
2008:056 CIV

M A S T E R ' S  T H E S I S

Form the Design Basis
for Screw Joints

 Johan Olsson
 Patrick Sandlund

Luleå University of Technology

MSc Programmes in Engineering
 Mechanical Engineering 

Department of Applied Physics and Mechanical Engineering
Division of Machine Elements

2008:056 CIV - ISSN: 1402-1617 - ISRN: LTU-EX--08/056--SE



 Form the design basis for screw joints 
 

Abstract 
This master thesis was performed at Scania CV AB in Södertälje at the engine development 
department, NMKA and at Scania Latin America in Sao Paolo, Brazil. Scania is a global 
company with operations in Europe, Latin America, Asia, Africa and Australia. Scania is the 
world’s third largest manufacturer for heavy trucks and heavy bus segment. 
 
The constant development of new design solutions demands more stable mounting in Scanias 
production. Assemblies with new screw joints with different parameters affect the value of the 
clamping force for the joint and consequently the final product. It is critical that the screw 
joint has the right clamping force to assure that it fulfils its purpose. Large deviations can 
result in total loss of clamping force and engine breakdown. The purpose with this master 
thesis was to find the most important factors that affect the clamping force and form the basis 
of how different screw joints should be handled. 
 
Knowledge about Scania screw joints were collected by working in the production, observing 
drawings, a thorough literature study and by interviewing representatives from different 
departments. The problems regarding screw joints were found to be rather different at the 
departments and the problems had been an issue for a longer period of time. The mapping of 
screw joints resulted in a number of interesting screw joints with different kinds of problems. 
A discussion about the interesting screw joints was held in order to select joints to take a 
closer look at. By focusing on area of interest, area of responsibility and resources, five screw 
joints were selected, rocker arm shaft, main bearing cap, connecting rod and the oil sump in 
both aluminum and steel. The chosen screw joints represented specific types of screw joints 
on which the chosen parameters were tested. The important parameters that were tested are 
driver speed, friction and settlement.  
 
The equipment that was used throughout the work was the Ultrasonic, which measures the 
length of a screw with ultrasound. The authors feel that the equipment has given reliable 
results and that it has been easy and convenient to use during the tests since time consuming 
strain gages were avoided. 
  
The test results shows that the speed of the nut runner has a great influence on the clamping 
force and torque. Depending on the nut runner and which kind of screw joint that is examined 
the clamping force and torque varies. The friction affects the result of the tightening 
substantially, especially when tightening by torque. If torque and angle tightening is used it is 
an advantage to keep the initial torque as low as possible but high enough to keep the surfaces 
tight together before applying the angle. The test results regarding settlement show that the 
settlement is extremely dependent on the ingoing parts in the screw joint. Parameters such as 
screw and clamped parts affect both the tightening procedure and degree of settlement.  
 
The authors recommendations are that a decision has to be made about what information is 
important for each department. Furthermore, as the tightening procedure is really important 
for the final clamping force it is advisable to decide which department that is responsible of 
making the correct tightening parameters of a specific screw joint in the production.  
 
Hopefully this master thesis has woken an interest which in the future can make a difference 
for an even more stable production and in the end an even better quality at Scania CV AB.   
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Nomenclature 
Here is a list of terms and shortenings used in the report. All terms are in SI-units if nothing 
else is stated. 
 
AD   Sealing area 
AS   Stress cross section of the screw thread 
AT   Tension area 
A0   Appropriate minimum cross-sectional area of the screw 
a   Distance of the substitutional line of action of the axial load FA from the axis of 
  the imaginary laterally symmetrical deformation solid 
Cb   Plastic spring characteristic of the screw 
C1   Correction factor, calculated according to VDI 2230 
C3   Correction factor, calculated according to VDI 2230 
DCh   Clearance hole diameter  
DKm   Effective diameter for the friction moment at the screw head or nut bearing area 
DS   The screws contact diameter or the outer diameter when using washer or 
  corresponding. 
D12   Diesel engine, 6 cylinders, 12 liters 
D2   Nut thread pitch diameter 
d   Screw diameter = Outside diameter of thread (Nominal diameter) 
dh   Diameter of the hole of the clamped parts 
di   Screw inner diameter 
din   Inside diameter of the contact area between fastener bearing area and clamped 
  part 
dm   Screw average diameter  
dout   Outside diameter of the contact area between fastener bearing area and clamped 
  part 
dw   Outside diameter of the bearing surface of the screw 
d1   Basic pitch diameter of external thread 
d2   Pitch diameter of the screw 
d3   Nominal minor diameter of the thread 
FA   Axial load 
FB   Working load at a joint in any direction 
FF   Preload force 
Ffinal   Final preload after torque and angle controlled tightening 
Ffinal, pol   Final preload based on polynomial curve fitting 
FKA   Minimum clamp load at the opening limit 
FKab   Clamp load at the opening limit 
FKerf   Required clamp load  
FKP   Minimum clamp load for ensuring a sealing function  
FKQ   Minimum clamp load for transmitting a transverse load and/or a torque by 
  friction grip 
FM   Assembly preload 
Fp   Pre load  
FQ   Transverse load 
FS   Screw load (Total) 
Ft   Thermal Load   
FV   Preload 
Fy   Preload at the yield point of the screw, reduced due to torsion 
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FZ   Loss of preload as a result of settlement 
∆FVth   Change in preload as a result of a temperature different from room temperature 
fPM   Amount of deformation/compression of material 
fSM   Amount of deformation/elongation of screw 
fz   Amount of embedding 
IBT   Moment of gyration of the interface area 
KP   Correction factor 
kj   Stiffness of joint  
kS   Stiffness of screw  
kSe   Spring constant of the screw in the elastic region 
kz   Stiffness of component z 
L   Length of screw joint  
Lb   Length of screw  
LC   Clamping length 
Lj   Length of joint  
ΔLb   α b* ΔT*L = The elongation of the bolt   
ΔLj   α j *ΔT*L = The elongation of the joint   
MA   Tightening torque during assembly for preloading a bolt to FM 
MB   Working moment acting at the bolting point 
Mb   Additional bending moment from the eccentrically applied axial loads FA and 
  FS and/or the moment MB 
Mfinal   Final torque after torque and angle controlled tightening 
MG   Proportion of the tightening torque acting in the threads (thread torque) 
Mgap   Torque to close the gaps in a screw joint 
MK   Friction moment in the head or nut bearing area 
MS   Torque about the screw axis 
Msnug   Snug torque 
MT   Torsional moment 
Mtool, gap   Torque to close the gaps, including tool dispersion 
My   Torque at the yield point of the screw 
meff   Effective nut height or length of engagement 
P   Pitch of the thread 
P( X >/< Y )   Probability 
Ph   Surface pressure 
pi   Internal pressure to be sealed 
qF   Number of force transmitting (FQ) inner interfaces which are involved in 
  possible slipping/shearing of the bolt 
qM   Number of torque transmitting (MS)inner interfaces which are involved in 
  possible slipping 
ReL   Yield point 
Rm   Tensile strength of the screw 
Rp0,2   Stress at 0,2 % non-proportional elongation 
ra   Friction radius at the clamped parts when MS is acting 
SEU   Scania Europe (Södertälje, Sweden) 
SLA   Scania Latin America (Sao Paulo, Brazil) 
ssym   Distance of the bolt axis from the axis of the imaginary laterally symmetrical 
            deformation solid. 
ΔT   Temperature change   
u   Edge distance of the opening point U from the axis of the imaginary laterally 
  symmetrical deformation solid 
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WP   Polar moment of resistance of a screw cross section  
α   Flank angle of the thread 
αA   Tightening factor 
αb   Coefficient of thermal expansion, bolt   
αj   Coefficient of thermal expansion, joint material   
β   Profile angle 
∆tool   Dispersed coefficient of the tightening tool 
δ   Elongation 
δP  Elastic resilience of the clamped parts 
δp, eip   Permanent elongation of the bolt, elastic ideal-plastic 
δS   Elastic resilience of the screw 
μ   Friction coefficient 
μG   Coefficient of friction in the thread 
μ'G   Increased coefficient of friction in angular threads with μG 
μh   Coefficient of friction of the bearing surface between the rotating fastener and 
  the clamped part, generally referred to as under-head friction of the screw 
μi   Coefficient of friction at the interface 
μK   Coefficient of friction in the head bearing area 
μt   Coefficient of friction of the engaged screw and nut threads, generally referred 
  to as the thread friction 
ν   Utilization factor 
ρ'   Angle of friction 
σd   Tensile stress 
σM    Tensile stress in the screw as a result of  MF
σred    Reduced stress, comparative stress 
σred,M    Comparative stress in the assembled state  
τBM   Shearing strength of the nut 
τM   Torsional stress in the thread in the assembled state 
Φ   Load factor 
φ   Helix angle of the screw head 
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1. Introduction 
 
Initially in this chapter a short presentation about the company Scania CV AB is given. After 
that the assignment for this master thesis with background, purpose and goal are presented. 
 

1.1 About Scania Group 
Scania is a leading manufacturer of heavy trucks and buses as well as industrial and marine 
engines. The company also markets and sells a broad range of service-related products and 
financing services. 
 
Scania is a global company with operations in Europe, Latin America, Asia, Africa and 
Australia, observe figure 1. Scania is the world’s third largest manufacturer for heavy trucks 
and heavy bus segment. It has more than 28 000 employees worldwide. Of these, about 24 
000 work in Europe and about 4 000 in Latin America. In addition, about 20 000 people work 
in Scania’s independent sales and service organisation. 
 
Delivered during 2006: 59 344 trucks, 5 937 buses, 6 546 industrial and marine engines 
 
Turnover 2006: 70 738 MSEK 
 

 
Figure 1: Operation areas (Scania.com). 

 

Management for profitable growth 
Scania´s ambition is to supply the world’s most demanding customers with the most 
competitive and optimal solutions for their needs. Scania´s products and services shall fulfil 
their customer expectations well. 
“We intend to keep our premium position in the industry. We must therefore continually 
improve our skills and working methods, so we can outperform our competitors. 
To achieve this, our leadership is focused on common values, principles and working 
methods.” (Scania 2007) 
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Core values 
Scania’s identity is shaped by values, principles and working methods - in addition to the 
company’s products – vehicles, services and customer financing. 
 

 
 
Three core values; customers first, respect for the individual and quality form the basis of 
both Scania’s corporate culture and its business behavior. 
Scania’s managers and other employees focus their efforts on the needs and activities of 
customers. They do so by focusing on the value chain – from development work via 
production and sales to customer finance and servicing of vehicles while they are in operation. 
By viewing the business over a vehicle’s entire life cycle Scania employees also create a close 
contact with each customer. (Scania, 2007) 
 

1.2 Assignment 

1.2.1 Background 
The constant development of new design solutions demands more stable mounting in Scanias 
production. Assemblies with new screw joints with different parameters affect the value of the 
clamping force for the joint and consequently the final product. Production factors like nut 
runner properties and material variations from different suppliers can also affect the final 
clamping force for the screw joints. It is critical that the screw joint has the right clamping 
force to assure that it fulfils its purpose. Large deviations can result in total loss of clamping 
force and engine breakdown. This means extra costs for the company and the risk of loosing 
credibility. It is important to find these factors and then implement them in the process so that 
the designers can make the right choices in their designs.  

1.2.2 Goal 
The goal for this master thesis is to form the design basis for a number of screw joints in 
Scanias development division.  
 

1.2.3 Purpose 
The purpose with this investigation is to find the most important factors that affect the 
clamping force and form the basis of how different screw joints should be handled. The 
master thesis should be used as a beginning in the making of a new standard concerning screw 
joints. The standard will be used by design engineers as a guide when designing screw joints. 

1.2.4 Description of procedure 
To map how different parameters such as materials used in the screw joints, property class of 
the screw and screw dimension can effect the torque and consequently the clamping force.   
 
The work will start with mapping of the screw joints at Scanias engine production. The joints 
will be studied in the following order: 
 
• Critical joints from a design engineer’s perspective. 
• Critical joints from an assembler’s perspective. 
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A selection of the assortment will be further studied as a pilot project. Parameters such as 
clamping force, speed on the driver and friction will be tested both at SEU and SLA for every 
unique joint. The production in both Sweden and Brazil will be studied to see if there are any 
process differences that can affect the parameters. 
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2. Theory 
 
In this chapter the theory behind screws and screw joints is presented. Formulas and facts 
about clamping force, tightening torque, settlement and stress in the screw are some of the 
presented objects. This informative chapter enables the readers at Scania to deeper 
understand the theory. For those who only have interest in the result, analysis and discussion, 
can pass over this chapter. 
 

2.1 Introduction 
The basic terminology when discussing threaded fasteners can be seen in figure 2.  
 

 
Figure 2: Screw thread profile and terminology. (Collins, 2003)  

2.1.1 Calculation of screw joints 
An external working load FB acting on the joint is the base for the calculations regarding a 
screw joint. This working load produces an axial working load FA, a transverse load FQ, a 
bending moment Mb and in some cases a torque MT at the individual bolting point, observe 
figure 3. In special cases a working moment MB acts at the bolting point. With a known load 
condition the screw size is determined by calculation. Loss of preload FZ + ∆FVth, which may 
occur due to settlement and temperature changes, is taken in consideration. It is also important 
to consider the load acting at the interface of the clamped parts. A minimum clamp load, FKerf, 
is also required. The assembly preload may scatter more or less within wide limits depending 
on the assembly method and on the friction conditions. (VDI 2230, 2003) 
 
All of these variables are a part of the main dimensioning equation 1. 
 

 
 
 ( )[ ]VthZAKerfAMAM FFFFFF Δ++Φ−+=⋅= 1minmax αα (1) 
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Figure 3: Basic variables. 

 
The dimensioning criterion for the bolt diameter is the assembly preload of the bolt, FM. The 
thread torque produced during tightening together with FM can utilize the standard minimum 
yield point up to 100 % and above. 90 % of the minimum yield point is normally used as a 
basis for the most commonly used tightening technique, torque controlled tightening. If there 
is an alternating stress, ±σab, it must not exceed the fatigue limit of the screw. It is also 
important to consider the surface pressure under the screw head. To avoid loss of preload due 
to material creep the limiting surface pressure of the material should not be exceeded. (VDI 
2230, 2003) 

2.1.2 Property classes for screws 
Screws are produced in different property classes. The classes are stated by two figures 
divided by a point, for example 8.8 or 12.9. The first figure indicates 1/100 of the nominal 
tensile strength in Newton per square millimeter. The second figure indicates 10 times the 
ratio between stress at 0,2 % non-proportional elongation Rp0,2 and nominal tensile strength 
Rm, nom. The multiplication of these two figures will give 1/10 of the yield stress in Newton 
per square millimeter. For example, a screw of property class 12.9 has a nominal tensile 
strength of 1200 N/mm2 and a stress at 0,2 % non-proportional elongation of 1080 N/mm2. 
The minimum stress at 0,2 % non-proportional elongation Rp0,2, min and minimum tensile 
strength Rm, min are equal to or greater than the nominal values. (ISO 898-1:1999) 
 
By studying Stress-Strain curves for steel with different strength it is easier to understand the 
properties for every property class. Figure 4 shows the stress and strain curves for three steel 
screws with different strength. 
 

Johan Olsson - 5 -  
Patrick Sandlund  HT-07 



 Form the design basis for screw joints 

 
Figure 4: Stress and strain for screws with different strength (Olsson, 2007) 

 
If three screws, with equal geometry and coefficient of friction but with different property 
class or strength, are tightened with the same torque they will all provide the same clamping 
force, as long as the applied torque does not put the weakest screw above its elastic region. 
All screws have the same Young’s modulus or stiffness and are elongated equal. If the screws 
instead are used to their maximum and tightened with different torque, the one with the 
highest property class or strength will give the highest clamping force, provided that the 
thread in the nut has sufficient strength. (Olsson, 2007) 

2.2 Friction 
The main part of the torque applied does not provide preload. When the coefficient of friction 
is 0,10 – 0,11 only about 10 % of the torque applied provide preload, the rest is used to 
overcome the friction under the screw head and the friction in the threads according to Scania 
standard STD3637, observe figure 5. Of course, this distribution can vary depending on the 
friction coefficient but in general these values can be used. 

 
Figure 5: Distribution of the applied torque. 

 
Figure 6 is showing how important it is to know the value of the friction coefficient. A 
relatively narrow limit for the torque can result in a preload far away from the desired. The 
example is showing a M10 screw of property class 10.9 coated with a surface treatment with a 
friction range of µ = 0,10 - 0,16. (Toth, 2006) 
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Figure 6:  Preload vs. torque and friction (Toth, 2006) 

2.3 Determining the required minimum clamping load 
The following requirements are considered when determining the required minimum 
clamping load, FKerf, observe figure 7. (VDI 2230, 2003) 
 
• Friction grip to transmit a torque about the screw axis MS and/or a transverse load FQ, 

equation 2. 
 
 
 

min

max

min

max

iaM

S

iF

Q
KQ rq

M
q

F
F

μμ ⋅⋅
+

⋅
= (2) 

 
 

• Sealing against a medium, equation 3. 
 
 (3) 

max,iDKP pAF ⋅= 
 
• Prevention from opening, equation 4. 
 
 

( ) 
DAu ⋅symBT

D
B

DsymBT

symD
AKabKA sI

Au
M

AusI
usuaA

FFF
⋅+

⋅
+

⋅⋅+

⋅−⋅⋅
== maxmax

(4) 
 
 
The three requirements above result in the relationship in equation 5. 
 
 

( ) (5) 
KAKPKQKerf FFFF ≥ ;max +
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Figure 7: Model for determining ssym (VDI 2230, 2003) 

2.4 Effective stress 
When tightening a screw joint the screw is not only affected by tensile stress but also torsion 
stress as a result of the friction in the threads. As the maximum allowed preload, load at yield 
point, is dependent on both the tensile and torsion stress a higher friction coefficient in the 
threads implies less allowed tensile stress and by that less preload.  
The torsion stress varies with different friction ratios and constitutes of 10-30% of the total 
stress. This total stress, reduced stress, which is the combination of both torsion and tensile 
stress, must not exceed the yield point. (Norton, 2000) 
 
Just as a reminder, the relation between tensile and torsion stress is according to von Mises, 
equation 6.   
 

22
, 3 MMMredred τσσσ +==  (6)  

 
 

Where: 
O

M
M A

F
=σ  (7) and       

P

G
M W

M
=τ     (8) 

 
The result of the calculations done in Colly Company is, observe equation 9:   
 

 
 (9)  eLpd RK **νσ =

 
pK  for different thread friction coefficients can be found in figure 8. 

ν  states how much of the screw´s yield point that can be utilized. 
 

(10)  Maximum allowed preload force is:  TdF AF *σ=  
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where:
2

24
⎟
⎠
⎞

⎜
⎝
⎛ +

= im
T

dd
A π    (11)  

 
 
 

 
Figure 8: dependent on the thread friction. pK

 
When deciding the dimension of the allowed preload the user also has to take account of 
requirements like limiting surface pressure, thermal loading and resilience.   
 
As the screw joint is in working state the torsional stress always becomes smaller than in the 
assembly state. About 50 % decrease of torsional stress are often found in elastically 
preloaded joints under static loading and under alternating loading the torsional stress is 
completely reduced. A complete reduction is also often observed in a screw joint which is 
preloaded beyond the elastic limit. (VDI 2230, 2003) 
 
If the yield point is not exceeded  
The sum of the maximum preload in the joint in service, the maximum additional screw load 
and the additional thermal load must be less than the standardized yield point if the torsional 
load is completely reduced. (VDI 2230, 2003) 
 
If the yield point is exceeded 
When the yield point is exceeded as a result of tightening or high loading the result is plastic 
deformation of the screw. As a result, the assembly preload decreases. The material in the 
screw hardens as the torsional stresses reduce. This causes the screw to behave in a purely 
elastic manner as it has adjusted it self to the new yield point. (VDI 2230, 2003) 
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2.5 Stress in the screw thread and critical points 
For fastener threads there are three critical points in the thread engagement zone. The points 
are shown as A, B and C in figure 9. A fourth critical point, shown as D in figure 10, at the 
joint parting line must be considered if the joint is subjected to shear loading. Critical point A 
is generally ignored because there is no relative motion between the screw threads and the nut 
after assembly so there is no risk of wear. (Collins, 2003) 
 
 

 
Figure 9 and 10: Critical points and stress components (Collins, 2003) 

 
At critical point B the potential failure modes are yielding (stripping) and fatigue. The stress 
components are direct tensile stress σt due to tensile force Fb on screw, transverse shearing 
stress τtr-max due to thread bending and torsional shear τs due to tightening. The length of the 
nut thread is often made long enough to ensure that the axial force on the screw will produce a 
tensile failure before the threads are stripped. External thread stripping occurs when male 
threads fail in shear at the minor diameter and internal thread stripping occurs when female 
threads fail in shear at the major diameter. If screw and nut materials are the same and 
standard threads are used, the use of a nut length of one half of the nominal thread diameter 
produces a tensile failure before stripping. Standard nuts have a length of approximately 7/8 of 
the nominal thread diameter. (Collins, 2003) 
 
At point C the failure modes are yielding and fatigue. The stress components are torsional 
shearing stress τs, direct tensile stress σt, and thread bending stress σb. At this point, each 
stress component should be applied with an appropriate stress concentration factor Kt if 
fatigue is a potential failure mode. Fatigue stress concentration factors typically range from 
about 2,2 to about 5 and a value of Kt = 3,5 is often used for preliminary calculations. A stress 
concentration factor of unity is usually appropriate if loading is static and the screw is made 
of a ductile material. (Collins, 2003) 
 
The potential failure modes at point D are yielding (shearing) and fatigue. The stress 
components are direct tensile stress in the body, σtb, and shearing stress in the body, τb. The 
shearing stress τb is generally calculated as direct shear. In reality there is always some bolt 
bending and consequently transverse shearing stress is a more accurate description than pure 
shear. (Collins, 2003) 

Johan Olsson - 10 -  
Patrick Sandlund  HT-07 



 Form the design basis for screw joints 

2.6 Tightening  
The tightening of a joint is dependent on several factors. One of the factors is tightening 
method. Torque controlled tightening is one of these methods, and angle controlled tightening 
is another one. There are several other tightening methods but they are not handled in this 
master thesis. When using the former it is only the torque that is monitored and controlled. 
This method can be carried out with indicating torque wrenches or motorized spindles. It is a 
simple method and often cost effective, but also highly dependent on the friction. If the 
coefficient of friction varies from 0,08 to 0,16 (friction coefficient class B from VDI 2230) 
tightening with a specific torque may result in a wide spread of clamping force. (VDI 2230, 
2003) 
 
By using the method with angle control the dependence of friction is lowered and hence the 
spread in clamping force is lowered. The method is an indirect length measurement, since the 
linear deformation of the screw over the pitch of the thread is, theoretically, proportional to 
the angle of rotation covered. Before the angle is applied, an initial torque is applied. The 
purpose of the initial torque is to make sure that the interfaces of the clamped parts are placed 
as they should, tight together with no space between and parallel, full surface contact. The 
method is often used to tighten the screws into their plastic region. (VDI 2230, 2003) 
 
By use of the stiffness for the screw joint and the dimensions for the screw, the force 
contributed by the angle can be calculated. For example, a screw M18x2,5, the same screw 
that is used in the joint for the D12 main bearing cap, is tightened with a specific initial 
torque. By adding an angle of 90 degrees the screw is elongated 0,625 mm. 
 

