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Sammanfattning 
Denna rapport undersöker hastighetsberoende friktionsbeteende i zinkpleterade 8.8 M12x1.75 

skruvförband med en klämlängd på 82 mm och ett åtdragningsmoment på 120 Nm. Totalt 84 

åtdragningar genomförs med nya skruvar, brickor och muttrar för varje åtdragning med 

utrustning tillhandahållen av Atlas Copco. All data importeras och analyseras i Matlab.  

Analysen visar att inom en standard avvikelse från medelvärdet kan klämkraften variera med så 

mycket som 90% beroende på var inom det 10-200 rpms hastighetsspannet skruven drogs åt. 

Vidare framgår även att restmomentet är mycket beroende av den hastighet som skruven drogs åt 

vid, med ett restmoment ~5 Nm över slutmomentet för 10 rpm och ~20 Nm över slutmomentet 

vid 200 rpm. 

En ursprunglig hypotes tas fram som antar att en utförlig modell av lastfördelningen i skruvens 

gänga och under skruvens skalle kan användas för att förutse skruvförbandets friktionsbeteende. 

Denna hypotes övergavs då mätresultat och analys visar att effekten av en förbättrad 

lastfördelningsmodell inte skulle märkas då spridningen i friktionen är för stor.  
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Abstract 
This report examines the speed dependency of frictional behavior in zinc plated 8.8 M12x1.75 

bolt joints with an 82 mm clamping length at a tightening torque of 120 Nm. A total of 84 test 

tightenings have been performed with new bolts, nuts and washers for each tightening. The tests 

are performed using equipment supplied by Atlas Copco and all data is imported and analyzed in 

Matlab.  

It is found that within one standard deviation of the mean value the clamping force can vary as 

much as 90% depending on where in the 10-200 rpm speed range the bolt is tightened. 

Furthermore it is concluded that the residual torque is also highly speed dependent, registering at 

~5 Nm above the final torque at 10 rpm and ~20 Nm above at 200 rpm.  

An initial hypothesis was developed regarding the pressure distribution in the thread and under 

the bolt head in the hopes that better understanding and modeling of this aspect could help 

predict frictional behavior in the bolt joint. This hypothesis was abandoned after it is concluded 

that the impact of an improved pressure model would be much too small to be noticeable due to 

the already large scatter in frictional coefficients. 
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NOMENCLATURE 

 

Symbol Description 

A1,A2 Cross sectional area of bolt and nut respectively [m2] 

a, p Pitch of thread [m] 

b Depth of fundamental triangle of thread [m] 

B1,B2,B3,T Constants in appendix A for deflection factor h 

D Diameter dependent on subscript [m] 

d Depth of thread [m] 

E Young’s modulus [Pa] 

F Clamping force [N] 

h Deflection factor of thread [m] 

P Axial load [N] 

r Radius [m] 

U,V Constants used to calculate λ and θ2, appendix A 

β Semi-angle of thread [Radians] 

γ See equation (10) [-] 

λ, θ2 Constants used to calculate Px and ω, appendix A 

µ Frictional coefficient [-] 

υ Poisson’s ratio [-] 

ω Intensity of load per unit length of thread helix [N/m] 

  

Subscripts Description 

t Thread 

b Bearing 

m Mean 

x Value at length x along thread helix 

o,i Outer radius or inner radius 

T, tot Total   

Abbreviations 

DAQ Data acquisition unit 

EHL Elasto-hydrodynamic lubrication 
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FEA Finite element analysis 

STD Standard deviation 
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1  INTRODUCTION 
In this chapter the project’s, goal, background and delimitations are introduced as well as a 

summary of the preliminary hypothesis.  

 

1.1 Background 

Bolt joints are used in a multitude of industries, everything from tiny bolts in consumer 

electronics to very large bolts in power plants and turbines. No matter the application a bolt 

joints main function is to tightly clamp two surfaces together, thus, knowing the clamping force 

in a bolt becomes very important. However directly measuring the clamping force in a joint is 

both time consuming and complicated, therefore it is much more common to measure the applied 

torque and then calculate the clamping force. The relationship between torque and clamping 

force is heavily dependent on the coefficients of friction in the thread and under the bolt head 

(bearing friction). These coefficients can vary depending on several parameters, one of which is 

tightening speed. No experimentally verified model exists today that predicts the effect of 

tightening speed on the torque force relationship. 

Knowing how the friction changes in a bolt joint due to tightening speed can be crucial when 

designing a mechanical system. Only ~10% of the applied torque is translated into clamping 

force, the rest is lost overcoming the friction in the joint. This means that even small changes in 

the frictional behavior can have a large impact on the joints performance. Being able to model 

this behavior can be of crucial importance when predicting the clamping force in system critical 

bolt joints, like the bolts joints in car wheels or airplane turbines.  

 

1.2 Purpose 
The purpose of this report is to examine how the tightening speed affects frictional coefficients 

and the overall torque force relationship in a 100 mm 8.8 zinc plated M12 bolt joint. As well as 

examining whether an analytical model of load distribution can be used to predict the speed 

dependency of frictional behavior in bolt joints with different dimensions. 

 

1.3 Delimitations 

All contacting surfaces were zinc plated and only one dimension of bolt was used for the tests. 

Patterson & Kenny (1986) have developed an improved model that takes into account the effect 

of thread runout on load distribution along the thread helix. This will not be taken into 

consideration as the paper is too complex to be modeled during the scope of this thesis.  

Dynamic effects during bolt tightening will not be modeled. However, where possible their 

impact will be kept to a minimum. 

 

1.4 Preliminary hypothesis 
It was assumed that the coefficients of friction would vary with varying speed and pressure in the 

contacting surfaces of the bolt joint. The tightening speed was directly monitored and an 

analytical model was developed to describing the pressure distribution under the bolt head and in 

the thread. It was assumed that this calculated pressure and the measured speed can be used to 

predict the speed dependency of the frictional coefficients for different bolt dimensions. This is 

based on the assumption that the pressure varies with varying axial load and bolt diameter. 

Increased axial load gives increased pressure and increased bolt diameter gives increased contact 

area which in turn results in lower pressure.  

 

 

 



 12 

 

1.5 Methodology 
A preliminary time table for the project was developed early on using a Gantt-chart, this chart 

was then updated and consulted throughout the course of the project. The preliminary hypothesis 

was investigated using tests and calculations as well as a thorough pre study of previously 

published papers within the field. The pre study was performed using the search engines Google 

Scholar and Libris to gather articles that were then read and evaluated. The tests followed a 

developed test plan and were performed using a data acquisition unit, angle, torque and force 

transducers as well as a programmable spindle type nutrunner, all supplied by Atlas Copco. The 

data was imported using the software DeweSoft X, where filters were applied and basic 

calculations performed. The measurements were then imported into Matlab for further analysis, 

calculations and plotting of key values. Once the analysis was complete the results were 

compared to previous studies and conclusions were drawn. 
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2 FRAME OF REFERENCE 
This chapter depicts the knowledge base on which the project is founded, detailing some of the 

basic concepts used. 

 

2.1 Bolt properties 
There are a few standards of bolts, the two most common of which being metric an imperial. 

Metric bolts are denoted by a capital “M” and then the outer diameter of the bolt shank in mm 

i.e. “M12” for a 12 mm bolt. The thread geometry is standardized and each bolt dimension has a 

certain thread profile, either a fine or a coarse, the coarse being the most common. The strength 

of a metric bolt is denoted by two numbers separated by a period, the first number indicates the 

bolts tensile strength in hundreds of MPa and the second number indicates the yield strength as 

tens of percent of the tensile strength. One common standard used is a bolt with a tensile strength 

of 800 MPa and a yield strength measuring 80% of the tensile strength, meaning 640 MPa, this 

type of bolt is then denoted by “8.8”. Other common standards for more high performance bolt 

joints are 10.9 and 12.9. 

Bolts come with a variety of surface coatings, each with its advantages and uses. Some 

parameters that can be affected by surface coatings include: corrosion resistance, frictional 

properties, wear resistance, sealing properties, color and galvanic insulation. Electroplating bolts 

with a layer of zinc increases resistance to corrosion. It also helps reduce friction, resulting in a 

higher clamping force. (Olsson, 2006) 

2.2 Tightening techniques 
Sometimes it can be very crucial to accurately know the clamping force, and sometimes a good 

approximation might be enough. Depending on the demands put on the bolted joints, tightening 

techniques differ; the three most common ones are briefly explained below.  

 

 

2.2.1 Torque controlled 
The most common way to control the tightening torque in a bolted joint is by controlling the 

applied torque; this can be done using a manual torque wrench or a more advanced nutrunner.  

It is common practice to calculate the torque that needs to be applied to the bolted joint in order 

to achieve a resulting clamping force using equation (1). A relationship that can also be 

described by equation (5) where (Tp, Tt, Tb) are the torque contributions resulting from thread 

pitch, thread friction and bearing friction respectively. 

 

Table 1.Legend for equation (1) - (4) 

Explanation Symbol Unit 

Clamping force F [N] 

Thread pitch p  [m] 

Coefficient of friction µt, µb [-] 

Semi-angle of thread β [Radians] 

Radius rt,  rb [m] 

 

 

 
2 cos

t t
tot b b

rp
T F r




 

 
   

 
 (1) 

 
2

p

p
T F


  (2) 
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 b b bT r F  (4) 

 tot p t bT T T T    (5) 

 

This basic model can be used with well documented accuracy in several cases, however, it 

should be noted that it is most accurate for low to medium speed tightening scenarios using 

lightly lubricated bolts within the elastic region of the bolts elongation.  

(Olsson, 2006) 

2.2.2 Angle controlled 
By first tightening the bolt with a relatively low torque and then turning it a set number of 

degrees a more accurate clamping force can be attained. This technique also permits the bolt to 

in a reliable way deform plastically to achieve a higher clamping force. The clamping force 

resulting from tightening the bolt in this manner can in principle be calculated using equation (6) 

and Table 2. (Olsson, 2006) 

Table 2. Legend for equation (6). 

Explanation Symbol Unit 

Tightening angle   [rad] 

Thread pitch p  [m] 

Young modulus E   [N/m
2
] 

Bolt cross section area A   [m
2
] 

Bolt length L   [m] 

 

 
2

a

pEA
F

L




    (6) 

2.2.3 Elongation controlled 
When it is absolutely crucial to know the exact clamping force in a bolted joint, elongation 

controlled tightening is used. By pulling on the bolt head with a force equal to the desired 

clamping force while slowly turning the bolt until the head of the bolt is in contact with the rest 

of the joint the clamping force can be measured directly. This process is very time consuming 

but can be the only option for certain high performance products, such as nuclear reactors and 

wind turbines. (Olsson, 2006) 

 

2.3 Snug torque 
The concept of snug torque is used to describe the torque required to ensure that all the surfaces 

in a bolt joint are truly in contact. Before this point the frictional coefficients can display erratic 

behavior. Among other things, this is a concept used in angle controlled tightening to set a start 

point for the angle measurement. Once the predicted snug torque is reached the angle 

measurement starts and if need be the initial snug torque can be translated into an angle through 

the bolts torsional stiffness to achieve a tightening based solely on angle. (Olsson, 2006) 

 

2.4 Torque audit 
It is common practice in industry to use a method called torque audit to validate the torque in a 

bolted joint. A torque audit is performed as follows: When the bolt has been tightened an 

operator changes tool to a digital torque wrench and tightens the bolt a few more degrees, usually 

around five to fifteen. The torque wrench records the torque known as the residual torque, which 

is defined as the torque required to initiate rotation in the bolt head, and this values is compared 

to the value reported by the nutrunner. This is done to ensure that the tool used to tighten the bolt 
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measured the torque correctly and that no significant amount of settling has occurred. The 

residual torque can be seen marked by a dot in Figure 1. (Archer, 2008)  

 

Figure 1. Residual torque marked by a dot 

 

2.5 Friction 
Friction is the resistance to relative motion between two surfaces in contact. Friction is often 

described through coefficients of friction which are the dimensionless ratio between the normal 

force between the two surfaces and the applied force perpendicular to it needed for the surfaces 

to start moving in relation to each other. See Figure 2 and equation (7) where m is the mass of 

the box, g is the gravitational constant, N is the normal force, µ is the frictional constant and α is 

the inclination angle of the plane. (Beek, 2008) 

 

 

Figure 2.Leaning plane schematic of basic friction 

 

 cosfF N mg        (7) 
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2.5.1 Stribeck curves 
Stribeck curves are often used to describe how viscosity, pressure and sliding velocity affect the 

coefficient of friction in plain fluid bearings but can also be adapted to describe other 

geometries. The curves are formatted to have the coefficient of friction on the Y-axis and often 

the Sommerfeld number or the speed on the X-axis. The Sommerfeld number is a dimensionless 

constant calculated by equation (8) where S is the Sommerfeld number, r is the shaft radius, c is 

the radial clearance, μ is the absolute viscosity of the lubricant, N is the speed of the rotating 

shaft in rev/s and P is the load per unit of projected bearing area. (Beek, 2008) 

 

 

2
r N

S
c P

 
  
 

  (8) 

 

The curves are often divided into three distinct frictional regimes, boundary, mixed and elasto-

hydrodynamic lubrication (EHL). Boundary lubrication is characterized by low speeds and high 

pressures resulting in that the friction can be almost exclusively attributed to asperity contact 

between the two surfaces. During this regime the coefficient of friction is relatively constant. At 

increased speed the surfaces begin to separate slightly due to increased lubrication sheer and 

pressure giving a coefficient of friction that decreases with increasing speed. This lubrication 

regime is called mixed lubrication and is as the name implies characterized by a mix of asperity 

contact and lubricant separation. At high speed and low pressure the elasto-hydrodynamic 

lubrication regime takes over, characterized by a full separation of the two surfaces and 

increasing friction with increasing speed due to the shearing of the lubricant. The outline of a 

typical Stribeck curve can be seen in Figure 3. (Beek, 2008) 

 

Figure 3. Schematic Stribeck curve 
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2.6 Load distribution 
A majority of the load applied to a bolt joint is carried by the first few threads. More precise 

models have been developed by Sopwith (1948), that describe the load distribution in the thread. 

Note that the modifications made by Patterson & Kenny (1986) to Sopwith’s theory have been 

shown to better correlate with experimental data, however these modifications will not be taken 

into account as they cannot be modeled using available means within the projects time frame. 

 

2.6.1 Thread pressure distribution 
Thread friction occurs between the nut and bolt at the contacting surface along the helix of the 

thread. The load distribution in the thread contact is described by Sopwith (1948) as a 

normalized line load along the thread helix [N/m]. This model has been verified against 

experimental results by among others Patterson & Kenny (1985). Figure 4 and Figure 5 display 

the normalized line load and the normalized proportion of load carried along the thread helix for 

several different bolt diameters. The normalized distance along the thread helix is denoted by the 

variable x, where x=0 at the unloaded face of the nut and x=1 at the loaded face. For calculations 

see Appendix A. 

 

Figure 4. Normalized line load along thread helix 

 

Figure 5. Normalized load at position x along thread helix 
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2.7 Bearing friction 
Bearing friction occurs in the contacting surfaces between the head of the nut and the washer. 

An improved method for calculating bearing friction is outlined by Sayed, Barber, & Dajun 

(2005), the method takes into account the load distribution under the bolt head. Equation (9) is 

used to recalculate the radius rb dependent on the shape of the pressure distribution P described 

in chapter 2.7. 

 

1.9
2 0.1

1.9

0.95( 1)

( 1)

i

i

i

i

r

ri
b r

r

r Pdrr
r

r Pdr










 

 




  (9) 

Where γ is described by equation (10) 

 i i

o o

r D

r D
     (10) 

  

The subscripts i and o denote the inner and outer radii and diameters for the contact area as can 

be seen depicted in Figure 6. 

 

Figure 6. Schematic view of bolt (Sayed, Barber, & Dajun, 2005) 
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2.7.1 Bearing pressure distribution 
The distribution of load under the bolt head is described by Marshall, Lewis, & Dwyer-joyce 

(2006). And can be seen in Figure 7, where the blue points are taken graphically from the paper 

and the red line is a Gaussian approximation to those values following equation (11). The 

constants a1 ,a2 ,b1 ,b2 ,c1 and c2  in equation  (11) have all been adapted to fit the data points seen 

in Figure 7. The normalized position γ calculated using equation (10). 

 

Figure 7. Normalized bearing pressure distribution 

 

 

   
2 2

1 2

2 2
1 2

1 2e e

b b

c c

m

p
a a

p

  
 

    (11) 
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2.8 Monte-Carlo simulation 
Monte Carlo simulation uses repeated random sampling to obtain a great number of data points 

with the same mean value and standard distribution as the data set on which it is based. This 

method can be used to closely examine how the deviation in a small set of measured data will 

affect the deviation of some performance parameter in a system. This result is represented by a 

confidence interval, or a statement analogous with: “Based on the original data set there is a 90% 

probability that the performance parameter falls within this interval”. (Pelham Box, Hunter, & 

Hunter, 2005) 

 

A distribution has to be assumed in order to perform a Monte Carlo simulation. If a normal 

distribution or “bell curve” is assumed equation (12) is used to generate the data set. 
 

 MC std meanA rand A A      (12) 

 

Where AMC is new the generated value, rand denotes a random value between 0 and 1 , Astd is the 

standard deviation of the original data set and Amean is the mean value of the original data set. A 

set of several thousand uniformly distributed random numbers between 0 and 1 are then used to 

generate an equal number of new data points with a normal distribution.  

(Pelham Box, Hunter, & Hunter, 2005) 

 

2.9 Previous work 
Tests and analysis published by Sayed Nassar (2007) show that for unlubricated zinc coated M12 

bolt joints the thread and bearing friction varies with tightening speed as can be seen in Table 3. 

