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Abstract 
 

Vincent Verhasselt, 2012-2013  

Master of Science in Electro-Mechanical Engineering: Mechatronics-Constructions  

Experimental study and modelling of the clamp load reduction of the roll restrictor bolts  

keywords: bolted connections, loosening mechanisms, engine mounts 

All tests in my master thesis were performed at Ford Lommel Proving Ground, which is a 

testing facility of Ford of Europe. The topic of my thesis is situated in the Ford product 

reliability development department and has been studied for the last 40 years by mechanical 

engineers. 

We will try to find a solution for engine mount bolts of Ford passenger cars which sometimes 

get loose in durability tests. From a literature study, we will try to find all different failure 

mechanisms or causes of this failure.  

To find the failure mechanism that occurs, we will first measure the clamp load in real time 

by glueing strain gauges on these bolts. We will monitor this clamp load together with the 

forces and accelerations acting on this engine mount. A last parameter that might influence 

the loosening of the bolts is the relative displacement between the engine mount and the 

transmission on which it is bolted. When the clamped component is able to move, this could 

cause both rotational and non-rotational movement. 

A design of experiments will provide us with the most significant parameters that cause high 

forces on the engine mounts. We will also evaluate the severity of all different test tracks in 

terms of forces on the engine mount. 

With ultrasonic sensors, we will measure the evolution of the pretension force during a 

complete reliability test. Also the change in torque of the bolts will be measured and linked to 

the pretension force. We will also use these ultrasonic sensors to evaluate the accuracy of the 

measurements with a torque wrench, used after durability tests. 

In chapter 5 we will try to link the evolution in long reliability tests to the measurements in 

real time. This might enable us to predict the evolution of the pretension force of engine 

mount bolts for a different powertrain. 

Finally, a selection of possible solutions for the failure mechanism will be tested and 

evaluated. We will use three kinds of washers, threadlocker, increase the torque of the bolts 

and finally remove the anti-corrosion coating of the clamped component.  

We will find that the coating on the clamped component will cause the loosening effect. It is 

hard to model this effect. A removal of the coating should eliminate the problem completely. 



III 

 

Samenvatting 
 

Vincent Verhasselt, 2012-2013 

Master of Science in Electro-Mechanical Engineering: Mechatronics-Constructions  

Experimentele studie en modellering van voorspanningsreductie van roll restrictor bouten 

kernwoorden: boutverbindingen, loskomende mechanismes, motor steunen 

Alle testen in deze masterscriptie zijn uitgevoerd bij Ford Lommel Proving Ground, een 

testcentrum van Ford of Europe. Het onderwerp van mijn afstudeerwerk situeert zich in het 

domein van betrouwbaarheidstesten bij Ford. 

We proberen een oplossing te vinden voor het soms loskomen van boutverbindingen van de 

motorsteunen bij personenwagens van Ford in duurzaamheidstesten. Vanuit een 

literatuurstudie gaan we alle mogelijke falingsmechanismen proberen te identificeren. 

Om de falingsmechanismen te vinden die optreden bij de motorsteunen, gaan we de 

klemkracht van de bouten meten met behulp van rekstrookjes. Ook meten we de krachten en 

acceleraties van deze motorsteun gedurende de testen. Als laatste parameter zullen we 

eveneens de relatieve verplaatsing meten tussen de motorsteun en de versnellingsbak waarop 

deze steun bevestigd is. Als deze motorsteun zich kan verplaatsen ondanks vastgeschroefd te 

zijn op de versnellingsbak, kan rotationeel of niet-rotationeel loskomen optreden. 

Een design of experiments zal ons een betere kijk geven op parameters die tijdens de 

duurzaamheidstesten hoge krachten veroorzaken op de motorsteunen. Ook zullen we de 

verschillende testevents op basis van die krachten vergelijken en rangschikken. 

Met ultrasone sensoren kunnen we de evolutie van de voorspanning van de bouten meten 

gedurende een volledige duurzaamheidstest. Ook het bijhorende aanhaalmoment van de 

bouten wordt gemeten en gerelateerd aan de voorspanning. