new

partitions are created.

=43 Engineering Features

- i Inertias Y :

E Cracks 5 Create Springs/Dashpots
E 5prings/Dashpots NEL B Springs/Dashpots- 1
T Fasteners Connectivity Type

o St 5
eps (3]

Field Output R sts (1
% Field Qutput Requests (1) Connect points to ground (Standard)

Ef' History Qutput Requests (1)

Iﬂ Time Points
APPENDIX A 27: Springs 2

Bm ALE Adaptive Mesh Constraints

|
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5 Edit Springs/Dashpots
Mame: Springs/Dashpots-1
Type:  Connect two points

Spring/Dashpot Point Pairs

Point 1
Bearing-1 Vertex[16]
Bearing-1 Vertex[12]
Bearing-1 Vertex[7]
Bearing-1 Vertex[1]
Conrod-Lower-1 Vertex[31]

Point 2
Conrod-upper-1 Vertex[71]
Conrod-upper-1 Vertex[ 72]
Conrod-upper-1 Vertex[70]

Bearing-1 Vertex[1]
Conrod-upper-1 Vertex[69]

Axis: | Follow line of action E|

Property

| [ Spring stiffness:

[] Dashpot coefficient:

APPENDIX A 28: Connect springs

APPENDIX A 29: Springs 3

Pointwhich is
connected with
siring
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Create load cases and constraints
For performing the simulation, the model needs to be constrained and loads needs to be

defined. Go to the load module.

Create pre-tension bolts
Abaqus has a built in feature for defining pre tension of bolts. Go to Create load and make

sure that you are in the first step after initial step (bolt loads has to be defined in this step) follow

the instructions from the pictures below:

Module: |: Load ~| Model: |- Model-1 ~  Step: |: Pre-Tensio
L 5
:'; Create Load x
2| e e
= E Ftep: Pre-Tension v|
D;h E Procedure: Static, General
ﬂ i Category Types for Selected Step
.
o, a4 Concentrated force ~
‘_fr Moment
Pressure
e
, S, Shell edge load
”‘E 1 af Surface traction
= 3 (O Electrical/Magnetic Pipe pressure
zx:n‘ {L‘ Body force
2 3 (O Other Line load
Lpad 0 3 -
Bolt load

APPENDIX A 30: Load Case

Bolt area needs to be defined. Make sure that there is a partition around the middle of the bolt,
which creates a cross section. Use remove selected button to remove the faces so that the
cross section area is easy to pick. This function is also very handy for not showing parts and

elements in the assembly. Choose the bolt axis, and select the pre tension magnitude.
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(&P Assemblydefautts M@ vidE> © K| R E

Model-1 ™ Step: l: Pre-Tension ™

4 Edit Load b 4

.,

Name: Bolt-Load1
Type:  Bolt load

Step: Pre-Tension (Static, General)

Region: Surf-29 [

|Method: 'Applyforce - \gf\
[Magnitude: [1.52908E+006 | \

Amplitude: | (Ramp) M PV
Poh axis: (Picked) [y '\.l
oK Canc

APPENDIX A 31: Bolt pre-tension
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Create Bearing Load

The bearing load is the resultant force from the crankpin against the connection rod. This is

defined as a concentrated force attacking the same reference point which was used in the

MPC-pin interaction. This means that the force is distributed to the inside of the bearing, which

again due to contact mechanics distributes a bearing load to the connection rod. The setup for

the load is as described in the figure below. Note that the forces are placed in X-Y-Z direction.

An excel sheet has been created to easily calculate the force vectors.

Module: |: Load ~| Model: | Model-1 | Step: I: Apply Load v
4 B2
. = Edit Load X
E= Name: Apply Load
| = Type:  Concentrated force
E% Step:  Apply Load (Static, General) |
=l Region: Set-16 [3 |.
B
=, bg CSYS: (Global) [ L
g Distribution: | Uniform v
e
R, o=, CF1: -34234

(', B&. CF2 1.36188E+006

CF3: 0
"(:‘11 J\‘
2y 3 Amplitude: | (Ramp) M A
AR

[J Follow nodal rotation

Note: Force will be applied per node.

0K Cancel

Create Boundary Conditions

APPENDIX A 32: Bearing Load

The connection rod is “welded” or encastred in the top. This is a simplification, as a real

connection rod is pin connected between the piston and crank, and able to move.