 

Table 3. Coefficients of friction vs. tightening speed (Nassar, 2007) 

   
   

μt μb 

10 rpm ~0.13 ~0.13 

150 rpm ~0.11 ~0.13 
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3 Method 
This chapter details test equipment used, the experimental setup and procedure along with 

information regarding signal filtering.  

 

3.1 Experimental setup and procedure 
All tests are performed using a test rig designed by the Atlas Copco subsidiary BLM in 

combination with an inline angle and torque transducer. The BLM test rig includes two torque 

transducers, one at the head of the bolt and one at the nut, as well as a force transducer. Using the 

three transducers in the BLM-rig it is possible to separate the bearing torque from the thread 

torque. One torque transducer measures the total applied torque Ttot,, the other measures the 

shank torque which is the thread torque plus the pitch torque Tt+Tp, and the force transducer 

measures the clamping force F. Using these three measurements and equation (1) it is easy to 

calculate the three torque components and the two frictional coefficients.  

The inline angle transducer allows for rotation speed to be measured while the inline torque 

transducer is used to validate the torque from the BLM-rig. The torque and force transducers in 

the BLM rig are all based on strain gauges and are capable of measuring torques up to 200 Nm 

and forces up to 100 kN. 

The nutrunner used is a QXT 62-200 produced by Atlas Copco see Figure 8, capable of 

delivering 200 Nm at a maximum of 200 rpm. This nutrunner is chosen for its ability to keep the 

tightening speed at a constant level throughout the entire tightening scenario. 

The inline torque and angle transducer is a 57066 produced by Atlas Copco, see Figure 9. It uses 

a light based rotary quadrature encoder with an accuracy of 2 degrees to measure the angle. The 

torque is measured using a strain gauge, capable of measuring torques up to 180 Nm. A brief 

explanation of how this transducer functions can be found in appendix B. 

The data is gathered by the data acquisition unit DEWE-43A from Dewesoft, see Figure 10. It 

samples all channels synchronously at 10 000 Hz with a 24 bit resolution, the data is then 

imported through USB to a laptop using the program “Dewesoft X”. This software allows for 

post processing of the signal, application of filters, basic calculations, removing unnecessary data 

points, etc. The data from each test is saved as a new file and exported to .mat format to ease 

numerical analysis in Matlab. The resulting accuracy of transducers in combination with the data 

acquisition unit is presented in chapter 3.1.2. 

The bolts used for the tests are 100 mm long, zinc plated, 8.8, M12x1,75. The nuts and washers 

are also zinc plated and all three are changed between every test to ensure fresh contacting 

surfaces and to eliminate the impact of wear. To ensure that the washers do not rotate along with 

the bolt head, square washers are used and are held in place by an aluminum frame, see Figure 

11. A simplified view of the entire bolt joint can be seen in Figure 12. The effective clamping 

length of the joint equals 82 mm.  

The entire test setup can be seen in Figure 13. 
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Figure 8. Atlas Copco, QXT 62-200 spindle nutrunner 

 

 

Figure 9. Atlas Copco, inline angle and torque transducer 

 

 

 

Figure 10. DEWE-43A 
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Figure 11. Mechanism for holding washer in place 

 

 

Figure 12. Schematic view of bolt joint, see parts list below 

A: 100mm zinc plated M12 Bolt. 

B: 40x40x3mm zinc plated washer. 

C: Aluminium washer-fixture and front plate of BLM test rig. 

D: steel sleeve, 65mm long, 13mm inner diameter, 30mm outer diameter. 

E: Nut fixture (BLM-rig specific component) 

F: M12 zinc plated nut 
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Figure 13. Assembled test setup (Washer fixation missing) 
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3.1.1 Test plan 

During a tightening sequence the torque increases from start to finish while the rotational speed 

was kept relatively constant. This means that the torque tension relationship can be examined for 

a spectrum of torques at one speed after just one tightening. However it was expected that wear 

and dynamic effects would impact the relationship, making the relationship at the start differ 

from the one at the end of the tightening sequence. All tests were performed using 120 Nm 

which provided an adequate margin of safety to the maximum allowed torque for the test rig 

which is 200 Nm. The rotational speed was varied from 10 rpm to 200 rpm. In Table 4 the torque 

and speed for each test can be seen. This test plan ensures that a broad range of speeds and 

torques can be examined to serve as a good data set for calculations and analysis. The tests 

performed at 10 and 150 rpm were chosen for further study as these speeds had been examined 

in previous work (Nassar, 2007).  

Table 4. Test plan 

Test# RPM Torque [Nm] 

1 10 120 

2 20 120 

3 50 120 

4 80 120 

5 110 120 

6 150 120 

7 200 120 

Once a bolt has been tightened to 120 Nm it will, after a 300 ms pause, be tightened an 

additional fifteen degrees at a speed of 15 RPM to simulate a torque audit. This will enable the 

impact of the tightening speed on the residual torque to be studied. These steps including the 

start of the bolt loosening can be seen in Figure 14. 

 

A test would thus be programmed and performed as follows: 

Note that the info written in parenthesis refers to “total torque” seen in Figure 14. 

1. Bolt, washer and nut are fitted in the test rig 

2. Tightening sequence is started (at t = 0) 

3. Bolt is tightened to from 0 Nm to 120 Nm (from t = 0 to point A) 

4. A 300 ms pause at a slightly lower torque to allow for settling (between point A and B) 

5. An additional fifteen degree tightening at 15 rpm (from point B to the 140 Nm torque 

peak) 

6. A 300 ms pause (from the torque peak at 140 Nm until the torque starts dropping at t = 

1.8 s) 

7. Untighten to a torque of 4 Nm (just outside the scope of Figure 14) 

8. Untighten an additional 360 degrees to ensure the bolt is completely released 

9. Manually remove bolt, nut and washer from the test rig and fit a new one. 

During the pauses in the tightening sequence the torque is maintained at a level slightly lower 

than the torque applied in the step preceding it. This is done to avoid rapid changes in torque 

which would result in unwanted dynamic effects and decreased repeatability. 
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Figure 14. Typical tightening sequence at 10 rpm 

 

 
3.1.2 Signal filtering and scatter 
To remove some of the signal noise a 6

th
 order Butterworth low pass filter of 1000 Hz is applied 

in Dewesoft X. The raw data and the filtered data are both saved and compared to each other to 

make sure that they match and that no data is lost. An example of the filtered signal compared to 

the raw signal can be seen in Figure 15. 