625,05,2
360
90

=×   (12) 

 
If the stiffness for the screw is 280 kN/mm then the clamping force added by the angle is 175 
kN.  
 

175625,0280 =× kN (13) 
 
However, it is a little bit more complicated. The example above only applies if the clamped 
material would not settle at all. Some of the force will compress the clamped parts so that the 
remaining clamping force in the joint will actually be a little bit lower than 175 kN. For the 
main bearing cap, which is tightened with an initial torque of 110 Nm and an angle of 90 
degrees, the resulting, or estimated, clamping force is 160 kN. 
 

2.7 Calculation of tightening torque 
When the minimum allowed clamping force is calculated as in chapter 2.3 the next step is to 
calculate the tightening torque needed to create the desired clamping force. It is important to 
use the right tightening torque to ensure correct function of the screw joint. The total 
tightening torque MA required for producing a desired preload is composed of two parts, MG 
and MK,, equation 14. (VDI 2230, 2003) 
 

KGA MMM +=  (14) 
 
where 

Johan Olsson - 11 -  
Patrick Sandlund  HT-07 



 Form the design basis for screw joints 

 

)       (15) and K
Km

MK
D

FM μ
2

⋅=     (16) ( ρϕ ′+⋅= tan
2

2dFM MG

 
 

If ( )
ρϕ

ρϕρϕ
′+−

′+
=′+

tantan1
tantantan         (17) 

 
 

together with       
2

tan
d

P
⋅

=
π

ϕ      (18)      and  
2coscos

tan
αϕ

μ
ρ

⋅
=′ G  (19) 

 
are used in equation 15 it follows that equation 14 becomes 
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The mean friction diameter, Dkm, is calculated as:  
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2.8 Joint stiffness factor 
How the stress distribution within the material under the screw head looks 
has been studied in a number of investigations. The investigations have 
shown that an accurate computation of the distribution of the stressed 
volume is quite complicated. Of course the stress is highest under the screw 
head but how much that is distributed in the rest of the material is hard to 
calculate. An approximation of the stressed volume can be done with a cone 
angle of Φ = 30º. The authors have found that the most common calculation 
model is the one shown in Figure 11a. This screw and nut assembly is 
seldom or never used in the engine design at Scania, instead machine or cap 
screw are used. Figure 11b gives a better estimation of the material spring 
constant in this case. The distribution looks different in this case than for the 
screw and nut assembly since the first few threads of engagement take most 
of the load. This is why the entire length of the screw is not included, 
observe Figure 11b.     
 
The effective area A of the cone frusta barrel can then be calculated using: 
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Material spring constant:  
 

l
EA

k m
m

*
=     (23) Figure 11a and b: Estimating the 

material compressed by a screw 
using the Cone Frusta Method. 

(Norton, 2000) 
 
Screw spring constant:  
 

....,
2

2
2

1

1
1 l

EAk
l
EAk SS ==     (24) 

 
Most of the longer screws have different cross-sectional areas, for example no threads in the 
upper part or a “slim waistline”. These sections have different stiffness and act as springs in 
series.  
 

  
SnSSStotalS kkkkk
1.....1111

321,

++++=    (25) 

 
 

The joint stiffness factor:  
 

Sm

S

kk
k

C
+

=    (26) 

 
In equation 26, C is typically <1 because  is small compared to , provided that the same 
material is in operation. This is because the material area is typically larger for the clamped 

Sk mk
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material than the screw area. This is also why the screw will only see a portion of an applied 
load.   
 
The authors think that it is very important to have understanding about how an applied load is 
felt by the screw and the material. It is not obvious to everyone that most of the load is felt by 
the material and not the screw, provided that the right preload is applied. 
Here is an example from Norton (2000) to explain this: 

 
Given Observe figure 12. Screw M8 8.8 Proof strength = 580 N/mm2 

(KAMAX 2006), D = 25,4 mm,  = 50.8 mm. load P = 8900N, 
tensile stress area = 36,6 mm2, free thread = 9,52 mm, shank  
=  41,28 mm. Use 90 % of proof strength. 

l
tl sl

   
 
Assumptions Both of the clamped parts are made of steel. 

The effects of the flanges on the joint stiffness 
will be ignored.  

 
 
Preload, according to equation 10:  
 

2,19105)6,36(*)580(*9,0*9.0 === TdF AF σ N    (27) 
 
Stiffness of the screw, according to equation 24 and equation 25: 
 

Figure 12: A preloaded 
⇒+=+= 323

, 10*206*)8(
4*28,41

10*206*6,36
52,91

πEA
l

EA
l

k s

s

t

t

totalS

  (28)  screw joint. (Norton, 2000) 

 
=⇒ totalSk , 1,93 MN/mm  

 
This example can be simplified as the clamped material has a relative small diameter and 
therefore we can assume that the entire material is compressed.  
 
Material stiffness, equation 23 gives:  
 

6
32222

10*851,1
8.50
10*206*

4
)84,25(*

4
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=
−

=
−

=
ππ

l
EdDk m

m  N/mm (29) 

 
The joint stiffness factor, according to equation 26:  
 

0943,0
926,151,18

926,1
=

+
=C   (30)  

 
Now we can calculate how the applied load P is felt by the screw and the material.  
 
Portion of load felt by preloaded screw: 

27,8398900*0943,0 === CPPb N   (31) 
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Portion of load felt by preloaded material: 

73,80608900*)0943,01()1( =−=−= CPm N    (32) 
 
Here is the reason to why the applied load does not affect the screw much if the clamping 
force is high.  
 
Maximum force in screw respectively minimum force in material:   
 

47,1994427,8392,19105 =+=+= bib PFF N        (33) 
47,1104473,80602,19105 =−=−= mim PFF N     (34) 

 
Observe how little the load P adds to the preload in the screw. Hence, the applied load P 
increases the load in the screw with about 800 N and decreases the load between the clamped 
parts, clamping load, with about 8100 N.  

2.9 Settlement 
When a screw joint is tightened a certain amount of the produced clamping force is causing a 
permanent compression of the clamped parts and a permanent elongation of the screw. This 
effect is called settlement and the deformations may occur during the tightening and during 
operation. Settlement occurs in all contact surfaces in the joint, in the thread, between the 
clamped parts and in all the other used elements in the joint. (Colly company, 1995) 

2.9.1 Settlements effect on screw joints 
The settlement is causing a decrease of the pre load and that is why it is important to consider 
when designing screw joints. The triangle O-A-B in figure 13 is representing the pre load for 
a screw joint. The settlement Z is causing a decrease of the pre load and the initial triangle O-
A-B is changed to O-H-I. Thus the pre load FP decreases to FP’. The inclination of the line for 
the screw is dependent on the relation between the clamping length of the screw and its 
diameter, LC/d. A greater value on LC/d makes it possible for a screw to handle more 
settlement, so that the decrease in pre load is less, observe figure 14 and 15. In other words a 
slender screw has the possibility to handle more settlement. (Colly company, 1995) 
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Figure 13: Settlement in a screw joint (Colly company, 1995) 

 

 
Figure 14: Settlement in a stiff screw (Colly company, 1995) 
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Figure 15: Settlement in a slender screw (Colly company, 1995) 

2.9.2 Settlement in contact surfaces 
The settlement in the contact surfaces is dependent on the hardness of the material and on the 
surface roughness, observe figure 16 and 17. When two surfaces are pressed together the 
initial contact only appears in a few areas, depending on the surface roughness. The contact 
pressure in these areas is high enough to cause plastic deformation which leads to increased 
surface contact and consequently decreased contact pressure. This means that the settlement 
in the contact surface is primarily dependent on the surface roughness. Generally it is said that 
plastic deformation occurs when the contact pressure is too high, which implies that the 
settlement is also dependent of material and clamping force. (Colly company, 1995) 
 

 
Figure 16: Settlement per pair contact surfaces for axial load (Colly company, 1995) 
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Figure 17: Settlement per pair contact surfaces for radial load or 

combination of axial and radial load (Colly company, 1995) 

2.9.3 Settlement in clamped parts 
Settlement may also occur in the clamped parts, especially when using soft materials like 
gaskets or sheet metal plates. There is a risk of wear down in the cast from metal plates and a 
gasket may be compressed in time, therefore it is recommended to avoid these extra details. If 
there is a recommendation to use some kind of gasket, it is favourable to use a sealing 
compound, for example silicone. Paint on contact or parting surfaces also contribute to 
settlement and should be removed before the parts are assembled. (Colly company, 1995) 

2.9.4 Limiting surface pressure 
It is important not to exceed the limiting surface pressure allowed for the current material to 
avoid loss of preload. When choosing the property class of the screw it is important that the 
utilized screw force do not give a higher surface pressure than what is allowed for the 
clamped material.  
 
The obtained surface pressure for a certain screw force can be calculated using: 
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=

π
     (35) 

 
Limiting surface pressure depend on factors like geometry and the impression of the clamped 
parts. Chamfers at the hole can make the supporting effect higher, up to 25 % higher values in 
the case of steel. If the clamped parts have small dimensions outside the hole a noticeable 
decrease in maximum allowed surface pressure can be seen. When using washers it is 
important that these have enough thickness and strength. (VDI 2230, 2003)     
 

2.9.5 Settlements in the thread 
The threads can be seen as a contact surface. The settlement in the thread is dependent by 
surface roughness, material and contact pressure. There is a risk of plastic deformation in the 
threads due to exceeded shear strength which may appear from uneven load. Chips and other 
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particles in the thread may also contribute to settlement. When Helicoil thread insert is used, 
the load distribution in the thread is changed. The load on the first thread is decreased from 50 
% to 30 % of the entire screw load, observe figure 18. The change in load distribution and the 
larger major diameter on the screw makes the screw joint stronger. Settlement depending on 
surface roughness in the thread is shown in figure 19. (Colly company, 1995) 
 

 
Figure 18: Load distribution in thread with and without 

helicoil thread insert (Colly company, 1995) 

 

 
Figure 19: Settlement in thread (Colly company, 1995) 

2.9.6 Embedding causes loss of preload 
Embedding and relaxation both causes loss of preload. Relaxation is time dependent and is 
caused by material creep. The relaxation especially happens in gaskets as it relaxes and gets 
thinner, material itself is compressed. Embedding on the other hand happens during tightening 
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and when the screw joint is in operation.  Settlement is a word used to describe relaxation and 
embedding added together. The quantity of embedding primarily depends on the type of 
working load, the number of interfaces and the magnitude of the roughness of the paired 
surfaces. The embedding is caused by flattening of surface roughness, the loaded flanks of the 
mating threads and in other interfaces. If the surface roughness is not flattened during the 
tightening the amounts of embedding can be great. However, if the surface pressure is 
exceeded the relaxation may increase uncontrollably due to material creep under the screw 
head and nut bearing. The amounts of embedding that occur during tightening do not lead to a 
loss of preload. Only the deformations that occur after the assembly has been completed cause 
a loss of preload. At room temperature around 10 % decrease of the assembly preload is quite 
common. When the working temperature is higher then 50 % of the recrystallization 
temperature a substantial loss of preload has to be expected. But already at working 
temperatures of around 160 degrees for aluminium alloys and around 240 degrees for steel a 
significant loss of preload occur. In these cases it is strongly advisable to do experimental 
analysis. Guide values for embedding can be observed in table 1.(VDI 2230, 2003) 
 
 

Table 1: Guide values for amounts of embedding of screws, nuts and 
compact clamped parts made of steel. (VDI 2230) 

 
 

 
 
 

 
Figure 20: Preload reduction FZ of a bolted joint due to deformation by the amount of embedding fZ. 

 
The triangles in figure 20 describes the resilience of the joint. The interrelationship between 
the loss of preload FZ and the plastic deformations fZ is:  
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2.10 Depth of thread 
If a screw joint is over stressed it is supposed to break in the free thread of the screw. 
However, this is not always the case. The load bearing capacities of the individual points of 
the screw, including the internal threads, are sometimes hard to match. There is a risk of 
thread stripping if the minimum length of thread engagement is not achieved. If a screw is 
used together with a nut material of lower strength than the screw, which is a more common 
scenario than vice versa, the nut thread will be stripped by the screw thread if the joint is over 
stressed. There is a calculation model for determining the required length of thread 
engagement where the required length of is based on the shearing stress of the nut material 
caused by the tensile force in the screw thread. The reduction of the shearing area due to 
bending is taken in consideration with correction factors C1 and C3. The model also assumes 
that when plasticization occurs, at the instant of fracturing, there is an even distribution of 
forces over the thread turns in the nut. The general uneven distribution of load, in percent per 
thread turn, is displayed in figure 18. Screw joints with standardized nuts are capable of 
bearing full load if the nut strength grade matches the strength grade of the screw, for example 
nut 10 with screw 10.9. (VDI 2230, 2003) 
 
If Helicoil threads are used, the uneven distribution is somewhat improved. The load on the 
first thread turn decreases from 50 % to 30 % of the total screw load. The improved load 
distribution and the larger diameter of the insert make the joint stronger and enable the use of 
a shorter thread length in soft materials. (Colly company, 1995) 
 
 
The required length of engagement: 
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A graphic estimation of the required length of engagement as a function of the shearing 
strength of the nut material can be made by observing figure 21. The figure covers standard 
screw joints from M4 to M39 for the strength grade 8.8, 10.9 and 12.9 of the screw. (VDI 
2230, 2003) 
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Figure 21: Guide values for the requisite relative length of engagement (VDI 2230, 2003)  

2.11 Thermal effect 
When the screw is heated more or if its coefficient of thermal expansion is greater than that of 
the clamped parts the preload will decrease according to the difference in linear deformation. 
As the screw is elongated to a smaller degree than the clamped parts the preload will increase.  

But as the Young’s modulus for steel decreases with rising temperature the preload will 
decrease even with the same thermal expansion of screw and clamped parts. (VDI 2230) 
 

The stiffness of the joint is:   
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The resulting change in the joint load: 
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The total load on the screw due to temperature change: 
 

tpS FFF +=     (42) 
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2.12 Snug torque 
Chapter 2.12 and 2.13 summarizes some of the work done by Toth (2006). It is an example of 
the latest research done in the subject screw joints. When using the torque and angle 
controlled tightening there is a need of applying the right initial torque or snug torque. The 
snug torque, Msnug, is the initial torque applied before the tightening angle. It is very important 
to ensure that the snug torque is large enough to close all gaps and interfaces in the joint and 
to flatten all irregularities, this is the minimum snug torque. If the snug torque is not right, the 
angle applied will be wasted on clamping the parts together instead of fully stretching the 
screw to the desired condition. It is also important that the snug torque applied does not result 
in a preload streching the screw beyond its yield point. The snug torque has been identified by 
using both Monte-Carlo simulations and Taylor’s series expansion. The results had marginal 
differences and the former method is recommended if a computer is used. A high degree of 
probability was used during simulations for determining both the minimum and the maximum 
snug torque, observe equation 43 and 44. (Toth, 2006) 
 
 

( ) 9985.0,min, => gaptoolsnug MMP  (43) 
 
 

( ) 9985.0,max, =< ytoolsnug MMP  (44) 
 

2.12.1 Minimum snug torque 
The result from a Monte-Carlo simulation with 10000 runs based on an extreme case joint 
was that the minimum snug torque should be about 10 Nm, rounded of to the nearest higher 
integer. This torque corresponds to about 11 % of the simulated torque to yield, My, for the 
studied screw, a M10 in this case. The generated preload from the snug torque was 
approximately 5 kN. (Toth, 2006) 
     

2.12.2 Maximum snug torque 
The result from a Monte-Carlo simulation with 10000 runs was made to determine the 
maximum snug torque. The result was a recommended maximum snug torque of 80 Nm. This 
corresponds to about 86 % of the simulated torque to yield for the studied screw, also here a 
M10. In this case the generated preload was about 46 kN. (Toth, 2006) 
 
As can be seen above, according to Toth (2006) the minimum and maximum snug torque 
corresponded to about 11 % respectively about 86 % of the torque to yield for the studied 
screw. The range of appropriate snug torque is wide and there are no exact recommendations. 
It may be a good idea to perform practical tests for a specific screw in mind to determine the 
appropriate snug torque. The tests can then start somewhere above 11 % of the torque to yield 
for the screw. 
 

2.13 Theoretical models 
The study made by Toth (2006) presents two theoretical models for determining the behavior 
of the screw during tightening. The main difference between the two models is the way of 
modeling the behavior of the screw after reaching its yield point. The elastic-plastic model has 
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the advantage that it determines the final preload and torque with good agreement with test 
results. (Toth, 2006) 
 

2.13.1 Elastic ideal-plastic model 
In this model the screw is set to behave linearly elastic and perfectly plastic. This means that 
after reaching the plastic region of the screw, the yield load and torque are constant during the 
rest of the tightening. The final preload, Ffinal, using this model will not differ from the load at 
the yield point of the screw, Fy, observe equation 45. The final torque is a function of the final 
preload and according to the model the final torque is the torque to yield, observe equation 46. 
(Toth, 2006) 
 
 
Ffinal = Fy  (45) 
 
 
Mfinal = My  (46) 
 

2.13.2 Elastic-plastic model 
In this model the screw is set to behave in a elastic-plastic manner. This means that after 
reaching the plastic region of the screw the preload will increase until it reaches the ultimate 
tensile load. There are two ways of modeling the final preload when using this model. One is 
the plastic spring characteristic approach, where the preload can be expressed as in equation 
47. The other way of modeling the final preload is by doing a polynomial curve fitting 
approach. The approach is based on tensile loading test data of the specific type of screw. The 
final preload which is the resulting average polynomial tensile force reduced due to torsion, is 
a function of the displacement of the screw, observe equation 48. (Toth, 2006) 
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According to the elastic-plastic model, the final torque is calculated by the torque equation, 
observe equation 20. (Toth, 2006) 
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3. Method 
 
This chapter presents the procedure of this master thesis and the tests done. It also describes 
the measurement method for the measuring devices and the software used. The collecting of 
the test data for the different screw joints and their parameters is treated. The production 
process is also discussed.  
 
During the master thesis parts of a product development method called SIRIUS masterplan 
were used as the authors had experience of that method from an earlier project. This method 
has been a great help to work in a structured and systematic way. Only the first part of the 
method is used as the final part is strictly related to product development, concept design, 
prototyping and detail design since these areas are not related to the purpose with this master 
thesis.  
 

3.1 Planning  
As screw joints in general is a really big area it was important to make a plan in the beginning 
of the master thesis. The plan was based upon the dates that were especially important such 
as, part reports, educational visits, time at SLA and the presentations at SEU and at Luleå 
University of Technology. All the planning was done in Microsoft project which gives a good 
survey.  
 

3.2 Design Space Exploration 
During this phase, information is gathered to create a knowledge foundation from which the 
right choices can be made. This phase in then divided into four headlines: needfinding, 
benchmarking, related technology and scoping. 

3.2.1 Needfinding      
To avoid misunderstandings between the customers (Scania and LTU) and the authors it is 
important to evaluate what the customers needs are. It is important to have enough 
understanding to be able to solve the presented problem.  
 
This has been done by reading a lot of books, talking to experienced people, articles, 
evaluating other master thesis, doctor's dissertation, and searching the internet. A field study 
at Bulten AB in Hallstahammar was also made to gather opinions and knowledge outside 
Scania and to observe how screws are produced.  

3.2.2 Benchmarking  
Benchmarking is done to avoid inventing the wheel again. In this phase the purpose is to find 
out more about what has been done before and how the same problem can be solved with 
different solutions.  
 
Knowledge about Scania screw joints where collected by working in the production, 
observing drawings, a thorough literature study and by interviewing representatives from 
different departments. The problems regarding screw joints were found to be rather different 
at the different departments and the problems had been an issue for a longer period of time. 
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The mapping of the screw joints resulted in 22 interesting joints with different kinds of 
problems.  
 

1. Venturi screw for EGR 
2. Screw for branch pipe 
3. Screw joint for oil pump 
4. Torque rod bracket, truck 
5. Torque rod bracket, bus 
6. Screw, fine adjuster 
7. Screw for turn table 
8. Cab bracket screw 
9. U-bolt 
10. Wheel nuts 
11. Intermediate drop arm bearing 
12. Link rod ball 
13. Long slender screws 
14. Screws with splines 
15. Fender iron 
16. Oil sump, Aluminium, D12 
17. Oil sump, Steel, D12 
18. Main bearing cap, DL 
19. Main bearing cap, D12 
20. Main bearing side screw, D16 
21. Connecting rod, D12 
22. Rocker arm shaft, D12 

3.2.3 Related technology 
The purpose with related technology is to investigate if it is possible to learn something from 
other technical domains.    
 
The SAE Brasil technology fair in Sao Paulo, Brazil was visited to learn more from different 
manufacturers, for example Mercedes and Volvo Trucks.  

3.2.4 Scoping 
A lot of information can lead to a huge design space so under scoping the limitations and 
demarcations are done. These are based upon the resources and other aspects of significance.   
 
A discussion about the 22 screw joints was held in order to select joints to take a closer look 
at. By focusing on area of interest, area of responsibility and resources, five screw joints were 
selected, number 16, 17, 19, 21 and 22. The rocker arm shaft will be tested first, followed by 
the main bearing cap, connecting rod and the oil sump in both aluminum and steel. The order 
was set by discussing how often there were problems with the different joints, the severity of 
the problem in the event of a defect and the importance of the joint from Scania point of view. 
The chosen screw joints can be observed in appendix W. 
 

3.3 Roadmap 
Information from the design space exploration is gathered, analyzed and translated into a list 
of requirements. Then the requirements are divided into two sub categories, mission statement 
and product characteristics.  
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3.3.1 Mission statement 
To be sure that those involved in the project have the same general direction a mission 
statement is done. Here the things that are intended to be delivered are presented but not how 
or in what way. This is done to keep the ideas flowing and not narrow it down to early.  
 
The mission statement was generated from the list of requirements received from Scania 
engine department and other needs from Luleå University of Technology. These requirements 
were then discussed together with the parties concerned to get the results wanted.  

3.3.2 Product characteristics 
Demands, wishes and needs are presented. Find the precise definitions of the product.  
 
This part and the rest of the parts of the SIRIUS masterplan are more related strictly to 
product development than what is needed in this master thesis and therefore they are not 
handled.  

3.3.3 Test method 
Before the testing begun a cause and effect analysis was done using a fish bone diagram 
named Ishikawa, appendix V. 

3.4 Ultrasonic Precision Thickness Gage 
The instrument used for length measurements during the tests was a device called Ultrasonic. 
The device eliminates the need of strain gauges, which are very time consuming, without the 
loss of precision. The ultrasonic measurements are done by measuring an excitation pulse and 
the first back wall echo from the end of the screw. When high accuracy is needed the 
measurement is done between two echoes. The device then measures the time interval which 
corresponds to one round trip of the sound in the screw. The gage is calibrated to the speed of 
sound in the bolt and is then able to compute the length of the screw.  
 