Module: |2 Load ~| Modek |- Model-1 M Step: [ initial ~
2 4 Edit Boundary Condition X
Name: BC-Encastre

(- Type:  Symmetry/Antisymmetry/Encastre I

Step: Initial

b = Region: Set-19 [

1: 85| |csvs: (Global) R A

g (O XSYMM (U1 = UR2= UR3=0)
-+ﬁ: B (O YSYMM (U2 = UR1 = UR3 = 0)

-?’ r%“ (O ZSYMM (U3 = UR1 = UR2=0)

A (O XASYMM (U2 = U3 = UR1 = 0; Abaqus/Standard only)
o 3| | O YASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard only)
.’*j ;‘ (O ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only)

(O PINNED (U1=U2=U3=0)

|® ENCASTRE (U1 = U2= U3 = UR1 = UR2= UR3 = 0) |

OK Cancel

APPENDIX A 33: Constraints
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The bearing is constrained in Z-direction so that it will not “fall out” of the assembly, as a real

bearing is locked in place with keyways.

Module: |: Load

L B2
(S
2

& Ly

by,
(xlz)‘ -‘L‘

Lo

4= X Fill out t|

Create Predefined Field

~  Model:

> Model-1 | Step: |2 Inital

[

& Edit Boundary Condition

Name: BC-Bearing

[Type:  Displacement/Rotation |

Step:  Initial

Region: Set-14 [

CSYS: (Global) [y L
Own

Ouz

CJurt

[Jur2

[Jurs

Note: The displacement value will be
maintained in subsequent steps.

oK Cancel

X

APPENDIX A 34: Constraints 2

For making the bearing expand to close the clearance gap, predefined fields has to be created.

Here the temperature of a specific part can be changed depending on the step. Depending on

the coefficient of thermal expansion of the material and the clearance the delta temperature will

change. This has to be calculated, so that the temperature can be increased, making the

bearing expand in the expand step.
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Module: H Load :I Model: !: Model-1 |v| Step: é Pre-Tension
H ¢ Predefined Field Manager
b Name Initial Pre-Tension Expand Apply Load  Unexpand ‘ Edit...
|| decrease Temp Created || & Edit Predefined Field
- ¢ increase temp Created Propagated  Propagated
T + low temp Propagated Propagated Propagated Name: _low temp
Type:  Temperature
i "|Step:  Pre-Tension (Static, General
EJ‘ _L_lrU‘ Step procedure: Static, General EF{ e Tonton G- SRR
g Predefined Field type: Temperature ,Regmn: =3 b
Predefined Field status: Created in this step . . h 3 .
L Distribution: Direct specification
R, o=, Create... Copy... Rename... ) . [ .
E!‘\ _ & — Section variation: Constant through region
o Magnitude: 0
o2y —
L - -:L. Amplitude: (Ramp) M P
o %
o
X
4= X/ Fill out the Edit Predefined Field dialog
3.05321e+000, -2.69647e+002, 2.71988e-003, 2.69664e+002 oK Cancel

2 AE221=4NNN 7 £Q&A7=xnn? 2 71Q00=_nNn2 7 £QLEAA=LNN?

Create Job

APPENDIX A 35: Predefined field

For creating simulation jobs go to job module and create job.

Module: H Job ~ Model: ;: Model-1 | Step: I% Pre-Tension ~

; ¢ ob Manager

@ﬂ Name

M 10TDC_test_fromRR
10deg_test_fromRR

m'x Expand

FullTest

Pre-Tension-Thread

Model
Model-1
Model-1
Model-1
Model-1
s Model-1

Edit...

Copy...

Type Status
Full Analysis Completed

&= (Create Job X
Name: | [FTHE |

Source: Model .

Continue... Cancel

APPENDIX A 36: Create job

‘Write Input

. Monitor...
Results

f

Dismiss

Use the default values in edit job. Submit the the job and follow the progress in Monitor
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% Job Manager
e ' Name Model Type Status Write Ing

Analysis product: Abaqus/Standard

ul | General Memory Paralielization Precision
Job Type
® Full analysis

O Restart
Run Mode

@ Background () Queve:
Submit Time

® Immediately

hrs. min.