 

Figure 15. Filtered and unfiltered torque signal 
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The signal noise for data gathered without the torque transducers being under any load show a 

standard deviation of around 0.04 Nm, by applying the low pass filter the standard deviation is 

reduced to around 0.025 Nm. The level of noise in the measured clamping force is found to be of 

comparable size. Besides removing some of the noise the filter also smooths out some of the 

false peak values. The noise level is considered to be negligible due to the fact that it only makes 

up for less than 0.05% of the measured peak values in torque and force. 

 

3.1.3 Measurement accuracy  
The calibration report for the inline angle and torque transducer used for all the performed tests 

can be seen in appendix C. To ensure that the torque transducer in the BLM-rig is properly 

calibrated the measurements from this transducer is compared to the measurements taken by the 

inline torque transducer that is known to be properly calibrated. The difference between the two 

measurements taken from a 10rpm test can be seen in Figure 18.   

 

To verify that the force transducer in the BLM-rig is properly calibrated a manual tightening is 

performed with an additional calibrated inline force transducer. The calibration report for the 

inline force transducer can be seen in appendix D and Figure 16 and Figure 17 display the data 

collected from the tightening.  

 

The maximum difference between the calibrated and the uncalibrated measurements is around 1 

kN and 2 Nm or 2% of the recorded maximum value during the respective tightenings. This is 

considered to be small enough to assume that all conclusions and calculations based on this data 

will be valid. The error is not large enough to affect any change in the calculated coefficients of 

friction presented in chapter 4.  

 

 

Figure 16. Calibration test for force transducer 
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Figure 17. Difference between the two force transducers during calibration test 

 

 

Figure 18. Difference between the two torque transducers during calibration test 
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4  RESULTS  

This chapter presents the results that were obtained with the process and methods described in 

the previous chapters and relate them to existing knowledge and theory presented in the frame of 

reference chapter.   

A total of 90 tests are performed, 6 of which are found to be faulty, either due to anomalous 

behavior during the tightening or due to the failure in parts of the test equipment. The remaining 

84 tests are spread across the different speed settings such that each test series contain between 

10 and 16 tests. For each test, angle, clamping force, total torque and shank torque (shank torque 

being thread friction torque and pitch torque combined) are measured. From these measurements 

bearing torque, thread torque, pitch torque, thread friction and bearing friction are calculated. 

The data from each set is imported into Matlab where the data is analyzed and key points like 

residual and final torque are located. 

4.1 Initial hypothesis 
The original hypothesis was that the load distribution under the bolt head and in the thread would 

affect the coefficients of friction. Thus if models could be developed for these distributions their 

impact could be studied for the varying clamping force during a tightening sequence. When 

comparing the improved models of load distribution to the standard tabulated values the 

following conclusions were drawn: 

 

 When taking the load distribution from chapter 2.7 and equation (9) into account for a 

standard M12 bolt the new calculated rb becomes 7.8 mm instead of the standard 

tabulated value of 8 mm, a difference of only 2.6%.  

 The load distribution along the thread contact was found to vary very little for different 

bolt diameters and loads as can be seen in Figure 4. The shape of the load distribution 

curve remains the same regardless of the applied load and bolt dimension. This is due to 

several assumptions made in the paper published by D.G. Sopwith (1948) and therefore 

this model cannot impact the analysis enough to show statistical significance.  

 

Both these variations are much too small to make any noticeable impact on the analysis 

compared with the much larger scatter of the friction that can be seen in Figure 20. Therefore 

this line of analysis is abandoned.  
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4.2 Initial analysis 
One behavior that is seen in the data is that when the nutrunner is close to the target or “final 

torque” it starts slowing down. However with increasing initial tightening speed this retardation 

takes longer thereby slightly under- or overshooting the intended target torque, see Figure 19. 

This has more to do with the programming and control of the nutrunner than any frictional 

behavior but is still something that has to be taken into account in practical applications as well 

as a theoretical analysis of the data.  

 

Figure 19. Final torque as a function of tightening speed 

Note that the black line represents the mean values, the blue lines the standard deviation and the 

red circles the minimum and maximum value. 

 

No analysis is performed when the torque is below 10 Nm as the friction is this area is very 

erratic. This is most likely due to the fact that the snug torque has not been reached and the 

surfaces are not fully in contact.  

 

It thus becomes important to differentiate between how the friction changes with changing speed 

during the entire course of one tightening and the practical torque/force relationship at the end of 

one tightening. The first being interesting from a theoretical approach and the second being 

valuable knowledge in industry when trying to calculate the resulting clamping force from a set 

torque and speed.  

 

The nutrunner used was found to keep a speed very close to the programmed value. The 

qualitative conclusions drawn from the test data are assumed not to be affected by these small 

fluctuations. Therefore all data is plotted against the programmed speed of the nutrunner to ease 

the interpretation of the data. 
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Figure 20 shows how the friction changes in the thread during one tightening, from the point 

where the total torque is 10 Nm to the final torque. This gives a general idea of how large the 

frictional scatter is for just one speed setting.  

 

Figure 20. Coefficients of thread friction during one tightening 

Note that the time axis in Figure 20, is dependent on the tightening speed. It takes a shorter 

amount of time to tighten a bolt at higher speeds. 

 

To thoroughly investigate how the friction changes during the tightening sequence three points 

are chosen for further study, these three points are: 

 

1. The mean friction during the entire tightening sequence from the point where the total 

torque equals 10 Nm to the final torque. 

2. The friction at the end of the tightening, at the final torque that was reached at that speed 

setting. 

3. The point where the total torque equals 110 Nm. This point was chosen to eliminate the 

effect of the under- or overshoot of the target torque described in Figure 19. This will 

give a more accurate picture of how the friction would behave if the nutrunner had 

reached the same target torque for all speed settings.  