The frequency of the sound waves generated by the piezoelectric transducer is from one 
million to twenty million cycles per second which is far beyond the limit of human hearing, 
twenty thousand. These high frequencies does not travel that great through air and therefore a 
coupling medium is needed between the transducer and the screw, for example propylene 
glycol, glycerine, water or oil, observe figure 22 and 23. 
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Figure 22: Ultrasonic measurement to measure the length of a screw. (Nedschroef) 

 
 
 

 
 

Figure 23: The Ultrasonic equipment used during the tests. 
 
 
Data for the application setup used in this study can be observed in table 2: 
 

Table 2: Data for the Ultrasonic. 
Setup Name Application and Accuracy 
DEFM1- M112, probe M112 Steel: 0,75 – 254 mm, Plastic: min 0,25mm 
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Together with probe M112, which has a frequency of 10 MHz, the maximum accuracy is +/- 
0,003 mm. (Bohlin, 2007)  
 
Factors that effects the accuracy: 

• Material 
• Machining 
• Surface smoothness where the transducer is in contact and the reflecting surface. 
• Degree of plane parallelism. 
• Type of coupling medium. 

3.4.1 Measurement procedure with the Ultrasonic 
Before the measurement can be done the screws has to be prepared. It is important that the 
surface where the transducer is placed, in this case on the screw head, is free from dirt. Most 
of the conventional screws have to be grinded, to get a reliable result, on the screw head to 
make it parallel to the bottom surface and to get rid of the punched letters. Some of the screws 
also have a punching mark in the bottom used for production and therefore has to be 
machined in both ends. Before the transducer is positioned a drop of coupling medium is 
placed on the screw head. The device is so accurate the authors has noticed that it is important 
not to place to much of the medium on the screw head because this thin film makes the screw 
appear longer than it is. When the length of the screw has been measured the screw is 
tightened with the right torque or torque and angle. After the tightening the screw is measured 
again to get the elongation. To get even more reliable results the authors have repeated every 
measurement on a screw about 5 times to see that the device gives the same value every time. 
The stiffness of the screw that is needed for the calculations is calculated by hand or by using 
an excel based program made by Hop (2007). 
 
 

3.5 Software used for calculating stiffness of screw  
Depending on the design of the screw joint, the stiffness of the screw can vary. Dimensions 
according to figure 25 is determined and placed in its right place in the program made by 
Hop. A snapshot from the program can be observed in figure 24. The stiffness for all screws 
used during this master thesis can be seen in appendix B. 
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Figure 24: Example from the software used for calculating stiffness of screw. (Nedschroef 2007) 

 
Screw dimensions can be observed in figure 25. 

 
Figure 25: Screw used for the main bearing cap D12. (Scania, 2007)  

 
The screw spring constant equation 24 gives: 
 

EA
l

EA
l

EA
l

k
l

S 3

3

2

2

1

1 ++=   (49) 

 
 
Elasticity in the clamped length of the screw 
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l         (50) 
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= 0,596*10-6 + 1,217*10-6 + 1,274*10-6 = 3,087*10-6 mm/N 
 
Elasticity in the part of the screw that is in thread engagement:   

lGM = d1/2,5 = 7,2 mm => 134,0
10*211*18*

4*2,7
32 ==

πSk
l *10-6 mm/N  (51) 

 
Elasticity in the part of the material that is affected by the screw:   

lGM = d1/2 = 9 mm => 244,0
10*211*92,14*

4*9
32 ==

πSk
l *10-6 mm/N (52) 

 
Elasticity in the part of the screw that is affected in the screw head: 

lSK = d1/2 = 9 mm => 168,0
10*211*18*

4*9
32 ==

πSk
l *10-6 mm/N  (53) 

 
∑ =+++=

screw
63,3168,0244,0134,0087,3  *10-6 mm/N  (54) 

 
Stiffness of screw: 1/3, 63*10-6 = 275, 3 kN/mm or 275, 3/3, 5 = 78, 7 kN/US-mm 
 
Example:  Main bearing cap 
 
Parameters can be observed in figure 26. 
 

 
Figure 26: Elongation of screw (Nedschroef) 

 
 

USUSV lkF Δ= *  (55) 

USk = 78, 7 kN/US-mm, value calculated in excel program (Hop, 2007) 
 
Length before tightening:  62,208=bl [ ]mmUS −  

Length after tightening: [ ]mmUSla −= 66,210  

⇒ Elongation [ ]mmUSlll baUS −=−=−=Δ 04,266,21062,208   (56) 
⇒ Δ= USUSC lkF * = 78, 7*2,04 = 160,5 kN   (57) 
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3.6 Matrix 
One of the tasks in the assignment description was to create a matrix that shows the 
combinations of materials used in the chosen screw joints, observe table 3 and figure 27. This 
matrix shows the different combinations from the 5 screw joints analyzed in this master thesis 
and there are comments for every joint. When more tests are done and analysed the results can 
be implemented in the matrix to make it possible to cover over a wider range of materials.  
 
Table 3: Material matrix 

 
                      Component 1 

 
 

    Component 2 
 

Steel, 
SS 1672, 

Hardened And 
Tempered 

Forged Steel, 
C70 

Steel 
(2,2 mm plate) 

Cast Iron, 
S 0490, 

Special Grey 
Iron 

Aluminium 
4250, 

Pressure Die 
Cast 

Ductile Iron, 0727 001 - - 002 - 

Forged Steel, C70 - 003 - - - 

Cast Iron, S 0490, 
Special Grey Iron - - 004 - 005 

Aluminium 4250, 
Pressure Die Cast - - 006 - 007 

Aluminium 
4244/4253 
Sand Cast 

- - 008 - 009 

 
 
 
 

 
 
 

 
 
 
 
 
 

Figure 27: Basic screw joint. 
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Comments 
The oil sump is mounted in three different materials, cast iron, sand cast aluminium and 
pressure die cast aluminium. 
 
001: Rocker arm shaft. Screw: M12x1 - 10.9. Direct torque: 105 Nm, expected clamping 
force: 60 kN. Stiff joint because of the hardened and tempered material in component 1. 
Drawer effect must be considered. 
 
002: Main bearing cap. Screw: M18x2,5 - 10.9. Torque + angle: 110 Nm + 90 degrees, 
expected clamping force: 160 kN. Stiff joint because of material in component 1. 
 
003: Connecting rod. Screw: M14x1,5 - 10.9. Torque + angle 50 Nm + 90 degrees, expected 
clamping force: 100 kN. Cracked surfaces and fine pitch thread. 
 
004: Steel oil sump. Screw: M8x1,25 – 10.9 (8.8). Direct torque: 32 (26) Nm, expected 
clamping force: 22 (18) kN. Screw joint with soft gasket, risk of large settlement. 
 
005: Aluminium oil sump. Screw: M8x1,25 – 8.8. Direct torque: 26 Nm, expected clamping 
force 18 kN. Screw joint with soft material and soft gasket, risk of large settlement. Surface 
pressure must be considered. 
 
006: Steel oil sump. Screw: M8x1,25 – 10.9 (8.8). Direct torque: 32 (26) Nm, expected 
clamping force: 22 (18) kN. Screw joint with soft gasket, risk of large settlement. 
 
007: Aluminium oil sump. Screw: M8x1,25 – 8.8. Direct torque: 26 Nm, expected clamping 
force 18 kN. Screw joint with soft material and soft gasket, risk of large settlement. Surface 
pressure must be considered. 
 
008: Steel oil sump. Screw: M8x1,25 – 10.9 (8.8). Direct torque: 32 (26) Nm, expected 
clamping force: 22 (18) kN. Screw joint with soft gasket, risk of large settlement. Risk of 
stripping thread in sand cast aluminium. 
 
009: Aluminium oil sump. Screw: M8x1,25 – 8.8. Direct torque: 26 Nm, expected clamping 
force 18 kN. Screw joint with soft material and soft gasket, risk of large settlement. Risk of 
stripping thread in sand cast aluminium. Surface pressure must be considered. 
 

3.7 Testing of screw joints  
All tests were done on a D12 engine which is a six cylinder diesel engine with 470 hp. For the 
settlement test an engine had to be completely disassembled as four of the connecting rods 
had to be changed in order to compare the settlement of those four compared to the two that 
was unchanged and also to change the screws for the main bearing cap. The engine was then 
assembled together, filled with oil and then tested in a test run cell at full power. Then the 
engine was disassembled again in order to measure the screws.  Some of the screws were 
grinded to be able to do more reliable measurements with the Ultrasonic. This was done in a 
circle disk grinder. Which screws that has to be grinded depends on the screw manufacturer. 
The basic properties of the nut runner were set as in production, each depending on the screw 
joint. A software program was installed on a computer so the authors could do the 
programming themselves. Every measurement is compared to the achieved clamping force 
which was calculated using Microsoft excel and the length measured with the Ultrasonic. 
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3.7.1 Test equipment 
Software: Tools talk PowerFocus W7.0. 
Controller: Compact Atlas Copco PowerFocus 4000. 
Nut runner: LTV S7 max torque: 150 Nm, max speed: 185 rpm. 
 
The test equipment consists of a controller that can be programmed with different parameters 
using the software Tools talk PowerFocus W7.0. The nut runner is handheld and electric with 
high accuracy and is connected to the controller by a wire. It is possible to change a lot of 
parameters to get a smooth and accurate tightening. There are several different models of nut 
runner and it depends on the need of torque and speed. The S7 used during this master thesis 
was chosen as the maximum torque tested was 110 Nm plus the extra torque provided when a 
high speed was used.    
 

3.7.2 Tested parameters 
The main parameters that are evaluated during this master thesis are driver speed, friction and 
settlement. Then there are some additional parameters that are more strictly related to one 
screw joint, for example how it is tightened, and to make it easier for the reader to understand 
the problem these are presented under the specific screw joint. Each screw joint and how each 
of the chosen parameters affects it is presented below. In the results and analysis the driver 
speed, friction and settlement are headlines as they are what the authors want to show the 
readers. Thus, the screw joints themselves are not evaluated but the parameters that affect 
them.   

3.7.3 Rocker arm shaft, D12 
Screw: M12x1, 75 mm, 10.9, Zinc phosphated and oiled. 
Tightening procedure: 105 Nm 
Expected clamping force: 60 kN 
Material: Hardened and tempered SS1672 
 
Chosen parameters 
 

• Driver speed 
o The influence of driver speed was tested for every chosen screw joint in order 

to observe and show how the result depends on what the screw joint consists 
of, parameters like stiffness in the joint and torque for example.   

• Friction  
o Test how surface treatment on screw, cutting fluid and detergent affects 

friction, consequently the clamping load. Test different load cases, depending 
on how the push rods are seated and the influence of the valve springs. Risk for 
drawer affect.  

• Settlement 
o The settlement tests are done for every chosen screw joint in order to observe 

and show which kind of the chosen screw joints that has a risk of large 
settlement.    

 
• Direct torque compared to initial torque + angle. 

o Test and evaluate if it is possible and an advantage to use initial torque + angle 
instead of the direct torque that is used.   
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Test methods 
  

• Driver speed 
o 5-10 measurements for every speed - The screws have to be changed after 

every measurement because of the high stress as they are tightened to 
recommended torque. This is to avoid that the next measurement is done on a 
screw which has been used in its plastic zone.  

o 4-5 different speeds 20, 40 (near the value used in production), 80, 120 and 
185 rpm. 

o 3 different tests “dry”, “normal” and “oiled” screw 
 

• Friction 
o 5-10 measurements - Tests are done with different positions of the camshaft in 

the engine, “worst” and “best” case. Worst case was when the camshaft is in a 
position were the screw joint are used to press down the valve springs. 

o 5-10 measurements - Same as above but torque plus angle. 
o Test differences in friction under screw head and threads, with different 

lubrication, “dry”, “normal” and “oiled” screw.  
 

• Settlement 
o A special engine used for analysing is used. The engine is disassembled and 

the screws are changed and then tightened as in production and an extended 
test run is carried out. After the test run the engine is disassembled and the 
screws are measured again to be able to calculate the settlement.  

  
• Direct torque compared to initial torque + angle 

o 5-10 measurements - Test was done with direct torque 105 Nm and torque + 
angle 40 Nm + 30º both with and without the springs engaged, best and worst 
case.  

3.7.4 Main bearing cap, D12 
Screw: M18x2, 5 mm 10.9, Hardened and tempered 
Tightening procedure: 110 Nm + 90 degrees  
Expected clamping force: 160 kN 
Material: Cast Iron, S 0490, Special Grey Iron 
 
 
Chosen parameters 
 

• Driver speed 
o The influence of driver speed was tested for every chosen screw joint in order 

to observe and show how the result depends on what the screw joint consists 
of. Parameters like, stiffness in the joint and torque.   

 
   

• Friction 
o Test how surface treatment on screw, cutting fluid and detergent affects 

friction, consequently the clamping load. Observe if a high torque is more 
sensible to different friction regarding the clamping load. Also observe if a low 
initial torque gives less spread in clamping force than a high. 
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• Settlement 

o The settlement tests are done for every chosen screw joint in order to observe 
and show which kind of the chosen screw joints that has a risk of large 
settlement. 

    
• Screw head – Hexagon vs. Torx 

o Find out if there are any difference in durability between screws with 
hexagonal or torx screw head. 

 
Test methods 
 
• Driver speed 

o 5-10 measurements for every speed – In this case the screws do not have to be 
changed after every measurement as they are tightened only to the initial 
torque, hence only a fraction of there capacity is used. The screws are 
measured after the two first tests to ensure that there has not been any change 
in length.  

o 4-5 different speeds 15, 30 (near the value used in production), 80, 120 and 
185 rpm. 

 
• Friction 

o 5 test to test initial torque 50 Nm, 70 Nm, 90 Nm and 110 Nm to observe 
differences in distribution of clamping force. 

o 5 test to test initial torque of 70 Nm and 110 Nm with different lubrication, 
“dry”, “normal” and “oiled” screw.  

• Settlement 
o A special engine used for analysing is used. The engine is disassembled and 

the screws are changed and then tightened as in production and an extended 
test run is carried out. After the test run the engine is disassembled and the 
screws are measured again to be able to calculate the settlement.  

3.7.5 Connecting rod, D12  
Screw: M14x1, 5 mm 10.9, Quenched and tempered (Fine threaded) 
Tightening procedure: 50 Nm +/- 5Nm + 90 degrees +/- 5 degrees 
Expected clamping force: 100 kN 
Material: Forged steel C70 
 

Chosen parameters 
 

• Driver speed 
o The influence of driver speed was tested for every chosen screw joint in order 

to observe and show how the result depends on which kind of parameters that 
screw joint consists of. Parameters like, stiffness in the joint, lubrication and 
torque.  

 
• Number of spindles, 2 compared to 1.  

o To observe if there is a risk for uneven load on the screws that are tightened 
with a two spindled nut runner. The nut runner model in mind is the ones that 
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braces against one of the screws when the other one is tightened and vice 
versa, handheld “fixed” nut runner on an arm. 

  
• Settlement 

o The settlement tests are done for every chosen screw joint in order to observe 
and show which kind of the chosen screw joints that has a risk of large 
settlement.    

 
Test methods 
 
• Driver speed 

o 5-10 measurements for every speed – The screws do not have to be changed 
for the same reason as for the main bearing cap.   

o 4-5 different speeds 20, 40 (near the value used in production), 80, 120 and 
 185 rpm. 

 
• Number of spindles  

o Tighten alternately by hand and compare it to screws tightened in production. 
Prepare screws to put in the production and then measure them when tightened. 

  
• Settlement 

o A special engine used for analysing was used. The engine is disassembled and 
four of the connecting rods are changed to new ones with new screws and on 
the other two, only the screws are changed. Then the four changed connecting 
rods settlement is compared to the two old ones that have been used before. 
After the screws have been tightened as in production an extended test run is 
carried out. After the test run the engine is disassembled and the screws are 
measured again to be able to calculate the settlement.  

 

3.7.6 Oil sump Aluminium, D12 
Screw: M8x1,25 mm 8.8 with length 60 (28 pcs) 
Tightening torque: 26 Nm 
Expected clamping force: The gasket needs at least 10 Mpa according to Jörg Dürauer 
applications engineer ElringKlinger AG department 3V3. 
Material: Aluminium alloy Casting 4250 
Gasket: EWP 330 P2, VP230 Material: aramide fibres with NBR binder. 
 
Chosen parameters 
 

• Driver speed 
o The influence of driver speed was tested for every chosen screw joint in order 

to observe and show how the result depends on which kind of parameters that 
screw joint consists of. Parameters like, stiffness in the joint, lubrication and 
torque. 

   
• Settlement 

o The settlement tests are done for every chosen screw joint in order to observe 
and show which kind of the chosen screw joints that has a risk of large 
settlement.    
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• Property class for the screw, 8.8 better than 10.9 in aluminium?  

 
Test methods 

 
• Driver speed 

o 5-10 measurements for every speed 
o 5 different speeds - 20, -40, -80, -120 and 185 rpm. 

 
• Settlement 

o A special engine used for analysing is used. The engine is disassembled and 
the screws are changed and then tightened as in production and an extended 
test run is carried out. After the test run the engine is disassembled and the 
screws are measured again to be able to calculate the settlement.  

 
• Linear expansion  

o Calculations to see if how the different materials behave due to temperature 
change and affect the clamping force.   

 
• Property class 

o Calculations and talking to competent people that have made test which can 
show when to use 8.8 or 10.9. Abrasion under screw head, cutting marks in the 
aluminium.  

3.8 Production process SEU and SLA 
The first thing the authors noticed about the production processes was the difference in lead 
time between SEU and SLA. At SLA the lead time was longer because the operators had 
more tasks to do at each station. At SEU more parts are pre-assembled before they reach the 
line and therefore it is possible to have shorter lead time.  

3.8.1 Main bearing cap, D12 
The equipment at SEU and SLA are similar, the obvious difference was that the equipment at 
SLA also tightened the connecting rod.  
 
SEU  

- Equipment: Robotic nut runner, two spindles. 
- Tightening procedure: Torque + angle, 110 Nm + 90º. 
 

SLA  
- Equipment: Robotic nut runner, two spindles. 
- Tightening procedure: Torque + angle, 110 Nm + 90º. 
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Figure 28: Equipment at SLA. 

 
There are no noticeable differences between the equipment and the tightening procedure in 
Brazil and Sweden. The robots are mounted in the floor and both have two spindles. Overall, 
the authors opinion is that the tightening of the main bearing cap is stable and well performed. 
There was even a reversing sequence to prevent a skew tightening. However, it is important to 
be thorough during the programming of the equipments parameters. There have been some 
problems regarding the driver speed and its influence on the joint. As the tightening 
parameters are reached, the equipment can have a problem to retard fast enough and the result 
can be an over strained screw. Consequently a too high tightening speed can severely damage 
the screw. The influence of the tightening speed has been thoroughly investigated by the 
authors and the result is discussed in chapter 5.1. The robotic nut runner at SLA is shown in 
figure 28. 
 

3.8.2 Connecting rod, D12 
The connecting rod used at SLA was not the same as in SEU, for the time of the visit they still 
used the old one with machined joint surfaces. The intention was to introduce the new 
connecting rod with cracked joint surfaces before the visit, but it was delayed until the 
beginning of year 2008. This made it impossible to make any deeper analysis regarding the 
production process for the connecting rod. Figure 29 is showing the cap of a cracked 
connecting rod used at SEU. 
 
SEU  

- Equipment: Fixed nut runner, two spindles. 
- Tightening procedure: Torque + angle, 50 Nm + 90º. 
 

SLA  
- Equipment: Robotic nut runner, two spindles. 
- Tightening procedure: After the introduction the tightening procedure will probably be 

the same or similar to the tightening in SEU. 
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Figure 29: Cap of cracked connecting rod, SEU. 

 
A noticeable difference was the equipment used for tightening of this joint. In SEU the joint 
was tightened by a fixed nut runner operated by hand and in SLA the equipment was a robotic 
nut runner. As the stability of the tightening is important, the result from tightening with a 
robotic nut runner will probably be more stable and result in less scattering of the clamping 
force. 

3.8.3 Oil sump, D12 
There are several different oil sumps depending on engine. Two of these have been studied 
during this work, one in steel and one in aluminium, figure 30. The former was only 
assembled at SLA which means that the process differences have only been studied for the 
one in aluminium. 
 
SEU  

- Equipment: Hand held nut runner, single spindle. 
- Tightening procedure: Torque, 26 Nm. 
 

SLA  
- Equipment: Hand held nut runner, single spindle. 
- Tightening procedure: Torque, 26 Nm. 
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Figure 30: Aluminium oil sump, SEU. 

 

 
Figure 31: Tightening procedure for the oil sump, SEU and SLA.  

 
The tightening procedure is the same for SEU and SLA. Screw A – D are tightened first and 
the following screws in the order 1 – 4, figure 31. The nut runners are set with the same 
parameters, two steps with the same nominal torque and speed. The most obvious difference 
is that all the oil sumps are retightened at SLA. There is a small difference in the amount of 
silicon applied when placing the gasket. At SLA they apply silicon on both sides of the gasket 
and also extra silicon to fix the gasket. At SEU they apply silicon only on one side of the 
gasket, in the junction between the cylinder block and aluminium housing. When comparing 
SEU to SLA the tests show that the amount of silicon has no noticeable affect on the clamping 
force.  
 

3.8.4 Rocker arm shaft, D12 
The tightening procedure was similar for SEU and SLA. The same technique was used by the 
operators. The big difference was that the operator did the pre-assembly of the rocker arm 
assembly by themselves at SLA. At SEU the rocker arm assembly was pre-assembled outside 
the production line and came fully assembled with arms and screws.   
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SEU  

- Equipment: Fixed nut runner, two spindles. 
- Tightening procedure: Torque, 105 Nm. 
 

SLA  
- Equipment: Fixed nut runner running in a supporting rail, two spindles. 
- Tightening procedure: Torque, 105 Nm. 

 
 

 
Figure 32: Fixed nut runner at SLA.  

 
SLA tightens both the rocker arm shaft and the rocker arm bracket with the same nut runner, 
figure 32. At SEU they are tightened by two different nut runners. The equipment at SLA 
vibrated during the tightening which can affect the precision. A slow and steady tightening is 
considered to have high precision. The affect of this is damaged because of the “hammering” 
tightening due to the play in the supporting rail. The equipment at SEU did not show any 
perceptible vibration.  
 

Johan Olsson - 42 -  
Patrick Sandlund  HT-07 



 Form the design basis for screw joints 

4. Results 
 
This chapter is a compilation of the result from the tests done during this master thesis. 
Strictly results are presented, comments are presented in the following chapters. The numeric 
results can be observed in appendix C – T.  
 

4.1 Driver speed 

4.1.1 Rocker arm shaft, D12 
The rocker arm shaft is made of steel SS1672 which is hardened and tempered and the rocker 
bracket is made of ductile iron 0727. This combination of material gives a very stiff screw 
joint.  
 
Observe table 4 and table 5 for the influence of the speed on the nut runner to the clamping 
force. 
 