¥

OK Cancel

10TDC_test_fromRR Model-1
10deg_test_fromRR Model-1
Expand Model-1 Full Analysis Completed | Submi
FullTest Model-1 Full Analysis Completed Gontimt

Job-6 Model-1 Full Analysis None |@
. Result

Full Analysis Completed

Data Chy
Full Analysis Aborted —

Pre-Tension-Threads  Model-1 Full Analysis Completed

Kl

Create... Edit... - Copy... . Rename... ‘ Delete... | Dismiss

APPENDIX A 37: Submit Job/monitor




Finite Element Analysis of the fatigue
Date:

‘ strength of a big-end bolt
UNIVERSITY OF BERGEN Page:

Student Initials:

JHL
01.06.2017
115 of 125

7.2 APPENDIX B: SIMPLIFIED MODEL ADDITIONAL RESULTS

Tresca stress

S, Tresca

(Ava: 75%)
+9.,881e+02
+9.,058e+02
+8.235e+02
+7.412e+02
+6.589%9e+02
+5.767e+02
+4.944e+02
+4.,121e+02
+3.298e+02
+2.475e+02
+1.653e+02
+8.297e+01
+6.937e-01

Max: +9.881e+02
Elem: BOLT-2,359
Node: 152

APPENDIX B 1: Tresca stress

Pressure Stress

S, Pressure

(Avg: 75%)

+5.632e+02
+4.,883e+02
+4.133e+02
+3.383e+02
+2.634e+02
+1.884e+02
+1.134e+02
+3.848e+01
-3.649e+01
-1.115e+02
-1.864e+02
-2.614e+02
-3.364e+02

Max: +5.632e+02
Elem: CONROD-LOWE
Node: 574

Max: +5.632e+002

APPENDIX B 2: Pressure stress




T L ) _ Student Initials: JHL
: Finite Element Analysis of the fatigue
Date: 01.06.2017

=] w

@ strength of a big-end bolt
UNIVERSITY OF BERGEN Page: 116 of 125

Third Invariant Stress

S, Third Invariant

(Avg: 75%)
+7.878e+02
+6.724e+02
+5.56%e+
+4 .415e+
+3.261e+
+2.106e+02
+9.,519e+01
-2.025e+01
-1.357e+02
-2.511e+02
-3.665e+02
-4.820e+02
-5.974e+02

Max: +7.878e+02
Elem: BOLT-1.296
Node: 132

Max: +7.8{8e+002
APPENDIX B 3: Third Invariant stress

Stress Components

S, 522
NN s
s, 511 T i
= +8.575e+02
(Avg: 75%) +7.038e+02
+1.962e+02
+1.290e+02 Ig:ggggigg
+6.182e+01 +2.428e+02
-5.364+00 +8.916e+01
-7.254e+01 ' - -6.450e+01
-1.397e+02 -2.182e+02
-2.0698+02 TR T : saiin -3.718e+02
-2.741e+02 ' .5'255 +02
-3.413e+02 6'7926 02
-4.0846+02 83280407
-4.756e+02 TRidetgt
-5.428e+02 =hehels
-6.100e+02 Max: +8.575e+02
Max: +1.962e+02 Elem: BOLT-1.296
Elem: BOLT-2.792 Node: 132
Node: 27

Max: +834»e+002
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S, 533

(Ava: 75%)
+1.874e+02
+1.306e+02
+7.382e+01
+1.701e+01
-3.980e+01
-9.661e+01
-1.534e+02
-2.102e+02
-2.670e+02
-3.238e+02
-3.807e+02
-4.375e+02
-4.943e+02

Max: +1.874e+02
Elem: BOLT-2.357
Node: 21

S, S13

(Avg: 75%)
+2.247e+02
+1.872e+02
+1.498e+02
+1.123e+02
+7.490e+01
+3.746e+01
+1.025e-02
-3.744e+01
-7.488e+01
-1,123e+02
-1.498e+02
-1.872e+02
-2.247e+02

Max: +2.247e+02

Elem: CONROD-LOWER-1,1269

Node: 575

Max: +2.247e+002

S, 812

(Avqg: 75%)
+4.704e+02
+3.919e+02
+3.135e+02
+2.351e+02
+1.567e+02
+7.822e+01
-2,074e-01
-7.864e+01
-1.571e+02
-2.355e+02
-3.13%e+02
-3.924e+02
-4.,708e+02

Max: +4.704e+02
Elem: BOLT-2.792
Node: 27

S, 823
{Avg: 75%)

MNode: 12

+1.076e+02
+6.154e+01
+1.552e+01
-3.051le+01
-7.653e+01
-1.226e+02
-1.686e+02
-2.146e+02
-2.606e+02
-3.066e+02
-3.527e+02
-3.987e+02
-4 447e+02