 

4.2.1 Mean friction during entire tightening sequence 
 

When plotting the mean value of the friction during the entire tightening for each speed setting 

from Figure 20 a clear tendency can be seen; both the mean value and the scatter of the thread 

friction decreases with increasing speed. There seems to be a clear connection between the 

coefficient of friction in the thread and the tightening speed. However the bearing friction does 

not show the same behaviour at all. The scatter remains largely the same for all speeds and the 

friction decreases only marginally, as can be seen in Figure 21. 
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Figure 21. Mean value of friction during entire tightening (from start to Point A in Figure 14). 

Left: Thread. Right: Bearing 

Note that the black line represents the mean values, the blue lines the standard deviation and the 

red circles the minimum and maximum value. 

 

4.2.2 Friction at the end of tightening 

Analysing the frictional coefficients at the end of the tightening sequence gives very similar 

results as can be seen in Figure 22.  The friction at the end of the tightening sequence (Point A in 

Figure 14) shows very similar behavior as the results presented in Figure 21. However, the 

bearing friction seems to be even less dependent upon the speed while the thread friction seems 

to be affected to a slightly greater extent, registering a higher mean value at 10 rpm and about the 

same at 200 rpm.  

 

 

Figure 22. Value of  friction at end of tightening (Point A in Figure 14). Left: Thread. Right: 

Bearing. 
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4.2.3 Friction when total torque equals 110 Nm 
To remove the effect of the torque’s tendency to slightly under or overshoot the target torque as 

displayed in Figure 19 the frictional coefficients are examined just before the final torque is 

reached. 110 Nm was chosen as it is just slightly below the final torque of all the performed 

tests.  

The behaviour seems to be almost identical to the one seen at the final torque which might not be 

surprising as the torque values differ so little and so little time has passed between the points.  

 

 

Figure 23. Value of  friction at Ttot = 110 Nm  Left: Thread. Right: Bearing. 

Note that the black line represents the mean values, the blue lines the standard deviation and the 

red circles the minimum and maximum value. 

 

These three examples clearly illustrate that the thread friction is speed dependent while the 

bearing friction is not affected to the same extent at all by the varying speed.  
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4.3 Residual torque 
As mentioned previously torque audits are often used to make sure that a bolt joint is properly 

tightened to its target torque. The idea is that the measured residual torque should closely match 

the intended target torque if the bolt has been tightened correctly. This is an assumption that 

turned out to be somewhat problematic for two main reasons. The effect of the tightening speed 

on the final torque seen in Figure 19 and the fact that even if the overshoot due to speed is taken 

into account the residual torque is still affected as can be seen in Figure 24 that plots the 

difference between the final torque and the residual torque. 

 

 

Figure 24. Difference between residual torque and final torque 

Note that the black line represents the mean values, the blue lines the standard deviation and the 

red circles the minimum and maximum value. 

 

So even if the final torque is known, the residual torque can register at anywhere from a few Nm 

higher to over 20 Nm over the actual value of the final torque depending on the speed at which 

the bolt was previously tightened.  
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4.4 Clamping force 
The final torque increase with increasing speed, while the coefficients of friction decreases. Both 

these factors act together to increase the scatter in the clamping force.  

 

Figure 25. Clamping force as a function of tightening speed 

Note that the black line represents the mean values, the blue lines the standard deviation and the 

red circles the minimum and maximum value. 

 

Figure 25 shows very clearly that the tightening speed has a large impact on the clamping force 

and therefore the structural integrity of the system it is mounted in. The highest clamping force 

within one std of the mean in the test series is around 63 kN and the lowest at 33 kN, a difference 

of 90% which will greatly impact the bolts load carrying capacity.  

 

Using Monte Carlo simulation the deviation of the friction, final torque and clamping force can 

be studied further. Figure 27 - Figure 29 display how the scatter in torque and friction affect the 

resulting clamping force between 10 and 150 rpm. These two speeds have been chosen for 

further examination for two reasons; they have been examined in a previous study performed by 

Sayed Nassar (2007) and show different enough behaviour to be an interesting example. n is the 

number of data points generated by the simulation, which for these histograms is 100 000. Note 

that the Y-axis is the number of data points that fall within the span of that bar.  
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Figure 26. Histogram of thread friction at end of tightening, compare to Figure 22 

 

Figure 27. Histogram of bearing friction at end of tightening, compare to Figure 22 
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Figure 28. Histogram of final torque, compare to Figure 19 

 

 

Figure 29. Histogram of clamping force 
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As can be seen in Figure 27 - Figure 29, even though the bearing friction does not differ very 

much at all between the two speeds, the effect of the varying torque and thread friction enforce 

each other to give a difference in clamping force equal to 11.6 kN. The mean values and standard 

deviations for the final torque, friction and resulting clamping force can be seen in Table 6 and 

Table 5.  

Table 5. Mean values for Figure 27 - Figure 29 

Mean value μt μb Torque [Nm] Clamping force [kN] 

10 Rpm 0.229 0.169 115.6 38.5 

150 Rpm 0.144 0.157 120.0 50.1 

 

Table 6. Standard deviations for Figure 27 - Figure 29 

Standard deviation μt μb Torque [Nm] Clamping force [kN] 

10 Rpm 0.040 0.040 0.36 5.38 

150 Rpm 0.020 0.035 1.11 6.67 
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4.4.1 Calculation example of flange joint 
To better understand how this variation in clamping force could affect the system in which the 

bolts are mounted a calculation example of a flange joint is performed, see Figure 30. The flange 

joint is assumed to be used to join two steel pipes together. The pipes have a diameter of 200 mm 

and are used to transport a liquid or gas under at high pressure. 

 

 

Figure 30. Example of flange joint (FlowStar Valveshop,2013) 

 

The tests performed in this thesis were designed to tighten to bolt beyond its recommended 

torque to gather as much data as possible; therefore a 10.9 bolt is used in this example as 120 

Nm is close to its recommended torque.  