 

Table 4: Result of speed test of the nut runner at SEU, normal screw.  
Nut runner properties Average clamping force [kN] 

P1: Torque guided, single step, 105 Nm, 20 rpm 50,1 
P2: Torque guided, single step, 105 Nm, 40 rpm 53,1 
P3: Torque guided, single step, 105 Nm, 80 rpm 57,9 
P4: Torque guided, single step, 105 Nm, 120 rpm 61,2 
P5: Torque guided, single step, 105 Nm, 185 rpm 75,3 

 
 
 

Nut runner properties Average clamping force [kN] 
P1: Torque guided, single step, 105 Nm, 20 rpm 57,4 
P2: Torque guided, single step, 105 Nm, 40 rpm 64,3 
P3: Torque guided, single step, 105 Nm, 80 rpm 65,8 
P4: Torque guided, single step, 105 Nm, 120 rpm 73,5 
P5: Torque guided, single step, 105 Nm, 185 rpm 71,8 

Table 5: Result of speed test of the nut runner at SLA, normal screw. 

 
 
The result of the test with a normal screw, straight from assembly line, shows that for all but 
one, the higher speed on the nut runner the higher clamping force, observe table 4 and 5. For 
this screw joint the difference is about 40 – 50 % increase in clamping force due to the higher 
speed. 
 

Table 6: Result of speed test of the nut runner at SEU, dry screw.  
Nut runner properties Average clamping force [kN] 

P1: Torque guided, single step, 105 Nm, 20 rpm 52,88 
P2: Torque guided, single step, 105 Nm, 40 rpm 52,63 
P3: Torque guided, single step, 105 Nm, 80 rpm 57,16 
P4: Torque guided, single step, 105 Nm, 120 rpm 59,93 
P5: Torque guided, single step, 105 Nm, 185 rpm 70,76 
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Table 7: Result of speed test of the nut runner at SLA, dry screw.  
Nut runner properties Average clamping force [kN] 

P1: Torque guided, single step, 105 Nm, 20 rpm 53,1 
P2: Torque guided, single step, 105 Nm, 40 rpm 58,0 
P3: Torque guided, single step, 105 Nm, 80 rpm 60,6 
P4: Torque guided, single step, 105 Nm, 120 rpm 66,9 
P5: Torque guided, single step, 105 Nm, 185 rpm 69,9 

 
The test with a dry screw shows about the same result as the test with a normal screw, observe 
table 6 and 7. It shows a little tendency to be less sensitive, smaller variation between the 
speeds, but it is a small difference and therefore it is hard to determine the influence of the 
combination of speed and friction.  
 
 

Table 8: Result of speed test of the nut runner at SEU, oiled screw.  
Nut runner properties Average clamping force [kN] 

P1: Torque guided, single step, 105 Nm, 20 rpm 49,86 
P2: Torque guided, single step, 105 Nm, 40 rpm 54,14 
P3: Torque guided, single step, 105 Nm, 80 rpm 58,92 
P4: Torque guided, single step, 105 Nm, 120 rpm 65,72 
P5: Torque guided, single step, 105 Nm, 185 rpm 71,76 

   
 
 Table 9: Result of speed test of the nut runner at SLA, oiled screw. 
 

Nut runner properties Average clamping force [kN] 
P1: Torque guided, single step, 105 Nm, 20 rpm 59,2 
P2: Torque guided, single step, 105 Nm, 40 rpm 60,6 
P3: Torque guided, single step, 105 Nm, 80 rpm 64,6 
P4: Torque guided, single step, 105 Nm, 120 rpm 65,6 
P5: Torque guided, single step, 105 Nm, 185 rpm 77,2 

 
 
The test with an oiled screw shows similar results as for the normal and dry screw, observe 
tables 8 and 9.  
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4.1.2 Main bearing cap, D12 
The main bearing cap is made of ductile Iron, 0727 and the cylinder block is made of  
Cast Iron, S 0490, Special Grey Iron. Both of these materials are stiff which gives a stiff 
screw joint.  
 
Observe table 10 and table 11 for the influence of the speed on the nut runner to the clamping 
force. 
 Table 10: Result of speed test of the nut runner at SEU, normal screw. 
 

Nut runner properties Average clamping force [kN] 
P1: Torque guided, double step, 110 Nm, 15 rpm  32,4 
P2: Torque guided, double step, 110 Nm, 30 rpm 28,5 
P3: Torque guided, single step, 110 Nm, 80 rpm 34,3 
P4: Torque guided, single step, 110 Nm, 120 rpm 39,4 
P5: Torque guided, single step, 110 Nm, 185 rpm 45,2 

 
 Table 11: Result of speed test of the nut runner at SLA, normal screw. 
 

Nut runner properties Average clamping force [kN] 
P1: Torque guided, double step, 110 Nm, 15 rpm  31,2 
P2: Torque guided, double step, 110 Nm, 30 rpm  32,4 
P3: Torque guided, single step, 110 Nm, 80 rpm 38,6 
P4: Torque guided, single step, 110 Nm, 120 rpm 39,6 
P5: Torque guided, single step, 110 Nm, 185 rpm 43,9 

 

4.1.3 Connecting rod SEU 
The connecting rod screw joint has two cracked surfaces that are to be joined and the screw 
has a fine thread. It is made of forged steel, C70, which makes the joint stiff. Here it is easy to 
see how the driver speed is affecting the torque and the clamping load, observe table 12. 
 

Table 12: Result of driver speed test in Sweden, Connecting rod with normal screw. 
Nut runner properties Average clamping force [kN] 

P1: Torque guided, single step, 50 Nm, 20 rpm 18,0 
P2: Torque guided, single step, 50 Nm, 40 rpm 18,4 
P3: Torque guided, single step, 50 Nm, 80 rpm 20,9 
P4: Torque guided, single step, 50 Nm, 120 rpm 24,2 
P5: Torque guided, single step, 50 Nm, 185 rpm 33,9 

 
The test showed no larger difference in resulting torque and clamping force from the first 
three speeds, 20, 40 and 80 rpm. However, the two highest speeds, 120 and 185 rpm, resulted 
in a significant increase in both torque and clamping force. When 120 rpm was used as speed, 
the torque increased by more than 20 % and the clamping force by more than 30 %. The 
highest speed, 185 rpm, resulted in a torque increase of more than 40 % and a clamping force 
increase of almost 90 %. 
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4.1.4 Oil sump 
The aluminium oil sump is made of pressure die cast aluminium 4250 and the nuts are made 
of pressure die cast aluminium 4250, sand cast aluminium and cast iron - special grey iron, S 
0490. As it also has a gasket the screw joint has low stiffness. The results from SEU shows 
that the oil sump screw joint is not that sensitive to the speed of the driver, observe table13. 
 

Table 13: Result of driver speed test in Sweden, Oil sump with normal screw. 
Nut runner properties Average clamping force [kN] 

P1: Torque guided, single step, 26 Nm, 20 rpm 13,4 
P2: Torque guided, single step, 26 Nm, 40 rpm 14,9 
P3: Torque guided, single step, 26 Nm, 80 rpm 14,5 
P4: Torque guided, single step, 26 Nm, 120 rpm 13,7 
P5: Torque guided, single step, 26 Nm, 185 rpm 14,6 

 
 
Aluminium oil sump at SEU 
The spread in the resulting clamping force is large when a high speed on the driver is used but 
the actual resulting value itself is not necessary larger. The torque is significantly increasing, 
from around 26 Nm to around 30 Nm, when the driver speed is raised, observe 33.  
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Figure 33: Tightening speed test, oil sump, SEU 

 
Aluminium oil sump at SLA 
The results from SLA shows about the same results as at SEU. However, there is a slight 
indication of increasing clamping force due to the increased speed of the driver, observe 
table14. 
 

Table 14: Result of driver speed test in Brazil, Oil sump with normal screw. 
Nut runner properties Average clamping force [kN] 

P1: Torque guided, single step, 26 Nm, 20 rpm 16,4 
P2: Torque guided, single step, 26 Nm, 40 rpm 16,1 
P3: Torque guided, single step, 26 Nm, 80 rpm 16,5 
P4: Torque guided, single step, 26 Nm, 120 rpm 19,3 
P5: Torque guided, single step, 26 Nm, 185 rpm 20,8 
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The test is showing that the spread in resulting clamping force is lowered when a higher speed 
on the driver is used and the actual resulting value is larger, totally opposite from the test in 
Sweden. However, the torque is increasing and the spread of torque is wider when using a 
higher speed, observe figure 34, which also was seen from the test at SEU.  
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Figure 34: Tightening speed test, oil sump, SLA  

4.2 Friction  
The tests concerning the friction under the screw head and in the threads were supposed to be 
carried out together with the material department at Scania but unfortunately there was a lack 
of time for the engineers at the material department so the tests could never be done.  

4.2.1 Rocker arm shaft  
The force to compress the push rods when they are actuated, “worst” case, is about 8 kN, 
observe appendix P. The test also shows that there was less clamping force when the push 
rods were in the worst case, table 15.  
 
 Table 15: Push rods affected (worst) or not (best).  Tightening: Torque 

guided, single step, 105 Nm, 40 rpm  
 

 SEU SLA 
Worst case   

Average clamping force 50,9 55,4 
   

Best case   
Average clamping force 56,9 64,3 
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4.2.2 Main bearing cap 
The test with different initial torque shows that a higher torque gives more spreading values of 
the clamping force than a low one. The difference is not that large for the values from 50 Nm 
to 90 Nm but for the 110 Nm the spread is clearly larger in this test, figure 35 and figure 36.  
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Figure 35: Result of friction test at SEU regarding different initial torque, 50, 70, 90 
and 110 Nm. P2: Torque guided, double step, 30 rpm. 
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Figure 36: Result of friction test at SLA regarding different initial torque, 50, 70, 90 
and 110 Nm. P2: Torque guided, double step, 30 rpm.  

 
 
The test regarding the hypotheses that a high torque is more sensitive to different frictions 
than a low one shows that this seems to be the case. The results, when tightening with 70 Nm, 
from the tests that were done at SEU shows similar results as the one that were done at SLA 
except for the degreased screw (dry). When looking at the results from the tightening with 

Johan Olsson - 48 -  
Patrick Sandlund  HT-07 



 Form the design basis for screw joints 

110 Nm we can see a large spread and the results from the different production plants are hard 
to compare, table 16 and table 17.  
 
 Table 16: Result of friction test at SEU regarding different initial torque. P2: 

Torque guided, double step, 110 Nm, 30 rpm (second step)  
 
Torque 
[Nm]  DRY NORMAL OILED 

70 Clamping force [kN] 20,1 21,2 19,8 
110 Clamping force [kN] 39,2 28,5 38,1 

 
 

Table 17: Result of friction test at SLA regarding different initial torque. P2: 
Torque guided, double step, 110 Nm, 30 rpm (second step) 

 
 
Torque 
[Nm]  DRY NORMAL OILED 

70 Clamping force [kN] 13,5 21,2 20,1 
110 Clamping force [kN] 24,1 32,4 34,1 

 

4.3 Settlement 
The settlement was tested to see the decrease of clamping force after test run for the different 
joints. The engines used for the settlement test were time-tested differently at SEU and SLA. 
At SEU the engine was tested for 20 minutes and at SLA the engines were tested for 20 min, 
1 hour and 9 hours. The results from the test runs can be observed in table 18 and table19.    

4.3.1 Rocker arm shaft 
The result for the settlement test shows a clear difference between SEU and SLA. At SLA the 
settlement was about 4 % and at SEU it was about 9 %, observe table 18 and 19.  

4.3.2 Main bearing cap 
The result for the settlement test shows a clear difference between SEU and SLA. At SEU the 
settlement was about 4 % and at SLA about 8 %, observe table 18 and 19.   

4.3.3 Connecting rod 
The connecting rod at SLA was not investigated due to differences in connecting rod design. 
The old connecting rod with machined surfaces was still used at SLA for the time of the test. 
The connecting rod screw joint at SEU showed a decrease in clamping force of about 8 %, 
observe table 18 and 19.   

4.3.4 Oil sump  
For the aluminium oil sump all tests was made with the thin gasket (0, 75 mm). The steel oil 
sump was tested with both thick (1 mm) and thin gasket. The maximum allowed clamping 
force on the aluminium oil sump is 16,45 kN for a flanged screw M8 before the maximum 
allowed surface pressure is exceeded. This aluminium has quite high yield strength (140MPa) 
and other aluminium parts can have significantly lower yield strength        
 

defA = 117,5 mm2, (from Scania STD3353) (58) 
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02,pR = 140 MPa, (from Scania STD3353) (59) 
 

kNARF defpP 45,165,117*140*02, ===   (60) 
 
The clamping force from the test at both SEU and SLA exceeds this maximum allowed 
surface pressure, several values are around 18 – 20 kN and some are even higher.  
 
Aluminium oil sump at SEU 
The settlement for the aluminium oil sump was quite high. The decrease in clamping force 
was about 30 %, observe table 18. This test was made with 8.8 screw and thin gasket (0,75 
mm).  
 
Aluminium oil sump at SLA 
The settlement for the aluminium oil sump in Brazil was measured after a 1 hour test run, 
observe table 19. The result was the same as in Sweden, about 30 % decrease of clamping 
force. This test was made with 8.8 screw and thin (0,75 mm)gasket. 
 
Steel oil sump at SLA 
The steel oil sump test showed really bad results, observe table 19. About half of the screws 
had lost 80 % or more of the clamping force. The test was performed for both 20 minutes and 
9 hours to ensure that all settlement had occurred. This test was made with 8.8 screw and thin 
gasket. 
 
SEU 

Table 18: Result of settlement test at SEU, 20 minute test run. 
Screw joint Average decrease in clamping force [%] 

Main bearing cap 3,6 
Rocker arm shaft 8,6 
Aluminium oil sump, 8.8 screw, 0,75 mm gasket 33,7 
Connecting rod 8,2 

 
SLA 

Table 19: Result of settlement test at SLA. 
Screw joint Average decrease in clamping force [%] 

Main bearing cap, 1 hour test run 7,8 
Rocker arm shaft, 1 hour test run 3,9 
Aluminium oil sump, 8.8 screw,  
0,75 mm gasket, 26 Nm, 1 hour test run 29,0 

Steel oil sump, 8.8 screw,  
0,75 mm gasket, 26 Nm, 20 minute test run 51,3 

Steel oil sump, 8.8 screw,  
0,75 mm gasket, 26 Nm, 9 hour test run 68,6 

Steel oil sump, 10.9 screw,  
1 mm gasket, 28 Nm, 9 hour test run 61,1 
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4.4 Additional results 
The results from “Screw head – Hexagon vs. Torx” and “Property class of screw, 8.8 better 
than 10.9 in aluminium?” can be observed in the chapter Analysis 5.4. 
 

4.4.1 Direct torque compared to initial torque + angle (Rocker arm joint) 
The test shows no obvious advantages to use torque + angle in this case. However more tests 
have to be done to be able to say which one is better to use. There are numerous parameters to 
look at, also the ones strictly related to production. In fact, during this master thesis the driver 
parameters for this screw joint were changed back and forth. The original tightening with 
direct torque showed more reliable results than using torque and angle. The result can be 
observed in appendix N. 
 

4.4.2 Number of spindles, 2 compared to 1 (Connecting rod) 
When tightening a joint with two screws by using a driver with two spindles the screws are 
affected by each other. During tightening the spindles rest upon the screw heads. This result in 
a slight skewness and may affect the friction and hence the clamping force, observe figure 37.  
 

                     
Figure 37. When the upper screw is tightened it is pressed to the right because of the skewness. 

An increase in friction on the right hand side of the thread will appear. 
 
 
The test is showing a difference in resulting clamping force. The screws tightened manually 
has about 10 % more in clamping force than the ones tightened in production, observe table 
20. If this difference comes from tightening with one or two spindles, or from tightening 
manually respectively in the production line is not easy to say. It would be interesting to 
perform more tests where the friction in the threads is measured to see if there are any 
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differences. The authors feel that the test regarding number of spindles did not show anything 
that can be related strictly to the number of spindles. 
 

 
Table 20: Result of number of spindles test in Sweden, Connecting rod with normal screw. 

Tightening process Average clamping force [kN] 
Manually, Step 1: 25 Nm, Step 2: 50 Nm, Step 3: 90 degrees 113,0 
Production line, 50 Nm + 90 degrees 100,1 
 

4.4.3 Elongation – Temperature 
There is a additional clamping force of 3,4 kN at the temperature 90 degrees Celsius, observe 
appendix U.  
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5. Analysis 
 
In this chapter the results from the tests are analysed against the theory presented earlier in 
this thesis. The differences in the production process are also inspected. 
 

5.1 Driver speed 
The driver is affecting a screw joint in several different ways. One of these factors is the 
driver speed. A high speed may cause the joint to be tightened harder than expected. When 
the goal for the tightening is reached and the nut runner is supposed to stop, the spindle over 
rotates, observe figure 38. The over rotation is dependent by the size and weight, or moment 
of inertia, for the head and is also affected by programming parameters. If a low speed is 
used, there is no over rotation, or at least the over rotation is small and insignificant.  

 
Figure 38. Over rotation from different speeds. 

 
 
A stiff screw joint is especially sensitive to the speed. The authors have found that the reason 
for this is highly dependent on the nut runner properties. Of course, different nut runners have 
different properties and the screw joint is affected more or less but it is still important to have 
this in mind. Thus, a stiff screw joint is more sensitive to this than a soft because the desired 
torque is achieved in an instant. In a softer screw joint the clamping force is more slowly 
building up under a period of time.  
 

5.1.1 Rocker arm shaft 
When comparing the three results from the test with dry, normal and oiled screw, it is obvious 
that the speed on the driver can affect the achieved clamping force. It also shows that the 
results are similar for screws with different friction coefficient. This is highly dependent on 
the fact that this screw joint is stiff. When the contact surfaces are pressed together the torque 
and clamping force is rapidly increasing and the nut runners over rotation highly affect the 
result.      

5.1.2 Main bearing cap, D12 
The test clearly shows that the achieved clamping force is dependent on the speed of the nut 
runner. In this test an increase of 40 – 50% was achieved at maximum speed on the nut runner 
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and with even higher speed the result would probably be even worse but 185 rpm was the 
maximum speed of the equipment used. When tightening a heavy screw joint like the main 
bearing cap a large and powerful nut runner, often a robot, is used. As these machines are 
built stable they also have a large moving mass that must be stopped in an instance when the 
right torque is achieved. There are for sure some models that can handle this quite good but it 
is still important to have this in mind when setting the parameters. At Scania there have been 
cases where the speed of the nut runner has been several hundred rpm when tightening the 
main bearing cap screw. In some cases this resulted in a over strained screw. 
 

5.1.3 Connecting rod 
When no gasket is used the joint becomes rigid. Since there are no damping effect, the over 
rotation on the screw is directly affecting the clamping force and the torque. This screw joint 
showed to be the most sensitive of increasing speed. It may depend on the cracked surfaces 
which have a perfect match to each other and therefore no force is needed to make them 
parallel. Joints with machined surfaces are never completely parallel to each other and 
therefore these joints can appear less stiff.   
        

5.1.4 Oil sump 
The screw joint for the oil sump is the only joint in this thesis that has a gasket. The gasket is 
made of paper and can work as a damping pillow. For low speeds the torque was as expected 
and kept within a small spread but for high speeds the torque was higher than expected and 
the spread was wider. However, the resulting clamping force was different between the tests 
at SEU and SLA. At SEU there was no obvious connection between speed, torque and 
resulting clamping force. At SLA both torque and clamping force increased with higher 
speed. According to Hamrock et al. for unconfined gaskets the joint stiffness is equivalent to 
the gasket stiffness. Because of the damping effect from the gasket it is difficult to predict 
how the driver speed will affect this joint and the tests showed inconclusive results. When 
tightening aluminium parts there is a risk of seizure between the screw head and the clamped 
material. But according to previous tests at Scania the risk of seizure when using 8.8 collar 
screws does not exist.   
 
Aluminium oil sump at SEU 
The test shows how deceiving it can be to monitor a sequence on the nut runner by only 
torque. Actually, one of the highest resulting torques, 31 Nm, gave the lowest clamping force, 
11 kN. The rather large spread in clamping force appearing in the test with the lowest speed, 
20 rpm, may come from poor handling by the operator when getting used to the driver and its 
way of working. The test showed a higher torque from a higher driver speed, but the resulting 
clamping force was not necessary higher. 
 
 
Aluminium oil sump at SLA 
In Brazil, the test showed that a higher speed resulted in a higher torque and a higher 
clamping force. By experience from the other speed tests this was expected. Same oil sump 
and gasket was used during the tests at SLA and SEU, the difference was the screw which 
came from different manufacturers and the temperature. The screw properties can alter, 
especially the friction coefficient which may affect the result. The nut runners used during the 
tests were of the same model, but there may have been individual differences between the two 
that affected the result. 
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5.2 Friction 

5.2.1 Rocker arm shaft   
The elongation of the screw was less in the “worst” case test which implies a higher friction 
between screw and clamped material. The test shows that the resulting clamping force is 
dependent on the position of the push rods. The quite large difference between the clamping 
forces at SEU compared to SLA for the “best” case implies different friction coefficients. As 
the clamped parts are manufactured after the same drawing one has to rely on that they are the 
same, at least until proven otherwise. Therefore parameters that are specified on the drawing 
such as surface roughness have to be the same and can not affect the difference in friction. 
The parameter Ra is however a quite poor way of describing a surface. More likely differences 
in friction are: different screw manufacturers, stored time and/or how they were stored.   
 

Table 21. Results from the rocker arm shaft. 
Screw Length Length* Elongation* Force* Length** Elongation** Force** Torque 

# [US-mm] [US-mm] [US-mm] [kN] [US-mm] [US-mm] [kN] [Nm] 
1 61,10 61,17 0,07 8,8 61,54 0,44 55,4 105,20 

 
Here is an example showing how the valve springs and injector affects the clamping force, 
observe table 21. The force that is felt by the screw is 55,4 kN but as the spring needs 8,8 kN 
to be compressed the clamping force left between the clamped parts is 46,6 kN. A good 
example of how this works has been given by Norton, 2000. An explanation of why the 
resulting clamping force is less in the “worst” case can be that during the first part of the 
tightening, the time before the parts connect to each other and the only counteracting force are 
the springs, the oil is worn off and the surfaces are worn so the coefficient of friction is 
increased. Thus more of the applied torque is used to overcome the friction and less is left to 
elongate the screw.    
 
No analysis was done regarding how the surface treatment affect the distribution of friction 
under the screw head and in the threads. As mentioned in the result, this test was 
unfortunately cancelled due to lack of time for the engineers at Scania material department.         
 

5.2.2 Main bearing cap 
The test shows that the higher torque the larger spread in clamping force. This implies that it 
is better to keep the initial torque low and use a larger angle when tightening, to have more 
control over the final torque. Of course, the initial torque has to be large enough so that the 
surfaces are tight and parallel to each other before the angle is applied. The spread is 
depending on the model of nut runner, different screw batches and the speed of the nut runner. 
The influence of the speed can be observed in figure 39. 
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Main bearing cap D12, SEU
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Figure 39: Main bearing cap nut runner speed test, SEU. 
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Figure 40: Main bearing cap friction test, SEU. 
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Main Bearing cap D12, SLA
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Figure 41: Main bearing cap friction test, SLA. 