Max: +1.076e+02
Elemn: BOLT-1.189

APPENDIX B 4: Stress components

Max: +1.E14e+002

O4e+002
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7.3 APPENDIX C: REALISTIC MODEL ADDITIONAL RESULTS

Principal stresses

S, Mid. Principal S, Max. Principal (Abs)

(Avg: 75%) (Avg: 75%)
+9.351e+02 +2.620e+03
+8.003e+02 +2.286e+03
+6.654e+02 +1.952e+03
+5.306e+02 +1.618e+03
+3.957e+02 +1.285e+03
+2.609e+02 +9.508e+02
+1.261e+02 +6.170e+02
-8.779e+00 +2.831e+02
-1.436e+02 -5.071e+01
-2.785e+02 -3.845e+02
-4.133e+02 -7.184e+02
-5.481e+02 -1.052e+03
-6.830e+02 -1.386e+03

APPENDIX C 1: Principal stresses

Tresca and Pressure stresses

S, Tresca S, Pressure
(Ava: 75%) (Avg: 75%)
+2.224e+03 +5.984e+02
+2.039%e+03 +4.381e+02
+1.854e+03 +2.778e+02
+1.668e+03 +1.,175e+02
+1.483e+03 -4.276e+01
+1.297e+03 -2.030e+02
+1.112e+03 -3.633e+02
+9.268e+02 -5.236e+02
+7 414e+02 -6.839%e+02
+5.561e+02 -8.441e+02
+3.707e+02 -1.004e+03
+1.854e+02 -1.165e+03 !
+5.860e-02 -1,325e+03 o8 a

APPENDIX C 2: Tresca stress APPENDIX C 3: Pressure
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Stress components:

s, 511

(Ava: 75%)
+2.402e+03
+2.094e+03
+1.787e+03
+1.480e+03
+1.173e+03
+8.654e+02
+5.581e+02
+2.509e+02
-5.634e+01
-3.636e+02
-6.708e+02
-9.781e+02
-1.285e+03

S, Third Invariant

(Avg: 75%)
+1.861e+03
+1.614e+03
+1.367e+03
+1.,120e+03
+8.726e+02
+6.254e+02
+3.782e+02
+1.310e+02
-1.162e+02
-3.634e+02
-6.107e+02
-8.579e+02
-1.105e+03

APPENDIX C 4: Third invariant

S, S22

(Avg: 75%)
+2.134e+03
+1.850e+03
+1.567e+03
+1.283e+03
+9.999e+02
+7.164e+02
+4.329e+02
+1.495e+02
-1.340e+02
-4,175e+02
-7.010e+02
-9.844e+02
-1.268e+03
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S, $33

(Ava: 75%)
+1.007e+03
+8.790e+02
+7.506e+02
+6.222e+02
+4.938e+02
+3.654e+02
+2.370e+02
+1.087e+02
-1.972e+01
-1.481e+02
-2.765e+02
-4.049e+02
-5.332e+02

S, S13

(Avg: 75%)
+3.984e+02
+2.908e+02
+1.831e+02
+7.548e+01
-3.218e+01
-1.398e+02
-2.475e+02
-3.552e+02
-4.628e+02
-5.705e+02
-6.781e+02
-7.858e+02
-8.934e+02

APPENDIX C 5:

S, 812

(Avag: 75%)
+8.346e+02
+7.145e+02
+5.945e+02
+4.744e+02
+3.544e+02
+2.343e+02
+1.143e+02
-5.757e+00
-1.258e+02
-2.459%e+02
-3.659%e+02
-4.860e+02
-6.060e+02

S, 823

(Avg: 75%)
+2.66%9e+02
+1.977e+02
+1.286e+02
+5.947e+01
-9.651e+00
-7.878e+01
-1.479%e+02
-2.170e+02
-2.862e+02
-3.553e+02
-4.244e+02
-4.935e+02
-5.627e+02

Stress components
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7.4 APPENDIX D: CONNECTION ROD DRAWING
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7.5 APPENDIX E: BOLT AND BEARING DRAWING

5200 | R @ 52.00 =
| 145.00 'l 10000 |
HE.] _
| 380.00 _ 330.00
7 48.80 i ¢ 48.80 = | =
| H | H
| !
_ 100.00 _ 100.00
7 80.00 A = p #80.00 —et—t—e yﬁ
BOLT 1 BOLT 2
7 281.80
Y
) 140.00
TITLE: BOLTS AND BEARING DRAWING
NOT TO SCALE
MADE BY:
BEARING JAN HARALD LANGELAND
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