According to Maskinelement Handboken (2008) the pretension torque for a 10.9 M12 is in 

practice anywhere from 107 Nm to 150 Nm, meaning that a target final torque of 120 Nm is 

appropriate. It is assumed that coefficients of friction are chosen such that the calculated 

clamping force at 120 Nm would equal 48 kN, (48 kN is the mean value for the performed test 

series). Following the guide lines in Maskinelement Handboken (2008) the flange is designed 

with 8 bolts with a clamping length of 82 mm, correlating well with the clamping length in the 

performed tests. Now consider what would happen if the clamping force is at the higher or lower 

end within one standard deviation of the mean value described in Figure 25. 

 

 If a clamping force of precisely 48 kN is reached the flange would withstand an internal 

pressure of 122 bar without leaking and without plastically deforming the bolts. If this 

pressure is exceeded the flange will start to leak but the bolts will not plastically deform. 

 

 If the clamping force is 33 kN the flange would only be able to withstand 84 bars without 

leaking. 

 

 If the clamping force is 63 kN the bolts would start to plastically deform at 101 bar and 

eventually break at 146 bar without the flange ever starting to leak.  

 

If a clamping force of 48 kN is expected either one of the two other alternatives could be 

devastating. A leak due to flange separation while potentially affecting the performance of the 

system negatively is a very good indicator that something is wrong. It gives the operator time to 

shut down the system and examine the leak. If the bolts were to break without the flange ever 

starting to leak this could result in a catastrophic failure of the entire system as the gas or liquid 

being transported might be system critical, such as a coolant or lubricant. 

 

The accuracy of the clamping force is often more paramount to a systems performance than the 

magnitude. The need for a higher or lower clamping force can often be accommodated by 

choosing bolts of higher strength or larger diameter, but as the above example illustrates, if these 

bolts can’t be accurately tightened it is all for naught.  
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4.5 Angle vs. Torque controlled 
There are several techniques used to control a tightening scenario the two most common of 

which are controlling the number of degrees a bolt is tightened or controlling the torque applied 

to the bolt. As can be seen in the above chapters, at the same programmed torque the clamping 

force can vary greatly. However when controlling the number of degrees a bolt is tightened the 

scatter is reduced greatly as the method is theoretically independent of the friction in the joint as 

can be seen in equation (6). Figure 311 and Figure 322 show that the scatter for torque controlled 

tightenings increase with increasing torque while angle controlled tightenings remain relatively 

linear throughout the entire tightening sequence.  

 

Figure 311. Scatter at 10 rpm for angle and torque controlled tightening 

 

 

 

Figure 322. Scatter at 200 rpm for angle and torque controlled tightening 



 43 

 

5 DISCUSSION AND CONCLUSIONS 

A discussion of the results and the conclusions that the authors have drawn during the Master of 

Science thesis are presented in this chapter. The conclusions are based on the analysis with the 

intention to answer the formulation of questions that is presented in chapter 1.2.  

5.1 Discussion 
While using torque control might at first seem like easiest way to tighten a bolt it would appear 

that it also carries along with it several difficulties and pitfalls, perhaps the most daunting of 

which being the scatter in frictional “constants” due to tightening speed. The tightening speed 

affects not only the frictional coefficients but also how well the nutrunner meets the target torque 

and how large the residual torque is. These three factors make the clamping force hard to predict 

and the final torque difficult to verify. It therefore becomes increasingly important to keep an 

open dialogue between manufacture and design to minimize the effect of these fluctuations. 

If a model for the width of the thread contact could be developed it could be combined with the 

model of the line load to give a more comprehensive model of the pressure distribution. Perhaps 

this could ease the analysis of the pressure distribution’s impact. It seems like such a model 

might already exist but it could not be found during the course of the project. 

Performing the same series of tests for additional bolt diameters, one smaller and one larger than 

M12 would give the opportunity to examine if the correlation between speed and friction is the 

same between these bolts. This could conceivably indicate whether the pressure distribution 

should be examined further. 

In Figure 22 a clear decrease in thread friction can be seen with increasing speed while the 

bearing friction remains relatively unaffected. These results do not correlate perfectly with the 

results presented by Sayed Nassar (2007). While slightly higher than Nassar’s results the bearing 

friction seems to remain approximately at the same level for 10 and 150 rpm, see Figure 27. 

However the thread friction seems to be affected to a much higher extent than Nassar reports. 

This difference might in part be due to the fact that Nassar used hardened washers as opposed to 

the unhardened washers used in the tests performed in this project. Further variables that might 

account for this discrepancy are among others differences in: surface topology, stiffness of joint, 

zinc coat thickness, accuracy of speed control and other properties of hardware used. 

Furthermore as the main focus Nassar’s paper is not to examine the speed dependency of the 

frictional coefficients but rather the effect of repeated tightenings the accuracy of the previously 

mentioned data might have been neglected.  

The coefficient of thread friction would seem to follow the general outline of a Stribeck curve 

when plotting the friction against the speed alone, see figure Figure 22. However plotting the 

frictional constants against the Sommerfeld number will require further study to determine the 

other variables in the Sommerfeld equation.  

The fact that the residual torque seems to increase with increasing tightening speed is something 

that could actually alleviate some of the problems introduced by the fact that the nutrunner tends 

to undershoot the target torque. As if a torque audit is performed on a bolt that was previously 

tightened at a high speed the audit will show that it is tightened to hard and should be loosened a 

bit, thereby decreasing the bolt joints clamping force. This would help to reduce the clamping 

force in the joints where it is too high while leaving bolts tightened at a lower speed unmodified. 

The 2% error present due to calibration issues with the torque transducer measuring total torque 

in the BLM-rig can easily be eliminated by using the torque measurements from the inline 

transducer instead. However, since it was not possible to dismantle the BLM-rig to be able to test 

the calibration of the torque transducer measuring shank torque it was assumed that it would be 
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better to use only the torque transducers from the BLM-rig to avoid introducing a systematic 

error in the measurements.  

The most time consuming part of the project was the development of the pressure distribution 

models. During this phase of the project a multitude of published papers were examined and 

modelled, some of them successfully some of them not. All of the papers studied were very hard 

to interpret due to a high level of abstraction and high academic level. In hindsight perhaps 

ignoring the actual pressure and looking at the bolt diameter or stiffness would have been more 

beneficial. This would have allowed the frictional coefficients to be plotted against perhaps 

“diameter times speed” or “stiffness times speed”. While this approach is not as thorough or well 

founded in theory, it could have proved to be a more valuable tool to predict frictional behaviour.  