 
As mentioned in the results the test shows that a lower torque, in this case 70 Nm compared to 
110 Nm, gives a smaller spread in clamping force, observe figure 40 and 41. Difference in 
friction is the most likely cause of different achieved clamping force when tightening with the 
same torque. This means that when tightening with 70 Nm the different coefficient of friction 
can alter the achieved clamping force with an amount that is smaller than the altering values 
when tightening with 110 Nm. The difference in achieved clamping force is, expressed as a 
percentage of the desired clamping force given by initial torque and applied angle, larger 
when tightening with 110 Nm than with 70 Nm. The tests at SLA did not show the same 
obvious tendency that a tightening of 70 Nm would be less sensitive than a tightening with 
110 Nm. At SLA the values for normal and oiled screw was very similar and this is most 
likely because it was quite a lot oil on the screws when they came in the box from the 
manufacturer and therefore the difference in friction is small between the “normal” and 
“oiled” screw. To further investigate this statement tests were done with four different 
torques, 50, 70, 90 and 110 Nm, observe figure 42 and 43. The scatter is larger for a higher 
torque which further proves that it is an advantage to keep the initial torque as low as 
possible. 
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Main bearing cap D12, SEU
Friction test
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Figure 42: Main bearing cap initial torque, SEU. 
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Figure 43: Main bearing cap initial torque, SLA. 

5.3 Settlement 

5.3.1 Rocker arm shaft 
There are no reasonable explanations for the results from this test, nor from theory or other 
tests. A possible reason for the illogical result is that there have been errors in measurement. 
In the following part, Main bearing cap, the result is more in agreement with theory and other 
tests. The result from the rocker arm shaft should be very similar to the test with the main 
bearing cap. 
 

Johan Olsson - 58 -  
Patrick Sandlund  HT-07 



 Form the design basis for screw joints 

5.3.2 Main bearing cap 
The engine was tested for one hour at SLA and 20 minutes at SEU. As the ingoing parts in 
this screw joint are stiff and the surface roughness is machined the settlement was small. At 
SLA it was about 8 % and at SEU it was about 4 %. It is interesting to see that there is a big 
difference between the tests. The plausible cause is the difference in test run time. Obviously, 
all settlement had not occurred after the first 20 minutes of run time. Another plausible cause 
is that the engine at SEU was an analyse engine which had been tested for several hours prior 
to our test. The engine at SLA was completely new directly from production. A lot of the 
settlement in the clamped parts had probably already occurred in the SEU engine. Settlements 
like in the surfaces between the clamped parts and the settlement in the material nut thread.  

5.3.3 Connecting rod 
 
Connecting rod at SEU 
Four out of six connecting rods were completely changed by the authors in the analyse 
engine. In the two unchanged connecting rods only the screws were changed. This was done 
to see if there was any difference in settlement for a new respectively a used one. The test 
showed no difference between the two. Still it is hard to say if there would be a bigger 
difference if the engine were tested for a longer time or when it is used out in the field. The 
extra load, for example when motor-breaking, would possibly give more settlement. It could 
also be more settlement in this joint with a cracked surface than in a machined one but to be 
able to say anything further testing is needed. 
 
Connecting rod at SLA 
Not investigated due to design differences between SEU and SLA. 

5.3.4 Oil sump 
 
Aluminium oil sump at SEU  
Most of the settlement is a result from using a gasket, but also the material, in this case 
aluminium which is a relatively soft material, is one of the causing factors. The unconfined 
gasket decides the stiffness of the joint. This means that every where that an unconfined 
gasket is used there will be quite high settlement. This is the main cause that the tests showed 
as large settlement as about 25 – 35 %. There is a risk of too high contact pressure between 
the screw head and the clamped part which may result in that the screw head is pressed down 
in the material. As the maximum allowed surface pressure is exceeded the risk of large 
settlement is greater. When the temperature rises and the aluminium sump expands the 
clamping force increases even more and thus the surface pressure. During the expansion the 
aluminium is compressed under the screw head and when the engine cools down the clamped 
length of the aluminium sump is shortened, the screw relaxes and settlement occurs. The 
screws used for the test was not threaded up to the neck. A screw with thread up to the neck is 
preferable to use on screw joints that are likely to have large settlement because a longer 
spring is built up. More of the screw elongates as it has the same cross-sectional area all the 
way. Hence, the settlement is less in proportion to the elongated length.    
 
Aluminium oil sump at SLA 
The result at SLA was similar to the results at SEU. The causes of the settlement are the same 
as for the aluminium oil sump at SEU. 
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Steel oil sump at SLA using 8.8 screw, 0,75 mm gasket  
The test showed remarkable results, in many cases all the clamping force was lost. The initial 
clamping force prior to the test run was really low. The reason for this is probably a 
combination of that the short screw has a short spring, that there are several painted surfaces 
in the joint and that the steel sump has a collar that serves as a thick washer. This thick washer 
is bow-bent as a result of the fact that it is welded together. The relaxation that occurs 
between tightening and measurement is proportionally large due to the facts above. The 
settlement after test run is also large and the reasons are the same as stated above. The engine 
was originally tested for 20 minutes. After this time there were almost no clamping force left 
in several of the screws. A decision was made to prolong the test to 9 hours to see the possible 
extra settlement. After these 9 hours almost half of the screws had lost 80 % or more of the 
clamping force. Some of the joints had even lost 100 % of the clamping force. 
 

5.4 Screw head – Hexagon vs. Torx 
There are a lot of different screw head types. Two of these are hexagonal screw head and torx 
screw head. They both have their advantages and disadvantages, but the question here is 
whether one of them is stronger than the other. The topic has been discussed with employees 
at screw manufacturers and at Scania and there is no decisive answer. Opinions were that 
when using standardised screw head dimensions the hexagonal screw head is stronger. To be 
able to use a torx screw head with the same strength as a hexagonal head it is possible to 
choose a larger head dimension. The torx screw head is also higher than a hexagonal head, 
which can be helpful in certain cases. However, type of screw head is seldom or never the 
reason for why screw joints or especially screws break. When a screw breaks under the head 
the reason is often an incorrect chamfer that creates a notch on the screw. Here is a figure 
showing basic sketches of the different screw heads, observe figure 44. 
 

 
Figure 44: Different screw head types, A = Hexagonal, B = Torx according to  

standard dimensions, C = Torx with larger head dimension. 
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5.5 Property class of screw, 8.8 better than 10.9 in aluminium? 
Aluminium is a relatively soft material and therefore there is a risk of stripping the thread in 
an aluminium nut. However, by using enough thread engagement the risk can be minimized. 
By using a nut length of two point five times the diameter of the screw (~2,5 * D) a screw of 
property class 10.9 can be used to its full capacity provided that the aluminium nut material is 
of high strength. There are many factors that affect the risk of thread stripping in aluminium: 
porosities in the nut thread, casting- and cooling conditions, friction and thread dimension are 
some of them. Helicoil thread insert is often used in aluminium to ensure enough thread 
strength. However, this is expensive and can be time consuming in a production environment. 
(Rolf Carlsson, Finnveden Bulten AB 2007 & Arne Bergqvist, Scania 2005) 

5.6 Screw manufacturers 
During the thesis two screw manufacturers were visited for the purpose of studies. This was 
done to see if there were any obvious differences between the two and to talk to people in the 
industry that has great experience. The first visit was to Finnveden Bulten AB in 
Hallstahammar, Sweden. It was very educational to see the production, from raw material to a 
final product. At the development department the authors could see what kind of problems 
other companies have. Some problems were related directly to screws and nut, for example 
stripped threads in aluminium nuts, and some problems were related directly to the design of 
the screw joint, for example insufficient support from the area surrounding the nut which 
made the screw joint collapse. 
 
The other screw manufacturer was Metalac in Sorocaba, Brazil. Like in Sweden, the authors 
observed the production and talked to engineers at the development department. The quality 
check at Metalac was performed by both control equipment and visually by employees. Due 
to lack of quality check capacity, the screws for the Latin American market were only 
inspected visually and screws for the European and North American market were quality 
checked by control equipment. During the visit, another equipment for control was about to 
be installed. Metalac was also a producer of other equipment related to screw joints, such as 
torque wrenches. 
 
The authors opinion were that the product development department at Finnveden was more 
well equipped and had more employees. This does not necessarily mean that Finnveden and 
their products are in any way better than Metalac. The most valuable experience from these 
two visits came from the discussions with the engineers at the production plants and their 
development departments.    
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6. Discussion 
 
This chapter presents the authors comments and opinions in the different parts of the thesis. 
Theory, tests and handled items are discussed. Recommendations about further work will also 
be given. 
 

6.1 Assignment 
The subject screw joints is very extensive and to solve the assignment in twenty weeks 
delimitations was needed. It was important to gather enough knowledge to be able to make 
the right delimitations. Another important thing was to understand how the engineers worked 
and what new problems they needed to solve regarding screw joints. Since this thesis was the 
beginning of a new standard no one else had the answers of what information that should be 
included. In the beginning this made it a bit difficult to understand the purpose with the 
assignment. But as the thesis went on and the understanding concerning screw joints became 
clearer so did the purpose of the assignment. A time consuming problem was to get access to 
software and to learn where all valuable information can be found at Scania.       

6.2 Method 
A lot of time was spent gathering information from different areas. The first week was spent 
working in the engine production which gave practical knowledge and understanding about 
the subject from an assemblers point of view. The following week’s practical tests were done 
to learn the methods for testing of screw joints.     

6.3 Tests 
The equipment that was used throughout the work was the Ultrasonic. It has been easy to use 
and has, as the authors feel, given reliable results. Negative things about the Ultrasonic 
measurements are that some of the screws have to be grinded on both ends to get reliable 
results and if they are not grinded in the right way it can give two different values. It is often 
quite easy to choose the right value when one is aware of the problem but unfortunately not 
always. The speed of the driver has shown to have more influence than first expected. The 
authors have not found any previously investigations or information in books about the topic 
and therefore it is especially rewarding to have some results from that. The authors feel that 
they learnt a lot when disassembling and assembling the D12 engine for the settlement tests 
although it was very time consuming. It was especially time consuming at SEU as there were 
no room left at the repair area because of other problems in the production. A lot of time was 
spent getting the right tools and gadgets needed for the engine. The tests regarding friction 
was made to prove practically what can happen if screws have been for a long time in the 
storage, if additional oil is applied, detergent leftovers and so on. That is the reason why no 
friction coefficients are calculated or measured. It is just not that necessary to know exactly 
what the friction coefficients are, there are a lot of other investigations done at Scania about 
that, but more to understand its influence. All tests have been done to observe a tendency to a 
trend and to be able to make statistics more tests has to be done. There was just not enough 
time during this thesis to make more tests than what were done. 
 
When designers design a screw joint or when a problem has occurred the general idea of how 
the thesis and its summary “Form the design basis for screw joints – A guide” should be used 
is that the primarily information can be found in “Form the design basis for screw joints – A 
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guide”. If any additional information is needed this could be found in the report regarding this 
master thesis. When even more information is needed the authors recommend the German 
standard VDI 2230.        

6.4 Results - Analysis 
The results from the tests, both at SEU and SLA, were in many ways as expected. Although 
there was not always supporting theory, for example regarding nut runner speed and its effect, 
the authors were able to find out, or in some way have a reasonable idea, how the result would 
or should be. The authors based their ideas on their experience and on knowledge gathered 
during the thesis work. Naturally not all results were as expected and in some cases it was 
difficult to find a reasonable explanation. 
 
Nut runner speed 
Regarding the nut runner speed the results were as expected. For the relatively stiff joints the 
increased speed resulted in increased torque and clamping force. For the joints of softer 
character, such as the oil sump screw joint containing a gasket, the influence from the nut 
runner speed was a bit damped. 
 
When the rocker arm shaft screws, with different friction coefficients, were tested the result 
implied that the friction, in this case, was of less importance. The difference in nut runner 
speed influenced the screws equally. Reasons for why the friction did not affect the results 
may be that the authors did not succeed when applying oil or when degreasing using 
detergent. 
 
Friction 
The tests regarding friction were the ones that were the most difficult to analyse. It would 
have been very rewarding to perform the tests about the friction in the thread respectively 
under the screw head to be able to relate the results from such a test to all the other different 
friction tests. 
 
Settlement 
The authors were able to give a reasonable explanation to the result for all tests regarding 
settlement except in one case, namely the test concerning the rocker arm shaft. 
 
The hypothesis regarding the settlement for the connecting rod was that when the connecting 
rods are cracked, the created surfaces may become softer in the pinnacles. These pinnacles 
would then be compressed during the operation and produce settlement. However, the test 
showed no additional settlement for the changed connecting rods, which implies that the 
pinnacles are compressed as the joint is tightened, provided that the pinnacles becomes soft 
when it is cracked. 
 
Two tests regarding the steel oil sump in Brazil were made, one with short 8.8 screws and thin 
gasket and one with short 10.9 screws and thick gasket. The latter was performed with a 
tightening torque of 28 Nm, which unfortunately was incorrect. The idea was to tighten the 
screw joint in the same way as it was tightened in the production, but communication 
difficulties resulted in use of wrong torque. For this reason the test in mind has been excluded. 
 
The screws for the aluminium oil sump will be changed from the one that we tested which 
was partly threaded to full thread. This will likely improve the screw joint as these screws 
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have a longer spring and therefore will be less affected of the rather large settlement, as 
discussed before. 
 
Final result of the thesis 
All in all it has been a very interesting and educational master thesis. The subject screw joint 
is huge and its importance is sometimes forgotten, although its function often is crucial for the 
product. Hopefully this thesis has woken an interest which in the future can make a difference 
for an even more stable production and in the end even better quality.  
 

6.5 Recommendations for further work 
More screw joints with other material combinations must be studied to widen the validity of 
this thesis, the basis for the design of screw joints. Different properties, such as other 
materials in the clamped parts or in the gasket may result in additional valuable information.  
 
A new method for controlling the torque at the torque revision area is needed. It is an 
important part of the quality insurance, but the equipment and the method used are in need of 
an upgrade. For example, the initial friction has too large significance and is disturbing for the 
operator. It is also difficult for the designers to decide the right control torque for a specific 
screw joint, especially if the tightening method for the joint is torque and angle. A good way 
of determining the control torque is by practical tests. 
 
The authors opinions are that information is lost between the different departments. Instead of 
valuable information, such as required clamping force, only torque and screw dimension is 
inherited. A decision has to be made about what information that is important for each 
department. 
 
One way to improve the quality of tightening screw joints could come from using nut runners 
with integrated ultra sound gages. To ensure a smooth transition from present tightening 
methods a thorough investigation is needed.  
 
It would be a good idea to decide which department or who is responsible for setting the 
correct tightening parameters of a specific screw joint in the production. Is it the production or 
the development department?        
 
Further studies to decide the right nut thread length for cap screws in different materials. Is it 
possible to shorten the thread engagement in some materials and save time and money?  
 
Decisions have to be made whether the steel oil sump and its screw joint should be 
considerably improved or taken out of production.  
 
As the result of the settlement test regarding the aluminium oil sump showed a large loss of 
clamping force, it would be a good idea to investigate other design options. One way would 
be to machine a channel and then apply a silicon gasket. If the paper gasket is replaced the 
screw joint becomes stiffer, hence less settlement. 
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Form the design basis for screw joints – A guide 
Here is a summary of important formulas and information that can be used by an engineer to 
enhance the reliability of a screw joint. The few test values that are presented in this 
completion are strictly dependent on the test parameters that were used during the tests. The 
values are presented to give a hint of how clamping force and torque can alter dependent on 
different factors. 

Introduction 
The following recommendations and opinions are primarily valid for cap screws. It is 
assumed that the required clamping force is known from calculations and simulations. For 
information about how the calculations regarding required clamping force is done it is 
recommended to utilize VDI 2230. In figure 1 the basic terminology for a screw can be seen. 
 

 
  Figure 1: Screw thread profile and terminology. 

Screw diameter 
To choose the appropriate screw diameter according to required clamping force it is 
recommended to use standard tables from for example Scania standards STD3874 and 
STD3637, KAMAX: Bolt and screw compendium, BULTEN: Ordning ur kaos or VDI 2230. 

Property classes for screws 
Screws are produced in different property classes. The classes are stated by two figures 
divided by a point, for example 8.8 or 12.9. The first figure indicates 1/100 of the nominal 
tensile strength in Newton per square millimeter. The second figure indicates 10 times the 
ratio between stress at 0,2 % non-proportional elongation Rp0,2 and nominal tensile strength 
Rm, nom. The multiplication of these two figures will give 1/10 of the yield stress in Newton 
per square millimeter. For example, a screw of property class 12.9 has a nominal tensile 
strength of 1200 N/mm2 and a stress at 0,2 % non-proportional elongation of 1080 N/mm2. 
The minimum stress at 0,2 % non-proportional elongation Rp0,2, min and minimum tensile 
strength Rm, min are equal to or greater than the nominal values. 
 
By studying Stress-Strain curves for steel with different strength it is easier to understand the 
properties for every property class. Here is a figure showing the stress and strain curves for 
three steel screws with different strength, observe figure 2. 
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Figure 2: Stress and strain for screws with different strength. 

Tightening torque 
When determining the torque needed to create the required clamping force it is suggested to 
use the Scania standard STD3874. If there are problems regarding an existing screw joint and 
for example there is a need of alternating the friction coefficient or to calculate the resulting 
clamping force from a given torque, it is recommended to use the following equation (1): 
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FM = Assembly preload 
MA = Tightening torque during assembly for preloading a bolt to FM 
P = Pitch of the thread 
d2 = Pitch diameter of the screw head 
α = Flank angle of the thread 
μG = Coefficient of friction in the thread 
μK = Coefficient of friction in the head bearing area 
ρ = Angle of friction 
φ = Helix angle of the screw head 
dh = Hole diameter of the clamped parts 
dw = Outside diameter of the plane head bearing surface of the screw 

Thread engagement 
To ensure that sufficient thread engagement is used it is recommended to use the diagram in 
figure 3 below, where a graphic estimation of the required length of engagement as a function 
of the shearing strength of the nut material can be made. However, if aluminium of lower 
strength is used, for example sand cast aluminium, it is recommended to perform tests to  
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ensure that the thread engagement is sufficient. In general it can be a good idea to use a longer 
thread engagement for ductile materials since they have the ability to distribute the load over 
more threads. 
 
It is recommended to use 8.8 screws when the nut part is made of aluminium with lower 
strength, for example sand cast aluminium, otherwise it is a risk of stripping the threads. Use 
Helicoil thread insert if screws with strength grade 10.9 have to be used. When the nut part is 
made of aluminium with higher strength, 10.9 screws can be used. It is always important to 
mind the surface pressure under the screw head when tightening in aluminium, observe 
equation 4.     
 

Surface pressure: 
A
F

=σ  (4) 

 
Figure 3: Guide values for the required length of engagement. 

 
When Helicoil thread insert is used the load on the first thread is decreased from 50 % to 30 
% of the entire screw load, observe figure 4. The change in load distribution and the larger 
major diameter on the screw makes the screw joint stronger. 
 

 
Figure 4: Load distribution in thread with 
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and without Helicoil thread insert. 

Settlement 
When a screw joint is tightened a certain amount of the produced clamping force is causing a 
permanent compression of the clamped parts and a permanent elongation of the screw. This 
effect is called settlement and the deformations may occur during the tightening and during 
operation. Settlement occurs in all contact surfaces in the joint, in the thread, between the 
clamped parts and all other used elements, for example gaskets and washers. 
 
To minimize the settlement a long slender screw in combination with a stiff screw joint 
should be used. A screw with thread up to the neck is preferable to use on screw joints that are 
likely to have large settlement because a longer spring is built up. More of the screw elongates 
as it has the same cross-sectional area all the way compared to a screw with larger cross-
sectional area closer to the head. In the latter example the larger cross-sectional area will 
almost not elongate at all compared to the length with threads. Hence, the settlement is less in 
proportion to the elongated length. Any paint and/or gasket will contribute greatly to the 
settlement. 
 
Tests have shown that a settlement, loss of clamping force, of 4-8 % can be expected for a 
screw joint of steel, with no gasket and machined surfaces. Tests have shown that a screw 
joint of aluminium with an unconfined gasket has a settlement from about 30 %.  
 
Avoid unconfined gaskets when it is possible because of large settlement and loss of clamping 
force. A better example is to make a channel with a silicon string which creates a stiffer screw 
joint with less settlement. Have in mind that this can cause problems in the production, more 
expensive and time consuming. Observe table 1 for guide values regarding settlement.  
 
 

Table 1: Guide values for amounts of settlement of screws,  nuts and compact clamped parts made of steel.  
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Figure 5: Preload reduction FZ of a bolted joint due to deformation by the amount of embedding fZ. 

 
FV = Preload 
FM = Assembly preload 
FZ = Preload reduction 
fz = Amount of embedding 
fSM = Amount of deformation/elongation of screw 
fPM = Amount of deformation/compression of material 
δS = Elastic resilience of the screw 
δP = Elastic resilience of the clamped parts 
 
The triangles in figure 5 describe the resilience of the joint. The interrelationship between the 
loss of preload FZ and the plastic deformations fZ is:  
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Friction 
The calculations done at Scania regarding screw joints are often calculated with a narrow 
range of friction coefficients µ = 0,10 – 0,11. As an example the friction coefficients at 
Finnveden Bulten varies between µ = 0,08 – 0,14. It is important to have in mind that in 
reality the friction can vary a lot and this has a large influence on the screw joint. The friction 
value also has a big influence on the tightening torque equation (1). Figure 6 is showing the 
distribution of the applied torque. Of course, this distribution can vary depending on the 
friction coefficient but in general these values can be used. 

 
Figure 6: Distribution of the applied torque.    
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Figure 7 is showing how important it is to know the value of the friction coefficient. A 
relatively narrow limit for the torque can result in a preload far away from the desired. The 
example is showing a M10 screw of property class 10.9 coated with a surface treatment with a 
friction range of µ = 0,10 - 0,16. 
 

 
Figure 7:  Preload vs. torque and friction graph. 

Nut runner speed 
A high speed may cause the joint to be tightened more than expected, both higher torque and 
clamping force. If a low speed is used, there are no over rotation, or at least the over rotation 
is small and more or less insignificant. To get reliable results the recommended maximum 
speed on the nut runner is 40 rpm. It is very important that the nut runner parameters are 
programmed in the right way by experienced people. The clamping force and torque are more 
affected by the nut runner speed in a stiff screw joint than a soft one. In a stiff joint the 
clamping force can rise with as much as 90 %. This could severely damage the screw as the 
load is much more than expected. In a softer joint, for example with gasket, the clamping 
force can increase with about 30%. However, this is very dependent on which kind of gasket 
that is used. 
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Stiffness 
The joint stiffness factor:  
 

bm

b

kk
k

C
+

=    (7) 

 
mk  = Material spring constant  

bk  = Screw spring constant  
 
In equation 7, C is typically <1 because  is small compared to , provided that the same 
material is in operation. This is because the material area is typically larger for the clamped 
material than the screw area. This is also why the screw will only see a portion of an applied 
load and why the material takes most of the load. When an unconfined gasket is used the joint 
stiffness is equivalent to the stiffness of the gasket. Figure 8a and b is showing the material 
compressed by a screw. 

bk mk

 
 

 

 

 

 

 

 

 

 
Figure 8a and b: Estimating the 
material compressed by a screw.  