 

5.2 Conclusions 
A numerical summary of the performed measurements can be seen in Table 7 

 

 An analytical load distribution model does not provide a big enough difference compared 

to standard models to be considered statistically significant. The scatter that exists for one 

speed setting alone is enough to completely conceal any effect that the improved load 

distribution model based on (Sopwith, 1948), (Sayed, Barber, & Dajun, 2005) and 

(Marshall, Lewis, & Dwyer-joyce, 2006) examined in this project could have. 

 

 A clear decrease in thread friction can be seen with increasing tightening speed from a 

mean value of 0.23 ± 0.04 at 10 rpm to a mean value of 0.14 ± 0.03 at 200 rpm. 

 

 The bearing friction is not affected by the tightening speed to the same extent as the 

thread friction, registering a mean value of 0.17 ± 0.04 at 10 rpm to a mean value of 

0.125 ± 0.03 at 200 rpm with a large scatter. 

 

 The accuracy at which the nutrunner meets the target torque is also affected by the 

tightening speed. With a target torque of 120 Nm a tightening speed of 10 rpm results in 

a final torque of 116 ± 0.3 Nm while a tightening speed of 200 rpm results in a final 

torque of 122 ± 1.7 Nm.  

 

 The residual torque is also affected by the speed at which the bolt was previously 

tightened, registering at 4 ± 1 Nm above the final torque at 10 rpm and at 19.7 ± 4.5 Nm 

above the final torque at 200 rpm. 

 

Table 7. Conclusion summary 

  10 rpm 200 rpm 

Thread friction [-] 0.23 ± 0.04 0.14 ± 0.03 

Bearing friction [-] 0.17 ± 0.04 0.12 ± 0.03 

Final torque [Nm] 116 ± 0.03 122 ± 1.7 

Residual torque1 [Nm] +4.0 ± 1.0 +19.7 ± 4.5 

Clamping force [kN] 38.5 ± 5.2 57 ± 13.2 

                                                 
1
 Notice that this row indicates how high above the final toque the residual torque measures 
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6 RECOMMENDATIONS AND FUTURE WORK 
In this chapter, recommendations on more detailed solutions and/or future work in this field are 

presented.  

 

Presented below is future work that could be conducted to gain further understanding of the 

frictional behavior of the bolt joints studied in this project.  

 

 Further examining why the results of Sayed Nassar (2007) do not correlate better with the 

data presented in this thesis paper. 

 Further examine whether the effect of thread runout described by Patterson & Kenny 

(1986) could improve the load distribution model.  

 Develop thread pressure distribution based on FEA 

 Tests with multiple bolt diameters to see the possible impact of this variable 

 Tests with highly lubricated bolts to reduce scatter in frictional coefficients 

 Try to determine the missing variables in the Sommerfeld number to develop a Stribeck 

curve 

 

 

Presented below are some general guidelines that should be followed in order to increase the 

accuracy of the force torque relationship. 

 

 Use thread lubricant 

 Use unvarying tightening speed 

 Use a tightening speed over 50 rpm 

 Verify the clamping force for the intended joint 

 Use angle control 
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Appendix A 

The load distribution in the bolt thread is described in D.G.Sopwith’s paper from 1948 and can 

be calculated with Equation (13) - (27) 

 

Figure A1. Thread parameters used in equations below 

Depth of fundamental triangle b where a is the pitch, see Figure : 

     
  

  
1

cot
2

b a    (13) 

Root radius of thread r: 

  sin 2
6

a
r    (14) 

Depth of thread d: 

     
1

cot 2 1
2

d a r cosec      (15) 

Constant in deflection factor h, (c, T, B1, B2, B3):   

 
b d

c
b


   (16) 

 
   

2

1 cos 2 sin 2t

T
  


 

  (17) 

 

 
 

 1

2sin 2
2

2 sin 2

2 sin 2

T

B



 

 

 
 

 


  (18) 

  

 
     

  
   

2

2 1 cos 22 1 2

2 sin 2 1 sin 2 sin 2 2 cos 2

Tv
B

v



     


  

  
  (19) 

 
   3

2

sin 2 2 cos 2

T
B

  



  (20) 

 

 

 

 



 48 

 

Deflection factor h: 
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Constants for calculating ωm and Px, (V, U, θ2, λ): 
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θ2 where length of nut ie L = na 
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Normalized intensity of load along thread helix [N/m] See Figure 4 
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Normalized axial load at normalized coordinate x along thread helix: See Figure 5 
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Appendix B 
 

 

Rotary quadrature encoder 
Angle and rotational velocity can be measured using a quadrature encoder, most commonly 

consisting of two metal or glass discs with evenly spaced slits in them to let pulses of light 

trough as they rotate. These pulses are then detected by a photodiode resulting in two square 

waves each 90 degrees offset from the other, see Figure B1 where A and B denote the two square 

waves. By counting the number of pulses the angle can be calculated and be measuring the time 

between each pulse the speed can be calculated.  

By looking at the current and the previous state of the signal AB the direction of rotation can be 

deduced. If clockwise rotation is analogous with movement from left to right along the square 

wave then 11 is followed by 01 indicates clockwise rotation and 11 followed by 10 would 

indicate counterclockwise rotation. 

 

 

Figure B1. Quadrature wave 

 

Wheatstone Bridge 
Force and torque are often measured using a resistor that is load sensitive, changing its resistant 

depending on the stress it is subject to. To detect this changing resistance a Wheatstone bridge is 

often used, see Figure B2. A Wheatstone bridge works on the following principle: R1 and R3 

have known resistances, R2 has a known and variable resistance and Rx is the load sensitive 

resistor. When the ratio R1/R3 is equal to R2/Rx no current will flow through the very sensitive 

ammeter VG. In short, the resistance of R2 is altered until no current flows between B and D, Rx 

can then be calculated using equation (28). 

 

 2
3

1

x

R
R R

R
   (28) 

 

 

 

 

Figure B2. Circuit diagram of a Wheatstone bridge 
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