 

Additional factors that may affect a screw joint 
□ Friction! Always mind the friction, even with torque and angle controlled tightening 

although it is a less sensitive procedure then just torque controlled. 
□ The length of the screw. A longer screw is less sensitive to alternating repetition of 

stress and less affected by settlement.  
□ The strength grade is of importance for the maximum achieved clamping force. 
□ The surface pressure under the screw head can be too high in softer material such as 

aluminium. 
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□ Some kind of settlement always occurs, greater risk with softer materials and/or when 
a gasket is used. 

□ It is advisable to have at least 6-7 free threads, even more when it is possible. 
□ The screw elongates in its thinnest part, which often is the threaded part. 
□ Use a screw with a slim waist when applied in cast iron, reduced trunk. 
□ Standard Torx screws have somewhat less stiff head compared to standard hexagonal 

head. This is because the Torx head has smaller diameter compared to the hexagonal.  
So if the screw joint is especially exposed it is advisable to use a screw with hexagonal 
head. Some screw manufacturers can offer Torx screws with larger head than standard 
and these screws are as stiff as the hexagonal. 

□ Mind the surface pressure, especially for “softer” materials such as aluminium, ferrite 
nodular iron, other soft steel and plastic. 

□ Mind the coefficient of linear expansion for different materials. Will the clamping 
force increase or decrease when the temperature changes? 

□ The advantage with fine threaded screws are that they have some what larger cross-
sectional area, hence stronger, and less wear on the tools in the production. 

□ Helicoil thread insert distributes the forces in the thread better, can be of help in 
aluminium parts.  

□ Increased settlement due to: paint, several surfaces, serrated lock washer, spring 
washer, gasket, plastic washer and rough surfaces to mention a few.  

□ Mind the effective stress during tightening, torsional + tensile stress. The amount of 
torsional stress can vary from 10 – 30 % depending on the friction. 

□ Temperature, a standard screw withstands about 300ºC, temperatures above 300ºC 
demands a thermo-proof screw. 

□ Corrosion 
□ When using stainless steel screws there is a risk for cutting in the threads during 

tightening, especially in aluminium. To prevent cutting, use lubrication, lower the 
tightening speed, surface treatment etc. 

□ Different gaskets demands different speed on the nut runner. Some gaskets need time 
to relax before the full torque is applied. If using a high speed the right torque can be 
achieved and the nut runner shows green light, OK, but the second after the gasket 
relax it could be almost no clamping force left. 

□ A gasket can deform the work piece as it is tightened. When the first screw is 
tightened to the right torque the gasket is compressed only under that screw. The 
gasket may become uneven which can cause the work piece to bend. When the other 
screws are tightened the work piece will not straighten itself out. 

□ If a nut runner with two spindles is used during tightening, there is a risk of skewness 
which can cause an uneven distribution of the friction. 
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Screw M8x1,25 – 8.8, Length 60 mm 
Used for the Aluminium oil sump. 
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Screw M8x1,25 – 10.9, Length 20 mm 
Used for the Steel oil sump. 
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Screw M18x2,5 – 10.9, Length 190 mm 
Used for the Main bearing cap. 
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Screw M12x1,75 – 10.9, Length 75 mm 
Used for the Rocker arm shaft. 
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Screw M14x1,5 – 10.9, Length 70 mm 
Used for the Connecting rod. 
 
 

 

 



Appendix C

Alu Oil sump. Speed test, screw 8.8, gasket 0,75 mm, torque 26 Nm, SLA 
Screw Speed Length Length* Elongation* Force* Torque

# [rpm] [US-mm] [US-mm] [US-mm] [kN] [Nm]

1 20 66,9 67,25 0,35 16,3 26,2
2 20 66,95 67,4 0,45 20,9 26,2
3 20 66,96 67,3 0,34 15,8 26,6 Average force 20 rpm
4 20 66,98 67,35 0,37 17,2 26,6 16,4
5 20 66,83 67,15 0,32 14,9 26,2
6 20 66,92 67,27 0,35 16,3 26,2
7 20 66,9 67,2 0,3 13,9 26,6
8 20 66,92 67,2 0,28 13,0 26,9
9 20 66,87 67,27 0,4 18,6 26,4

10 20 66,95 67,32 0,37 17,2 26

11 40 66,98 67,32 0,34 15,8 26,7
12 40 66,9 67,28 0,38 17,7 26,9
13 40 66,93 67,19 0,26 12,1 26,4 Average force 40 rpm
14 40 66,98 67,48 0,5 23,3 26,2 16,1
15 40 66,89 67,21 0,32 14,9 27,1
16 40 66,93 67,26 0,33 15,3 26,4
17 40 66,89 67,23 0,34 15,8 26,4
18 40 66,81 67,16 0,35 16,3 27,5
19 40 66,92 67,26 0,34 15,8 26,9
20 40 66,9 67,2 0,3 13,9 26,6

21 80 66,9 67,2 0,3 13,9 27,1
22 80 66,9 67,24 0,34 15,8 26,6
23 80 66,76 67,11 0,35 16,3 27,3 Average force 80 rpm
24 80 66,88 67,24 0,36 16,7 26,9 16,5
25 80 66,91 67,25 0,34 15,8 26
26 80 66,9 67,2 0,3 13,9 27,5
27 80 66,89 67,19 0,3 13,9 26,6
28 80 66,91 67,4 0,49 22,8 27,1
29 80 66,96 67,35 0,39 18,1 27,8
30 80 66,82 67,19 0,37 17,2 27,1

31 120 66,83 67,23 0,4 18,6 26,9
32 120 66,94 67,32 0,38 17,7 27,8
33 120 66,89 67,29 0,4 18,6 27,1 Average force 120 rpm
34 120 66,93 67,32 0,39 18,1 27,5 19,3
35 120 66,82 67,23 0,41 19,1 30
36 120 66,87 67,31 0,44 20,5 28,4
37 120 66,88 67,34 0,46 21,4 30,9
38 120 66,65 67,09 0,44 20,5 27,5
39 120 66,85 67,28 0,43 20,0 28,4
40 120 66,93 67,33 0,4 18,6 29,8

41 185 66,86 67,31 0,45 20,9 31,8
42 185 66,94 67,41 0,47 21,9 31,4
43 185 66,97 67,38 0,41 19,1 29,6 Average force 185 rpm
44 185 66,89 67,32 0,43 20,0 29,3 20,8
45 185 66,9 67,35 0,45 20,9 30,7
46 185 66,85 67,31 0,46 21,4 30
47 185 66,94 67,38 0,44 20,5 30
48 185 66,99 67,44 0,45 20,9 30,9
49 185 66,9 67,37 0,47 21,9 30
50 185 66,87 67,32 0,45 20,9 31,8

*After tightening
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Appendix D

Aluminium Oil sump. Settlement test with screw 8.8, gasket 0,75 mm,  
torque 26 Nm, SLA

Screw Length Length* Elongation* Force* Length** Elongation** Force** Decrease
# [US-mm] [US-mm] [US-mm] [kN] [US-mm] [US-mm] [kN] [%]

1 66,94 67,80 0,86 40,0 67,66 0,72 33,5 16
2 66,90 67,37 0,47 21,9 67,23 0,33 15,3 30
3 66,91 67,37 0,46 21,4 67,26 0,35 16,3 24
4 66,96 67,40 0,44 20,5 67,26 0,30 14,0 32
5 66,93 67,32 0,39 18,1 67,22 0,29 13,5 26
6 66,92 67,32 0,40 18,6 67,23 0,31 14,4 22
7 66,75 67,06 0,31 14,4 66,96 0,21 9,8 32
8 66,93 67,30 0,37 17,2 67,21 0,28 13,0 24
9 66,94 67,40 0,46 21,4 67,27 0,33 15,3 28

10 66,96 67,41 0,45 20,9 67,31 0,35 16,3 22
11 66,91 67,30 0,39 18,1 67,20 0,29 13,5 26
12 66,93 67,35 0,42 19,5 67,23 0,30 13,9 29
13 66,90 67,37 0,47 21,9 67,22 0,32 14,9 32
14 66,91 67,36 0,45 20,9 67,20 0,29 13,5 36
15 66,94 67,32 0,38 17,7 67,19 0,25 11,6 34
16 66,93 67,32 0,39 18,1 67,19 0,26 12,1 33
17 66,97 67,37 0,40 18,6 67,23 0,26 12,1 35
18 66,91 67,37 0,46 21,4 67,23 0,32 14,9 30
19 66,95 67,36 0,41 19,1 67,23 0,28 13,0 32
20 66,98 67,35 0,37 17,2 67,21 0,23 10,7 38
21 66,92 67,29 0,37 17,2 67,18 0,26 12,1 30
22 66,93 67,53 0,60 27,9 67,39 0,46 21,4 23
23 66,95 67,35 0,40 18,6 67,25 0,30 13,9 25
24 66,94 67,38 0,44 20,5 67,29 0,35 16,3 20
25 66,95 67,32 0,37 17,2 67,20 0,25 11,6 32
26 66,94 67,36 0,42 19,5 67,25 0,31 14,4 26
27 66,86 67,30 0,44 20,5 67,17 0,31 14,4 30
28 66,93 67,38 0,45 20,9 67,24 0,31 14,4 31

Clamping force average* Clamping force average**
*After tightening 19,6 14,0
**After  1 hour test run
Screw #1 excluded because of large divergence
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Appendix E

Main bearing cap. Friction test with initial torque 50, 70, 90 and 110 Nm, SLA

Screw Initial torque Length Length* Elongation* Force* Torque
# [Nm] [US-mm] [US-mm] [US-mm] [kN] [Nm]

1 50 208,52 208,67 0,15 11,8 50,1
1 50 208,51 208,67 0,16 12,6 50,6
1 50 208,51 208,67 0,16 12,6 51,7 Average force 50 Nm
1 50 208,51 208,68 0,17 13,4 50,6 12,7
1 50 208,51 208,67 0,16 12,6 50,8
1 50 208,51 208,67 0,16 12,6 51,2
1 50 208,51 208,68 0,17 13,4 51,0
1 50 208,51 208,67 0,16 12,6 50,1
1 50 208,51 208,68 0,17 13,4 51,0
1 50 208,51 208,67 0,16 12,6 50,3

2 70 208,63 208,88 0,25 19,7 70,9
2 70 208,61 208,87 0,26 20,5 70,2
2 70 208,61 208,89 0,28 22,0 70,4 Average force 70 Nm
2 70 208,61 208,88 0,27 21,2 70,8 21,2
2 70 208,61 208,88 0,27 21,2 70,8
2 70 208,61 208,87 0,26 20,5 71,1
2 70 208,61 208,88 0,27 21,2 70,4
2 70 208,61 208,88 0,27 21,2 70,0
2 70 208,61 208,89 0,28 22,0 70,2
2 70 208,61 208,89 0,28 22,0 70,0

3 90 208,26 208,58 0,32 25,2 90,1
3 90 208,25 208,59 0,34 26,8 90,3
3 90 208,25 208,58 0,33 26,0 90,3 Average force 90 Nm
3 90 208,25 208,59 0,34 26,8 90,7 26,3
3 90 208,25 208,58 0,33 26,0 90,7
3 90 208,25 208,59 0,34 26,8 92,8
3 90 208,25 208,59 0,34 26,8 90,7
3 90 208,25 208,58 0,33 26,0 91,2
3 90 208,25 208,59 0,34 26,8 91,0
3 90 208,25 208,58 0,33 26,0 91,5

4 110 208,26 208,65 0,39 30,7 111,2
4 110 208,23 208,65 0,42 33,1 111,2
4 110 208,23 208,67 0,44 34,6 113,2 Average force 110 Nm
4 110 208,23 208,64 0,41 32,3 110,3 32,4
4 110 208,23 208,64 0,41 32,3 111,6
4 110 208,23 208,63 0,40 31,5 111,2
4 110 208,23 208,67 0,44 34,6 112,5
4 110 208,23 208,64 0,41 32,3 111,4
4 110 208,23 208,63 0,40 31,5 110,8
4 110 208,23 208,63 0,40 31,5 110,1
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Appendix F

Main bearing cap. Friction test Dry - Normal - Oiled, torque 70 & 110 Nm, SLA

Screw Initial torque Length Length* Elongation* Force* Torque Surface
# [Nm] [US-mm] [US-mm] [US-mm] [kN] [Nm]

1 70 208,42 208,61 0,19 15,0 70,9 Dry
1 70 208,40 208,59 0,19 15,0 70,4 Dry
1 70 208,40 208,59 0,19 15,0 70,2 Dry Average force 
1 70 208,40 208,57 0,17 13,4 70,7 Dry 70 Nm, Dry
1 70 208,40 208,56 0,16 12,6 70,2 Dry 13,5
1 70 208,40 208,56 0,16 12,6 71,3 Dry
1 70 208,40 208,57 0,17 13,4 70,7 Dry
1 70 208,40 208,56 0,16 12,6 70,7 Dry
1 70 208,40 208,56 0,16 12,6 70,2 Dry
1 70 208,40 208,56 0,16 12,6 70,2 Dry
2 70 208,63 208,88 0,25 19,7 70,9 Normal
2 70 208,61 208,87 0,26 20,5 70,2 Normal
2 70 208,61 208,89 0,28 22,0 70,4 Normal Average force 
2 70 208,61 208,88 0,27 21,2 70,8 Normal 70 Nm, Normal
2 70 208,61 208,88 0,27 21,2 70,8 Normal 21,2
2 70 208,61 208,87 0,26 20,5 71,1 Normal
2 70 208,61 208,88 0,27 21,2 70,4 Normal
2 70 208,61 208,88 0,27 21,2 70,0 Normal
2 70 208,61 208,89 0,28 22,0 70,2 Normal
2 70 208,61 208,89 0,28 22,0 70,0 Normal
3 70 208,57 208,82 0,25 19,7 70,7 Oiled
3 70 208,55 208,81 0,26 20,5 70,2 Oiled
3 70 208,55 208,82 0,27 21,2 70,9 Oiled Average force 
3 70 208,55 208,81 0,26 20,5 70,2 Oiled 70 Nm, Oiled
3 70 208,55 208,81 0,26 20,5 70,7 Oiled 20,1
3 70 208,55 208,80 0,25 19,7 70,0 Oiled
3 70 208,55 208,80 0,25 19,7 71,1 Oiled
3 70 208,55 208,80 0,25 19,7 70,7 Oiled
3 70 208,55 208,80 0,25 19,7 70,4 Oiled
3 70 208,55 208,80 0,25 19,7 70,2 Oiled
4 110 208,63 208,94 0,31 24,4 111,7 Dry
4 110 208,59 208,92 0,33 26,0 112,0 Dry
4 110 208,59 208,92 0,33 26,0 111,3 Dry Average force 
4 110 208,59 208,89 0,30 23,6 110,2 Dry 110 Nm, Dry
4 110 208,59 208,89 0,30 23,6 110,8 Dry 24,1
4 110 208,59 208,90 0,31 24,4 112,4 Dry
4 110 208,59 208,88 0,29 22,8 110,6 Dry
4 110 208,59 208,88 0,29 22,8 110,6 Dry
4 110 208,59 208,89 0,30 23,6 111,7 Dry
4 110 208,59 208,89 0,30 23,6 110,6 Dry
5 110 208,26 208,65 0,39 30,7 111,2 Normal
5 110 208,23 208,65 0,42 33,1 111,2 Normal
5 110 208,23 208,67 0,44 34,6 113,2 Normal Average force 
5 110 208,23 208,64 0,41 32,3 110,3 Normal 110 Nm, Normal
5 110 208,23 208,64 0,41 32,3 111,6 Normal 32,4
5 110 208,23 208,63 0,40 31,5 111,2 Normal
5 110 208,23 208,67 0,44 34,6 112,5 Normal
5 110 208,23 208,64 0,41 32,3 111,4 Normal
5 110 208,23 208,63 0,40 31,5 110,8 Normal
5 110 208,23 208,63 0,40 31,5 110,1 Normal
6 110 208,47 208,85 0,38 29,9 109,9 Oiled
6 110 208,44 208,88 0,44 34,6 111,7 Oiled
6 110 208,44 208,88 0,44 34,6 112,6 Oiled Average force
6 110 208,44 208,88 0,44 34,6 111,5 Oiled 110 Nm, Oiled
6 110 208,44 208,88 0,44 34,6 110,4 Oiled 34,1
6 110 208,44 208,87 0,43 33,8 110,8 Oiled
6 110 208,44 208,86 0,42 33,1 111,5 Oiled
6 110 208,44 208,89 0,45 35,4 110,8 Oiled
6 110 208,44 208,88 0,44 34,6 111,3 Oiled
6 110 208,44 208,89 0,45 35,4 111,5 Oiled
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Appendix G

Main bearing cap. Settlement test, Torque + angle: 110 Nm + 90°, SLA

Position Length Length* Elongation* Force* Length** Elongation** Force** Decrease**
# [US-mm] [US-mm] [US-mm] [kN] [US-mm] [US-mm] [kN] [%]

1 208,51 210,62 2,11 166,1 210,45 1,94 152,7 8,1
2 208,51 210,58 2,07 162,9 210,43 1,92 151,1 7,2
3 208,51 210,6 2,09 164,5 210,46 1,95 153,5 6,7
4 208,55 210,67 2,12 166,8 210,51 1,96 154,3 7,5
5 208,62 210,73 2,11 166,1 210,54 1,92 151,1 9,0
6 208,62 210,66 2,04 160,5 210,5 1,88 148,0 7,8
7 208,63 210,66 2,03 159,8 210,53 1,9 149,5 6,4
8 208,34 210,36 2,02 159,0 210,2 1,86 146,4 7,9
9 208,51 210,54 2,03 159,8 210,41 1,9 149,5 6,4

10 208,65 210,65 2 157,4 210,44 1,79 140,9 10,5
Average clamping force* Average clamping force*

*After tightening [kN] [kN]

**After 1 hour test run 162,3 149,7
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Appendix H

Main bearing cap. Speed test 15 - 185 rpm, torque 110 Nm, SLA 

Speed Screw Length Length* Elongation* Force* Torque
[rpm] # [US-mm] [US-mm] [US-mm] [kN] [Nm]

15,00 1,00 208,53 208,90 0,37 29,1 110,8
15,00 1,00 208,53 208,90 0,37 29,1 110,5
15,00 1,00 208,50 208,90 0,40 31,5 111,6
15,00 1,00 208,50 208,90 0,40 31,5 109,9 Average force 15 rpm
15,00 1,00 208,50 208,90 0,40 31,5 110,8 31,2
15,00 1,00 208,50 208,89 0,39 30,7 110,8
15,00 1,00 208,50 208,91 0,41 32,3 110,3
15,00 1,00 208,50 208,90 0,40 31,5 111,0
15,00 1,00 208,50 208,91 0,41 32,3 111,4
15,00 1,00 208,50 208,91 0,41 32,3 111,0

30,00 2,00 208,26 208,65 0,39 30,7 111,2
30,00 2,00 208,23 208,65 0,42 33,1 111,2
30,00 2,00 208,23 208,67 0,44 34,6 113,2
30,00 2,00 208,23 208,64 0,41 32,3 110,3 Average force 30 rpm
30,00 2,00 208,23 208,64 0,41 32,3 111,6 32,4
30,00 2,00 208,23 208,63 0,40 31,5 111,2
30,00 2,00 208,23 208,67 0,44 34,6 112,5
30,00 2,00 208,23 208,64 0,41 32,3 111,4
30,00 2,00 208,23 208,63 0,40 31,5 110,8
30,00 2,00 208,23 208,63 0,40 31,5 110,1

80,00 3,00 208,75 209,23 0,48 37,8 127,1
80,00 3,00 208,72 209,20 0,48 37,8 116,8
80,00 3,00 208,72 209,20 0,48 37,8 119,9
80,00 3,00 208,72 209,22 0,50 39,4 117,2 Average force 80 rpm
80,00 3,00 208,72 209,21 0,49 38,6 116,6 38,6
80,00 3,00 208,72 209,24 0,52 40,9 125,5
80,00 3,00 208,72 209,21 0,49 38,6 119,0
80,00 3,00 208,72 209,19 0,47 37,0 116,8
80,00 3,00 208,72 209,22 0,50 39,4 117,0
80,00 3,00 208,72 209,21 0,49 38,6 115,7

120,00 4,00 208,65 209,12 0,47 37,0 128,8
120,00 4,00 208,63 209,12 0,49 38,6 125,7
120,00 4,00 208,63 209,13 0,50 39,4 125,5
120,00 4,00 208,63 209,13 0,50 39,4 124,1 Average force 120 rpm
120,00 4,00 208,63 209,14 0,51 40,1 125,3 39,6
120,00 4,00 208,63 209,15 0,52 40,9 126,8
120,00 4,00 208,63 209,14 0,51 40,1 127,3
120,00 4,00 208,63 209,13 0,50 39,4 122,8
120,00 4,00 208,63 209,14 0,51 40,1 126,4
120,00 4,00 208,63 209,15 0,52 40,9 125,5

185,00 5,00 208,51 209,05 0,54 42,5 141,6
185,00 5,00 208,49 209,06 0,57 44,9 142,5
185,00 5,00 208,49 209,04 0,55 43,3 137,1
185,00 5,00 208,49 209,05 0,56 44,1 137,1 Average force 185 rpm
185,00 5,00 208,49 209,05 0,56 44,1 136,0 43,9
185,00 5,00 208,49 209,05 0,56 44,1 136,9
185,00 5,00 208,49 209,05 0,56 44,1 134,4
185,00 5,00 208,49 209,05 0,56 44,1 135,3
185,00 5,00 208,49 209,05 0,56 44,1 134,4
185,00 5,00 208,49 209,05 0,56 44,1 136,2
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Appendix I

Steel Oil sump. Settlement test with screw 8.8, gasket 0,75 mm, torque 26 Nm, SLA 

Screw Length Length* Elongation* Force* Length** Elongation** Force** Length*** Elongation*** Force*** Torque Decrease
# [US-mm] [US-mm] [US-mm] [kN] [US-mm] [US-mm] [kN] [US-mm] [US-mm] [kN] [Nm] [%]

1 28,92 28,98 0,06 5,9 28,93 0,01 1,0 28,93 0,01 1,0 27,0 83
2 28,83 28,95 0,12 11,8 28,88 0,05 4,9 28,85 0,02 2,0 26,6 83
3 28,98 29,07 0,09 8,9 29,00 0,02 2,0 29,00 0,02 2,0 26,3 78
4 29,09 29,20 0,11 10,8 29,14 0,05 4,9 29,12 0,03 3,0 27,5 73
5 29,26 29,37 0,11 10,8 29,31 0,05 4,9 29,31 0,05 4,9 26,3 55
6 28,95 29,03 0,08 7,9 28,98 0,03 3,0 28,95 0,00 0,0 26,1 100
7 28,94 29,01 0,07 6,9 28,96 0,02 2,0 28,96 0,02 2,0 26,1 71
8 28,94 29,02 0,08 7,9 29,00 0,06 5,9 28,97 0,03 3,0 26,8 63
9 29,11 29,22 0,11 10,8 29,18 0,07 6,9 29,16 0,05 4,9 26,3 55

10 28,97 29,06 0,09 8,9 29,02 0,05 4,9 29,02 0,05 4,9 25,9 44
11 29,02 29,12 0,10 9,9 29,09 0,07 6,9 29,08 0,06 5,9 27,2 40
12 28,95 29,06 0,11 10,8 29,03 0,08 7,9 29,01 0,06 5,9 26,1 45
13 28,97 29,04 0,07 6,9 29,01 0,04 3,9 28,99 0,02 2,0 26,3 71
14 29,59 29,81 0,22 21,7 29,76 0,17 16,7 29,74 0,15 14,8 25,9 32
15 29,23 29,31 0,08 7,9 29,28 0,05 4,9 29,25 0,02 2,0 26,3 75
16 28,95 29,02 0,07 6,9 28,97 0,02 2,0 28,95 0,00 0,0 27,7 100
17 28,94 29,01 0,07 6,9 28,97 0,03 3,0 28,94 0,00 0,0 26,3 100
18 28,96 29,01 0,05 4,9 28,97 0,01 1,0 28,96 0,00 0,0 26,3 100
19 28,74 28,80 0,06 5,9 28,78 0,04 3,9 28,78 0,04 3,9 26,1 33
20 28,83 28,91 0,08 7,9 28,88 0,05 4,9 28,88 0,05 4,9 26,1 38
21 28,98 29,09 0,11 10,8 29,04 0,06 5,9 29,04 0,06 5,9 26,3 45
22 28,94 29,05 0,11 10,8 29,01 0,07 6,9 29,01 0,07 6,9 25,9 36
23 28,97 29,03 0,06 5,9 28,98 0,01 1,0 28,98 0,01 1,0 27,0 83
24 28,94 29,03 0,09 8,9 28,99 0,05 4,9 28,95 0,01 1,0 26,6 89
25 28,83 28,94 0,11 10,8 28,89 0,06 5,9 28,89 0,06 5,9 26,6 45
26 28,93 29,04 0,11 10,8 28,99 0,06 5,9 28,94 0,01 1,0 26,3 91
27 28,96 29,06 0,10 9,8 29,01 0,05 4,9 28,98 0,02 2,0 26,3 80
28 28,88 28,92 0,04 3,9 28,88 0,00 0,0 28,89 0,01 1,0 27,0 75

Clamping force average* Clamping force average** Clamping force average***
*After tightening 8,5 4,2 2,8
**After  18 minute test run
***After 9 hour test run
Screw #14 excluded because of large divergence
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Appendix J

Aluminium oil sump, Nut runner speed test, SEU

P-set Screw Before After Diff Torque Clamping force Clamping force
# [US-mm] [US-mm] [US-mm] [Nm] [kN] [kN]

* 1 68,29 68,53 0,24 26,09 11,16
* 2 68,14 68,47 0,33 26,15 15,345

P9 3 68,13 68,42 0,29 26,1 13,485
P9 4 68,24 68,49 0,25 26,05 11,625 Average P9
P9 5 68,12 68,41 0,29 26,18 13,485 13,392
P9 6 68,22 68,5 0,28 26,19 13,02
P9 7 68,08 68,41 0,33 26,17 15,345

P10 8 68,24 68,57 0,33 26,09 15,345
P10 9 68,19 68,52 0,33 26,02 15,345 Average P10
P10 10 68,2 68,51 0,31 26,05 14,415 14,88
P10 11 68,24 68,56 0,32 26,15 14,88
P10 12 68,29 68,6 0,31 26,12 14,415

P11 13 68,14 68,45 0,31 26,05 14,415
P11 14 68,29 68,61 0,32 26,01 14,88

* 15 67,8 68,11 0,31 26,1 14,415 Average P11
* 16 68,18 68,5 0,32 26,13 14,88 14,508

P11 17 68,19 68,51 0,32 26,06 14,88
P11 18 67,6 67,9 0,3 26,13 13,95
P11 19 68,21 68,52 0,31 26,11 14,415

P12 20 68,2 68,55 0,35 29,25 16,275
P12 21 68,21 68,48 0,27 28,83 12,555 Average P12
P12 22 68,09 68,39 0,3 29,29 13,95 13,671
P12 23 68,15 68,43 0,28 29,88 13,02
P12 24 68,28 68,55 0,27 28,25 12,555

P13 25 68,06 68,3 0,24 30,97 11,16
P13 26 68,16 68,45 0,29 30,6 13,485 Average P13
P13 27 68,39 68,71 0,32 31,72 14,88 14,601
P13 28 68,25 68,61 0,36 31,56 16,74
P13 29 67,67 68,03 0,36 32,05 16,74

P9: Torque guided, single step, 26 Nm, 20 rpm
P10: Torque guided, single step, 26 Nm, 40 rpm
P11: Torque guided, single step, 26 Nm, 80 rpm
P12: Torque guided, single step, 26 Nm, 120 rpm
P13: Torque guided, single step, 26 Nm, 185 rpm
*Tightened to fix the sump, as in production
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Appendix K

Settlement test, SEU

Joint Screw Untightened Tightened After test run Diff 1* Diff 2** Clamping force 1* Clamping force 2** Decrease
# [US-mm] [US-mm] [US-mm] [US-mm] [US-mm] [kN] [kN] [%]

Main bearing cap 1 210,35 212,51 212,44 2,16 2,09 169,99 164,48 3
Main bearing cap 2 210,35 212,47 212,4 2,12 2,05 166,84 161,34 3
Main bearing cap 3 210,17 212,29 212,2 2,12 2,03 166,84 159,76 4
Main bearing cap 4 210,14 212,31 212,22 2,17 2,08 170,78 163,70 4
Main bearing cap 5 209,91 212,06 211,99 2,15 2,08 169,21 163,70 3
Main bearing cap 6 209,81 211,94 211,86 2,13 2,05 167,63 161,34 4
Main bearing cap 7 210,27 212,44 212,36 2,17 2,09 170,78 164,48 4
Main bearing cap 8 210,02 212,21 212,12 2,19 2,1 172,35 165,27 4
Main bearing cap 9 210,3 212,44 212,38 2,14 2,08 168,42 163,70 3
Main bearing cap 10 210,21 212,3 212,22 2,09 2,01 164,48 158,19 4
Main bearing cap 11 X 212,52 212,52 X X X X 0
Main bearing cap 12 X 212,5 212,5 X X X X 0

Connecting rod A 83,04 84,13 84,03 1,09 0,99 112,60 102,27 9
Connecting rod B 83,08 84,26 84,16 1,18 1,08 121,89 111,56 8
Connecting rod C 83,03 84,1 84,02 1,07 0,99 110,53 102,27 7
Connecting rod D 83,04 84,11 84 1,07 0,96 110,53 99,17 10
Connecting rod E 83,06 84,14 84,07 1,08 1,01 111,56 104,33 6
Connecting rod F 83,03 84,07 83,97 1,04 0,94 107,43 97,10 10
Connecting rod G 82,99 83,97 83,91 0,98 0,92 101,23 95,04 6
Connecting rod H 83,06 84,12 84,03 1,06 0,97 109,50 100,20 8
Connecting rod I 83,05 84,15 84,07 1,1 1,02 113,63 105,37 7
Connecting rod J 83,02 84,1 84,03 1,08 1,01 111,56 104,33 6
Connecting rod K 83,02 84,11 84,01 1,09 0,99 112,60 102,27 9
Connecting rod L 83,04 84,17 84,06 1,13 1,02 116,73 105,37 10

Main bearing cap: Manual tightening, 1: 50 Nm, 2: 110 Nm, 3: 90 degrees, Stiffness: 78,7 kN/US-mm
Connecting rod: Manual tightening, 1: 30 Nm, 2: 50 Nm, 3: 90 degrees, Stiffness: 103,3 kN/US-mm
Oil sump: Manual tightening, 26 Nm, Stiffness: 46,5 kN/US-mm
Rocker arm shaft: Manual tightening, 1: 40 Nm, 2: 105 Nm, Stiffness: 125,9 kN/US-mm

*After tightening
**After 20 minute test run
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Appendix K

Settlement test, SEU
Joint Screw Untightened Tightened After test run Diff 1* Diff 2** Clamping force 1* Clamping force 2** Decrease

# [US-mm] [US-mm] [US-mm] [US-mm] [US-mm] [kN] [kN] [%]

Oil sump 1 68,34 68,72 68,61 0,38 0,27 17,67 12,55 29
Oil sump 2 68,26 68,72 68,57 0,46 0,31 21,39 14,41 33
Oil sump 3 68,42 68,77 68,64 0,35 0,22 16,27 10,23 37
Oil sump 4 68,33 68,69 68,57 0,36 0,24 16,74 11,16 33
Oil sump 5 68,24 68,58 68,49 0,34 0,25 15,81 11,63 26
Oil sump 6 68,34 68,66 68,56 0,32 0,22 14,88 10,23 31
Oil sump 7 68,15 68,58 68,48 0,43 0,33 19,99 15,34 23
Oil sump 8 68,38 68,6 68,49 0,22 0,11 10,23 5,11 50
Oil sump 9 68,43 68,8 68,7 0,37 0,27 17,20 12,55 27
Oil sump 10 68,35 68,72 68,61 0,37 0,26 17,21 12,09 30
Oil sump 11 68,35 68,65 68,53 0,3 0,18 13,95 8,37 40
Oil sump 12 68,31 68,55 68,41 0,24 0,1 11,16 4,65 58
Oil sump 13 68,36 68,77 68,61 0,41 0,25 19,06 11,63 39
Oil sump 14 68,4 68,79 68,65 0,39 0,25 18,14 11,63 36
Oil sump 15 68,29 68,64 68,51 0,35 0,22 16,27 10,23 37
Oil sump 16 68,46 68,88 68,73 0,42 0,27 19,53 12,56 36
Oil sump 17 68,35 68,76 68,62 0,41 0,27 19,07 12,56 34
Oil sump 18 68,3 68,68 68,6 0,38 0,3 17,67 13,95 21
Oil sump 19 68,44 68,78 68,66 0,34 0,22 15,81 10,23 35
Oil sump 20 68,34 68,65 68,54 0,31 0,2 14,42 9,30 35
Oil sump 21 68,3 68,62 68,51 0,32 0,21 14,88 9,77 34
Oil sump 22 68,39 68,76 68,68 0,37 0,29 17,21 13,49 22
Oil sump 23 68,36 68,65 68,55 0,29 0,19 13,49 8,83 34
Oil sump 24 68,39 68,76 68,64 0,37 0,25 17,21 11,63 32
Oil sump 25 68,35 68,68 68,59 0,33 0,24 15,35 11,16 27
Oil sump 26 68,23 68,53 68,46 0,3 0,23 13,95 10,69 23
Oil sump 27 68,27 68,59 68,49 0,32 0,22 14,88 10,23 31
Oil sump 28 68,34 68,66 68,51 0,32 0,17 14,88 7,91 47

Rocker arm shaft 1 60,4 60,88 60,83 0,48 0,43 60,43 54,14 10
Rocker arm shaft 2 61,0 61,47 61,43 0,47 0,43 59,17 54,14 9
Rocker arm shaft 3 61,22 61,64 61,6 0,42 0,38 52,88 47,84 10
Rocker arm shaft 4 60,41 60,93 60,89 0,52 0,48 65,47 60,43 8
Rocker arm shaft 5 60,3 60,85 60,79 0,55 0,49 69,25 61,69 11
Rocker arm shaft 6 61,28 61,82 61,77 0,54 0,49 67,99 61,69 9
Rocker arm shaft 7 60,47 60,92 60,9 0,45 0,43 56,66 54,14 4
Rocker arm shaft 8 61,17 61,66 61,62 0,49 0,45 61,69 56,65 8
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Appendix L

Connecting rod, Nut runner speed test, SEU

P-set Screw Before After Diff Torque Clamping force Clamping force
# [US-mm] [US-mm] [US-mm] [Nm] [kN] [kN]

P9 1 83,07 83,24 0,17 50,55 17,561
P9 1 83,07 83,24 0,17 50,35 17,561 Average
P9 1 83,07 83,25 0,18 50,38 18,594 17,9742
P9 1 83,07 83,25 0,18 50,57 18,594
P9 1 83,07 83,24 0,17 50,74 17,561

P10 2 83,05 83,23 0,18 50,31 18,594
P10 2 83,05 83,24 0,19 50,19 19,627 Average
P10 2 83,05 83,22 0,17 50,06 17,561 18,3874
P10 2 83,05 83,22 0,17 50,33 17,561
P10 2 83,05 83,23 0,18 50,38 18,594

P11 3 83,05 83,26 0,21 50,25 21,693
P11 3 83,05 83,25 0,2 50,12 20,66 Average
P11 3 83,05 83,24 0,19 50,12 19,627 20,8666
P11 3 83,05 83,26 0,21 50,19 21,693
P11 3 83,05 83,25 0,2 50,22 20,66

P12 4 83,05 83,28 0,23 63,27 23,759
P12 4 83,05 83,29 0,24 62,87 24,792 Average
P12 4 83,05 83,28 0,23 63,17 23,759 24,1722
P12 4 83,05 83,29 0,24 63,13 24,792
P12 4 83,05 83,28 0,23 63,83 23,759

P13 5 83,03 83,35 0,32 73,58 33,056
P13 5 83,03 83,36 0,33 71,79 34,089 Average
P13 5 83,03 83,32 0,29 70,67 29,957 33,8824
P13 5 83,03 83,41 0,38 71,28 39,254
P13 5 83,03 83,35 0,32 73,33 33,056

P9: Torque guided, single step, 50 Nm, 20 rpm
P10: Torque guided, single step, 50 Nm, 40 rpm
P11: Torque guided, single step, 50 Nm, 80 rpm
P12: Torque guided, single step, 50 Nm, 120 rpm
P13: Torque guided, single step, 50 Nm, 185 rpm

1(1)



Appendix M

Connecting rod, Numbers of spindels test, SEU

P-set Screw Before After Diff Torque Clamping force Clamping force
# [US-mm] [US-mm] [US-mm] [Nm] [kN] [kN]

Manual* 1 83 84,06 1,06 x 109,498
Manual* 2 83,04 84,15 1,11 x 114,663 Average
Manual* 3 83,05 84,15 1,1 x 113,63 112,85525
Manual* 4 83 84,1 1,1 x 113,63

Manual* 1 83,01 84,08 1,07 x 110,531
Manual* 2 83,02 84,12 1,1 x 113,63 Average
Manual* 3 82,99 84,09 1,1 x 113,63 113,1135
Manual* 4 82,98 84,09 1,11 x 114,663

Production line** 1 83,06 84,03 0,97 x 100,201
Production line** 2 83,06 84,04 0,98 x 101,234 Average
Production line** 3 83,07 84,03 0,96 x 99,168 100,201
Production line** 4 83,04 84,01 0,97 x 100,201

Production line** 1 83,07 84,01 0,94 x 97,102
Production line** 2 83,08 84,09 1,01 x 104,333 Average
Production line** 3 83,06 84,05 0,99 x 102,267 99,94275
Production line** 4 83,08 84,01 0,93 x 96,069

*Manual tightening, Step 1: Both screws to 25 Nm, 2: Both screws to 50 Nm, 3: 90 degrees
**Tightening in production line: 50 Nm + 90 degrees, Equipment number 36985
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Appendix N

Rocker arm shaft, Friction test, SEU
Best vs Worst case & Direct torque vs Torque + Angle

P-set Screw Before After Diff Torque Clamping force Degrees Clamping force
# [US-mm] [US-mm] [US-mm] [Nm] [kN] [º] [kN]

P2 1 60,81 61,26 0,45 105,6 56,655 x
P2 2 60,9 61,34 0,44 105,7 55,396 x Average
P2 3 60,91 61,36 0,45 105,8 56,655 x 56,9068
P2 4 60,74 61,2 0,46 105,7 57,914 x
P2 5 60,8 61,26 0,46 106,4 57,914 x

P2**** 6 60,87 61,27 0,4 106 50,36 x
P2**** 7 60,88 61,27 0,39 105,7 49,101 x Average
P2**** 8 60,95 61,35 0,4 106 50,36 x 50,8636
P2**** 9 60,82 61,23 0,41 105,5 51,619 x
P2**** 10 60,7 61,12 0,42 105,9 52,878 x

P11 11 60,78 61,2 0,42 118 52,878 30
P11 12 60,9 61,36 0,46 114,7 57,914 30 Average
P11 13 60,79 61,26 0,47 114,5 59,173 30 56,655
P11 14 60,9 61,33 0,43 110,2 54,137 30
P11 15 60,8 61,27 0,47 112 59,173 30

P13 25 60,83 60,95 0,12 41,1 15,108 x
P13 25 60,83 60,95 0,12 40,8 15,108 x Average
P13 26 60,89 61,05 0,16 41,2 20,144 x 17,626
P13 26 60,89 61,04 0,15 41,1 18,885 x
P13 27 60,85 61 0,15 40,9 18,885 x

Manual* 27 60,85 61 0,15 40 18,885 x
Manual* 28 60,79 60,95 0,16 40 20,144 x Average
Manual* 29 60,9 61,11 0,21 40 26,439 x 22,9138
Manual* 30 60,91 61,09 0,18 40 22,662 x
Manual* 31 60,95 61,16 0,21 40 26,439 x

Manual** 27 61 61,32 0,32 x 40,288 30
Manual** 28 60,95 61,3 0,35 x 44,065 30 Average
Manual** 29 61,11 61,43 0,32 x 40,288 30 39,7844
Manual** 30 61,09 61,39 0,3 x 37,77 30
Manual** 31 61,16 61,45 0,29 x 36,511 30

Manual*** 27 60,85 61,32 0,47 x 59,173 x
Manual*** 28 60,79 61,3 0,51 x 64,209 x Average
Manual*** 29 60,9 61,43 0,53 x 66,727 x 62,6982
Manual*** 30 60,91 61,39 0,48 x 60,432 x
Manual*** 31 60,95 61,45 0,5 x 62,95 x

P2: Torque guided, single step, 105 Nm, 40 rpm
P11: Angle guided, torque monitored, single step, 40 Nm + 30 degrees
P13: Torque guided, single step, 40 Nm 40 rpm
*Manual tightening, 40 Nm
**Manual tightening, 30 degrees
***Manual tightening, 40 Nm + 30 degrees
****Worst case
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Appendix O

Main bearing cap, Nut runner speed test, SEU

P-set Screw Before After Diff Torque Clamping force Clamping force
# [US-mm] [US-mm] [US-mm] [Nm] [kN] [kN]

P1 1 208,92 209,36 0,44 110,3 34,628
P1 1 208,92 209,32 0,4 110,6 31,48 Average
P1 1 208,92 209,34 0,42 110,7 33,054 32,4244
P1 1 208,92 209,32 0,4 110,6 31,48
P1 1 208,92 209,32 0,4 110,5 31,48

P2 2 208,47 208,87 0,4 111,2 31,48
P2 2 208,47 208,84 0,37 111,2 29,119 Average
P2 2 208,47 208,81 0,34 110,8 26,758 28,4894
P2 2 208,47 208,82 0,35 110,9 27,545
P2 2 208,47 208,82 0,35 110,8 27,545

P3 3 208,38 208,81 0,43 116,2 33,841
P3 3 208,38 208,8 0,42 116,1 33,054 Average
P3 3 208,38 208,83 0,45 118,6 35,415 34,3132
P3 3 208,38 208,82 0,44 118,7 34,628
P3 3 208,38 208,82 0,44 118,6 34,628

P4 4 208,6 209,16 0,56 126,1 44,072
P4 4 208,6 209,07 0,47 127,6 36,989 Average
P4 4 208,6 209,07 0,47 129 36,989 39,35
P4 4 208,6 209,08 0,48 129,2 37,776
P4 4 208,6 209,12 0,52 128,7 40,924

P5 5 208,48 209,11 0,63 150,7 49,581
P5 5 208,48 209,06 0,58 155,6 45,646 Average
P5 5 208,48 209,02 0,54 143,3 42,498 45,1738
P5 5 208,48 209,04 0,56 145,2 44,072
P5 5 208,48 209,04 0,56 145,6 44,072

P1: Torque guided, double step, 110 Nm, 15 rpm (second step)
P2: Torque guided, double step, 110 Nm, 30 rpm (second step)
P3: Torque guided, single step, 110 Nm, 80 rpm
P4: Torque guided, single step, 110 Nm, 120 rpm
P5: Torque guided, single step, 110 Nm, 185 rpm

1(1)



Appendix P

Rocker arm shaft. Best vs Worst case, torque 105 Nm, SLA

Screw Length Length* Elongation* Force* Length** Elongation** Force** Torque
# [US-mm] [US-mm] [US-mm] [kN] [US-mm] [US-mm] [kN] [Nm]
1 61,10 61,17 0,07 8,8 61,54 0,44 55,4 105,20
2 60,98 61,04 0,06 7,6 61,45 0,47 59,2 106,50
3 61,07 61,12 0,05 6,3 61,53 0,46 57,9 109,70
4 61,14 61,19 0,05 6,3 61,57 0,43 54,1 105,40 Worst case
5 61,14 61,20 0,06 7,6 61,59 0,45 56,7 109,90 Clamping force average**
6 61,09 61,15 0,06 7,6 61,58 0,49 61,7 107,30 55,4
7 61,11 61,17 0,06 7,6 61,52 0,41 51,6 106,40
8 61,11 61,16 0,05 6,3 61,51 0,40 50,4 106,40
9 61,10 61,18 0,08 10,1 61,51 0,41 51,6 108,00

10 61,05 61,11 0,06 7,6 61,49 0,44 55,4 105,30

11 61,34 x x x 61,85 0,51 64,2 110,2
12 61,36 x x x 61,87 0,51 64,2 108,8 Best case
13 61,19 x x x 61,72 0,53 66,7 106,3 Clamping force average**
14 61,07 x x x 61,55 0,48 60,4 106,1 64,3
15 61,09 x x x 61,63 0,54 68,0 106,1
16 61,03 x x x 61,52 0,49 61,7 107,4
17 61,1 x x x 61,6 0,50 63,0 105,9
18 61 x x x 61,47 0,47 59,2 105,9
19 61,07 x x x 61,62 0,55 69,2 105,4
20 61,15 x x x 61,68 0,53 66,7 105,20

* The screw is only affected by the springs Clamping force average*
** After tightening 7,55
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Appendix Q

Rocker arm shaft. Speed test 20 - 185 rpm, torque 105 Nm, SLA
Surface Screw Speed Length Length* Elongation* Force* Torque
[Treatment] # [rpm] [US-mm] [US-mm] [US-mm] [kN] [Nm]

Dry 1 20 61,02 61,46 0,44 55,4 105,6
Dry 2 20 61,05 61,43 0,38 47,8 1063
Dry 3 20 61,07 61,49 0,42 52,9 105,2 Average force
Dry 4 20 61,07 61,51 0,44 55,4 105 20 rpm, Dry
Dry 5 20 61,12 61,52 0,4 50,4 106,3 53,1
Dry 6 20 61,1 61,51 0,41 51,6 106,3
Dry 7 20 60,96 61,37 0,41 51,6 106,1
Dry 8 20 61,01 61,48 0,47 59,2 105,9
Dry 9 20 61,1 61,54 0,44 55,4 106,5
Dry 10 20 61,04 61,45 0,41 51,6 106,1

Dry 11 40 61,09 61,5 0,41 51,6 106,5
Dry 12 40 61,09 61,52 0,43 54,1 105,9
Dry 13 40 61,02 61,47 0,45 56,7 106,3 Average force
Dry 14 40 61,03 61,51 0,48 60,4 105,6 40 rpm, Dry
Dry 15 40 61,06 61,51 0,45 56,7 106,5 58,0
Dry 16 40 61,09 61,57 0,48 60,4 107,2
Dry 17 40 61,09 61,56 0,47 59,2 105,2
Dry 18 40 61,07 61,56 0,49 61,7 105,6
Dry 19 40 61,16 61,66 0,5 63,0 105,2
Dry 20 40 61,05 61,5 0,45 56,7 105,6

Dry 21 80 61,1 61,54 0,44 55,4 108,6
Dry 22 80 61,08 61,52 0,44 55,4 108,6
Dry 23 80 61,01 61,48 0,47 59,2 107 Average force
Dry 24 80 61,12 61,59 0,47 59,2 107,7 80 rpm, Dry
Dry 25 80 61,08 61,59 0,51 64,2 115,3 60,6
Dry 26 80 61,11 61,59 0,48 60,4 108,6
Dry 27 80 61,15 61,65 0,5 63,0 108,1
Dry 28 80 61,24 61,75 0,51 64,2 107,2
Dry 29 80 61,05 61,58 0,53 66,7 114,2
Dry 30 80 61,05 61,51 0,46 57,9 105,4

Dry 31 120 61,13 61,6 0,47 59,2 106,1
Dry 32 120 61,06 61,53 0,47 59,2 109,7
Dry 33 120 61,09 61,6 0,51 64,2 110,4 Average force
Dry 34 120 61,09 61,62 0,53 66,7 109,3 120 rpm, Dry
Dry 35 120 61,11 61,67 0,56 70,5 114,9 66,9
Dry 36 120 61,05 61,59 0,54 68,0 116,3
Dry 37 120 61,06 61,65 0,59 74,3 109
Dry 38 120 61,12 61,64 0,52 65,5 112,2
Dry 39 120 61,09 61,65 0,56 70,5 111,7
Dry 40 120 61,1 61,66 0,56 70,5 109,5

Dry 41 185 61,06 61,62 0,56 70,5 115,8
Dry 42 185 61,09 61,69 0,6 75,5 120,3
Dry 43 185 61,02 61,58 0,56 70,5 116 Average force
Dry 44 185 61,12 61,67 0,55 69,2 119 185 rpm, Dry
Dry 45 185 61,13 61,57 0,44 55,4 112,2 69,9
Dry 46 185 61,03 61,6 0,57 71,8 114,7
Dry 47 185 61,09 61,69 0,6 75,5 115,6
Dry 48 185 61,12 61,7 0,58 73,0 116,9
Dry 49 185 61,07 61,65 0,58 73,0 117,6
Dry 50 185 61,08 61,59 0,51 64,2 121,4
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Appendix Q

Surface Screw Speed Length Length* Elongation* Force* Torque
[Treatment] # [rpm] [US-mm] [US-mm] [US-mm] [kN] [Nm]

Normal 51 20 61,11 61,58 0,47 59,2 106,5
Normal 52 20 61,08 61,59 0,51 64,2 105,6
Normal 53 20 61,06 61,54 0,48 60,4 106,1 Average force
Normal 54 20 61,06 61,47 0,41 51,6 105,2 20 rpm, Normal
Normal 55 20 60,89 61,31 0,42 52,9 105,4 57,4
Normal 56 20 61,05 61,5 0,45 56,7 106,1
Normal 57 20 61,05 61,49 0,44 55,4 105,2
Normal 58 20 61 61,48 0,48 60,4 106,1
Normal 59 20 61 61,46 0,46 57,9 105,6
Normal 60 20 61,03 61,47 0,44 55,4 106,1

Normal 61 40 61,34 61,85 0,51 64,2 110,2
Normal 62 40 61,36 61,87 0,51 64,2 108,8
Normal 63 40 61,19 61,72 0,53 66,7 106,3 Average force
Normal 64 40 61,07 61,55 0,48 60,4 106,1 40 rpm, Normal
Normal 65 40 61,09 61,63 0,54 68,0 106,1 64,3
Normal 66 40 61,03 61,52 0,49 61,7 107,4
Normal 67 40 61,1 61,6 0,5 63,0 105,9
Normal 68 40 61 61,47 0,47 59,2 105,9
Normal 69 40 61,07 61,62 0,55 69,2 105,4
Normal 70 40 61,15 61,68 0,53 66,7 105,2

Normal 71 80 61,06 61,65 0,59 74,3 113,5
Normal 72 80 61 61,63 0,63 79,3 109,3
Normal 73 80 61,06 61,59 0,53 66,7 109,7 Average force
Normal 74 80 61 61,54 0,54 68,0 114,4 80 rpm, Normal
Normal 75 80 61,09 61,57 0,48 60,4 106,8 65,8
Normal 76 80 61,01 61,5 0,49 61,7 108,8
Normal 77 80 61,05 61,56 0,51 64,2 107,7
Normal 78 80 61,1 61,57 0,47 59,2 108,6
Normal 79 80 61,06 61,56 0,5 63,0 109,5
Normal 80 80 61,13 61,62 0,49 61,7 107,9

Normal 81 120 61,15 61,76 0,61 76,8 113,3
Normal 82 120 61,11 61,68 0,57 71,8 108,6
Normal 83 120 61 61,59 0,59 74,3 112,2 Average force
Normal 84 120 61,1 61,73 0,63 79,3 111,7 120 rpm, Normal
Normal 85 120 61,11 61,68 0,57 71,8 112,4 73,5
Normal 86 120 61,05 61,64 0,59 74,3 109,9
Normal 87 120 61,08 61,61 0,53 66,7 111,5
Normal 88 120 61,09 61,7 0,61 76,8 109,9
Normal 89 120 61,4 62,03 0,63 79,3 108,6
Normal 90 120 61,1 61,61 0,51 64,2 105,2

Normal 91 185 61,11 61,67 0,56 70,5 118,5
Normal 92 185 60,96 61,57 0,61 76,8 113,3
Normal 93 185 60,98 61,58 0,6 75,5 117,8 Average force
Normal 94 185 61,63 62,14 0,51 64,2 116,3 185 rpm, Normal
Normal 95 185 61,06 61,63 0,57 71,8 118,5 71,8
Normal 96 185 61 61,53 0,53 66,7 116,5
Normal 97 185 61,14 61,74 0,6 75,5 115,3
Normal 98 185 61,09 61,64 0,55 69,2 114,2
Normal 99 185 61,05 61,61 0,56 70,5 111,3
Normal 100 185 61,05 61,66 0,61 76,8 114,9
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Appendix Q

Surface Screw Speed Length Length* Elongation* Force* Torque
[Treatment] # [rpm] [US-mm] [US-mm] [US-mm] [kN] [Nm]

Oiled 101 20 61,03 61,5 0,47 59,2 105,4
Oiled 102 20 61,05 61,45 0,4 50,4 105,6
Oiled 103 20 61 61,47 0,47 59,2 106,1 Average force
Oiled 104 20 61,12 61,62 0,5 63,0 106,1 20 rpm, Oiled
Oiled 105 20 61,07 61,58 0,51 64,2 106,3 59,2
Oiled 106 20 61,09 61,57 0,48 60,4 105,2
Oiled 107 20 61,07 61,53 0,46 57,9 105,9
Oiled 108 20 61,05 61,49 0,44 55,4 105,2
Oiled 109 20 61,07 61,54 0,47 59,2 105,6
Oiled 110 20 61,15 61,65 0,5 63,0 105,4

Oiled 111 40 61,13 61,6 0,47 59,2 106,3
Oiled 112 40 61,03 61,52 0,49 61,7 105,9
Oiled 113 40 61,09 61,56 0,47 59,2 105 Average force
Oiled 114 40 61,06 61,68 0,62 78,1 105,6 40 rpm, Oiled
Oiled 115 40 61,03 61,48 0,45 56,7 105,4 60,6
Oiled 116 40 60,82 61,33 0,51 64,2 108,1
Oiled 117 40 61 61,44 0,44 55,4 106,3
Oiled 118 40 61,03 61,48 0,45 56,7 106,1
Oiled 119 40 61,06 61,52 0,46 57,9 105,4
Oiled 120 40 61,1 61,55 0,45 56,7 105,2

Oiled 121 80 61,11 61,58 0,47 59,2 110,4
Oiled 122 80 61 61,5 0,5 63,0 111,7
Oiled 123 80 61,06 61,54 0,48 60,4 107,7 Average force
Oiled 124 80 61,01 61,54 0,53 66,7 107,9 80 rpm, Oiled
Oiled 125 80 60,97 61,46 0,49 61,7 109 64,6
Oiled 126 80 61,09 61,59 0,5 63,0 107,2
Oiled 127 80 61,06 61,62 0,56 70,5 110,2
Oiled 128 80 61,07 61,61 0,54 68,0 109
Oiled 129 80 60,99 61,53 0,54 68,0 109,3
Oiled 130 80 61,11 61,63 0,52 65,5 116,9

Oiled 131 120 61,04 61,6 0,56 70,5 110,4
Oiled 132 120 61,06 61,57 0,51 64,2 110,6
Oiled 133 120 61,09 61,57 0,48 60,4 107,9 Average force
Oiled 134 120 61,05 61,6 0,55 69,2 109,5 120 rpm, Oiled
Oiled 135 120 61,02 61,54 0,52 65,5 105,9 65,6
Oiled 136 120 61,05 61,6 0,55 69,2 112,6
Oiled 137 120 61,11 61,62 0,51 64,2 110,6
Oiled 138 120 61,08 61,61 0,53 66,7 112,2
Oiled 139 120 61,34 61,84 0,5 63,0 105,9
Oiled 140 120 61,08 61,58 0,5 63,0 110,6

Oiled 141 185 61,05 61,6 0,55 69,2 117,8
Oiled 142 185 61,14 61,81 0,67 84,4 117,2
Oiled 143 185 61,07 61,69 0,62 78,1 117,4 Average force
Oiled 144 185 61,13 61,74 0,61 76,8 118,7 185 rpm, Oiled
Oiled 145 185 61,03 61,63 0,6 75,5 114,2 77,2
Oiled 146 185 61,09 61,64 0,55 69,2 116,5
Oiled 147 185 61,03 61,63 0,6 75,5 117,6
Oiled 148 185 61,14 61,79 0,65 81,8 119,2
Oiled 149 185 61,07 61,73 0,66 83,1 121
Oiled 150 185 61,07 61,69 0,62 78,1 116,7
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Appendix R

Rocker arm shaft. Settlement test with screw 10.9, torque 105 Nm, SLA

Screw Length Length* Elongation* Force* Length** Elongation** Force** Decrease
# [US-mm] [US-mm] [US-mm] [kN] [US-mm] [US-mm] [kN] [%]
1 61,10 61,57 0,47 59,17 61,55 0,45 56,65 4
2 61,14 61,60 0,46 57,91 61,57 0,43 54,14 7
3 61,04 61,62 0,58 73,02 61,61 0,57 71,76 2
4 61,10 61,54 0,44 55,40 61,52 0,42 52,88 5
5 61,03 61,45 0,42 52,88 61,44 0,41 51,62 2
6 61,09 61,56 0,47 59,17 61,54 0,45 56,65 4
7 61,03 61,45 0,42 52,88 61,44 0,41 51,62 2
8 61,12 61,59 0,47 59,17 61,57 0,45 56,66 4
9 60,90 61,32 0,42 52,88 61,29 0,39 49,10 7
10 61,06 61,56 0,50 62,95 61,55 0,49 61,69 2

Clamping force average* Clamping force average**
* After tightening 58,54 56,28
** After 1 hour test run
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Appendix S

Rocker arm shaft, nut runner speed test, Normal screw, SEU

P-set Screw Before After Diff Torque Clamping force Clamping force
# [US-mm] [US-mm] [US-mm] [Nm] [kN] [kN]

P1 1 60,78 61,17 0,39 105,2 49,101
P1 2 60,96 61,38 0,42 105,6 52,878 Average P1
P1 3 60,83 61,2 0,37 105,6 46,583 50,1082
P1 4 60,89 61,3 0,41 105,4 51,619
P1 5 60,9 61,3 0,4 105,3 50,36

P2 1 60,82 61,26 0,44 106,3 55,396
P2 2 60,92 61,36 0,44 105,7 55,396 Average P2
P2 3 60,81 61,25 0,44 105,7 55,396 53,1298
P2 4 60,91 61,28 0,37 105,9 46,583
P2 5 60,82 61,24 0,42 106 52,878

P3 1 60,99 61,44 0,45 108,2 56,655
P3 2 60,91 61,35 0,44 108,6 55,396 Average P3
P3 3 60,79 61,27 0,48 108,4 60,432 57,914
P3 4 60,92 61,36 0,44 107,7 55,396
P3 5 60,69 61,18 0,49 107,2 61,691

P4 1 60,81 61,32 0,51 114,4 64,209
P4 2 60,84 61,34 0,5 114 62,95 Average P4
P4 3 60,71 61,2 0,49 117,4 61,691 61,1874
P4 4 60,79 61,25 0,46 116,1 57,914
P4 5 60,86 61,33 0,47 116,1 59,173

P5 1 60,7 61,3 0,6 122,8 75,54
P5 2 60,91 61,52 0,61 124,4 76,799 Average P5
P5 3 60,76 61,32 0,56 124,7 70,504 75,2882
P5 4 60,67 61,26 0,59 131,4 74,281
P5 5 60,72 61,35 0,63 123,3 79,317

P1: Torque guided, single step, 105 Nm, 20 rpm
P2: Torque guided, single step, 105 Nm, 40 rpm
P3: Torque guided, single step, 105 Nm, 80 rpm
P4: Torque guided, single step, 105 Nm, 120 rpm
P5: Torque guided, single step, 105 Nm, 185 rpm
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Appendix S

Rocker arm shaft, nut runner speed test, Dry screw, SEU

P-set Screw Before After Diff Torque Clamping force Clamping force
# [US-mm] [US-mm] [US-mm] [Nm] [kN] [kN]

P1 1 60,96 61,4 0,44 105,4 55,396
P1 2 60,82 61,25 0,43 105,5 54,137 Average P1
P1 3 60,83 61,22 0,39 105,7 49,101 52,878
P1 4 60,76 61,18 0,42 105,3 52,878
P1 5 60,86 61,28 0,42 105,4 52,878

P2 1 60,8 61,2 0,4 105,5 50,36
P2 2 60,79 61,2 0,41 106,1 51,619 Average P2
P2 3 60,9 61,33 0,43 105,9 54,137 52,6262
P2 4 60,75 61,2 0,45 105,9 56,655
P2 5 60,77 61,17 0,4 105,8 50,36

P3 1 61 61,48 0,48 107,9 60,432
P3 2 60,7 61,15 0,45 108,9 56,655 Average P3
P3 3 60,77 61,2 0,43 109,1 54,137 57,1586
P3 4 60,78 61,25 0,47 110,9 59,173
P3 5 60,94 61,38 0,44 109,6 55,396

P4 1 60,75 61,2 0,45 111,7 56,655
P4 2 60,89 61,4 0,51 116,1 64,209 Average P4
P4 3 60,79 61,22 0,43 112,4 54,137 59,9284
P4 4 60,82 61,35 0,53 114,5 66,727
P4 5 60,84 61,3 0,46 115,5 57,914

P5 1 60,91 61,47 0,56 128,1 70,504
P5 2 60,9 61,5 0,6 125,2 75,54 Average P5
P5 3 60,75 61,28 0,53 125,4 66,727 70,7558
P5 4 61,04 61,59 0,55 125,1 69,245
P5 5 60,74 61,31 0,57 124,2 71,763

P1: Torque guided, single step, 105 Nm, 20 rpm
P2: Torque guided, single step, 105 Nm, 40 rpm
P3: Torque guided, single step, 105 Nm, 80 rpm
P4: Torque guided, single step, 105 Nm, 120 rpm
P5: Torque guided, single step, 105 Nm, 185 rpm
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Appendix S

Rocker arm shaft, nut runner speed test, Oiled screw, SEU

P-set Screw Before After Diff Torque Clamping force Clamping force
# [US-mm] [US-mm] [US-mm] [Nm] [kN] [kN]

P1 1 60,76 61,16 0,4 105,5 50,36
P1 2 60,62 61,03 0,41 105,4 51,619 Average P1
P1 3 60,88 61,24 0,36 105,5 45,324 49,8564
P1 4 60,93 61,35 0,42 105,4 52,878
P1 5 60,87 61,26 0,39 105,4 49,101

P2 1 60,74 61,13 0,39 106 49,101
P2 2 60,9 61,32 0,42 106 52,878 Average P2
P2 3 60,81 61,22 0,41 105,9 51,619 54,137
P2 4 60,78 61,28 0,5 105,8 62,95
P2 5 60,75 61,18 0,43 105,6 54,137

P3 1 60,79 61,25 0,46 108,3 57,914
P3 2 60,68 61,17 0,49 109,4 61,691 Average P3
P3 3 60,73 61,2 0,47 107,2 59,173 58,9212
P3 4 60,73 61,2 0,47 109,1 59,173
P3 5 60,75 61,2 0,45 107 56,655

P4 1 60,8 61,29 0,49 114,4 61,691
P4 2 60,66 61,24 0,58 115,4 73,022 Average P4
P4 3 60,8 61,3 0,5 113,8 62,95 65,7198
P4 4 61 61,53 0,53 112,6 66,727
P4 5 60,73 61,24 0,51 113,2 64,209

P5 1 60,88 61,43 0,55 121,4 69,245
P5 2 60,87 61,43 0,56 121,5 70,504 Average P5
P5 3 60,78 61,38 0,6 122,5 75,54 71,763
P5 4 60,8 61,4 0,6 123,6 75,54
P5 5 60,9 61,44 0,54 125,2 67,986

P1: Torque guided, single step, 105 Nm, 20 rpm
P2: Torque guided, single step, 105 Nm, 40 rpm
P3: Torque guided, single step, 105 Nm, 80 rpm
P4: Torque guided, single step, 105 Nm, 120 rpm
P5: Torque guided, single step, 105 Nm, 185 rpm
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Appendix T

Main bearing cap, Friction test, SEU

P-set Screw Before After Diff Torque Clamping force Clamping force
# [US-mm] [US-mm] [US-mm] [Nm] [kN] [kN]

P2* 1 208,72 208,99 0,27 70,82 21,249
P2* 1 208,72 208,98 0,26 71,05 20,462 Average
P2* 1 208,72 208,96 0,24 70,69 18,888 20,1472
P2* 1 208,72 208,98 0,26 70,56 20,462
P2* 1 208,72 208,97 0,25 70,76 19,675

P2* 2 208,91 209,4 0,49 110,9 38,563
P2* 2 208,91 209,4 0,49 110,6 38,563 Average
P2* 2 208,91 209,43 0,52 111,1 40,924 39,1926
P2* 2 208,91 209,4 0,49 111,1 38,563
P2* 2 208,91 209,41 0,5 111 39,35

P2** 3 209,03 209,28 0,25 70,63 19,675
P2** 3 209,03 209,27 0,24 70,98 18,888 Average
P2** 3 209,03 209,27 0,24 70,46 18,888 19,8324
P2** 3 209,03 209,29 0,26 70,56 20,462
P2** 3 209,03 209,3 0,27 70,71 21,249

P2** 4 208,49 209,3 0,81 110,9 63,747
P2** 4 208,49 209,3 0,81 110,7 63,747 Average
P2** 4 208,49 209,3 0,81 110,6 63,747 63,747
P2** 4 208,49 209,3 0,81 111,1 63,747
P2** 4 208,49 209,3 0,81 111,2 63,747

P2*** 5 208,94 209,25 0,31 71,29 24,397
P2*** 5 208,94 209,2 0,26 71,97 20,462 Average
P2*** 5 208,94 209,2 0,26 71,65 20,462 21,249
P2*** 5 208,94 209,2 0,26 71,2 20,462
P2*** 5 208,94 209,2 0,26 71,49 20,462

P2*** 6 208,47 208,87 0,4 111,2 31,48
P2*** 6 208,47 208,84 0,37 111,2 29,119 Average
P2*** 6 208,47 208,81 0,34 110,8 26,758 28,4894
P2*** 6 208,47 208,82 0,35 110,9 27,545
P2*** 6 208,47 208,82 0,35 110,8 27,545

*Degreased screw
**Oiled screw
***Normal screw

P2: Torque guided, double step, 110 Nm, 30 rpm (second step)
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Appendix T

Main bearing cap, Friction test, SEU

P-set Screw Before After Diff Torque Clamping force Clamping force
# [US-mm] [US-mm] [US-mm] [Nm] [kN] [kN]

P2 1 208,88 209,1 0,22 52,1 17,34
P2 1 208,85 209,07 0,22 51,26 17,34 Average
P2 1 208,85 209,07 0,22 52,08 17,34 17,1784
P2 1 208,85 209,07 0,22 52,38 17,34
P2 1 208,85 209,06 0,21 51,98 16,55

P2 2 208,94 209,25 0,31 71,29 24,43
P2 2 208,9 209,2 0,3 71,97 23,64 Average
P2 2 208,9 209,2 0,3 71,65 23,64 23,7976
P2 2 208,9 209,2 0,3 71,2 23,64
P2 2 208,9 209,2 0,3 71,49 23,64

P2 3 208,31 208,62 0,31 90,68 24,43
P2 3 208,29 208,6 0,31 91,19 24,43 Average
P2 3 208,29 208,6 0,31 91,26 24,43 24,5856
P2 3 208,29 208,6 0,31 90,87 24,43
P2 3 208,29 208,61 0,32 90,97 25,22

P2 4 208,47 208,87 0,4 111,2 31,52
P2 4 208,45 208,84 0,39 111,2 30,73 Average
P2 4 208,45 208,81 0,36 110,8 28,37 29,7864
P2 4 208,45 208,82 0,37 110,9 29,16
P2 4 208,45 208,82 0,37 110,8 29,16

P2: Torque guided, double step, 30 rpm (second step)
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Appendix W             
                                                                     
 

 
 
 

 
 
 
 

 
 
 
 
 
 
  
 
 

The oil sump is a reservoir where most of the 
engine oil is. It is situated under the engine. 
In the figure the engine is turned over 180 
degrees. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
The connecting rod is connecting the piston 
with the crank shaft.  
 

 

 
 

 
 
  

  
 

 
The purpose of the main bearing cap is to 
hold the crank shaft in its place in the engine 
block. 
 

The purpose of the rocker arm shaft is 
to hold the rocker arms in their place. 
The rocker arm shaft is situated on top 
of the cylinder head. 
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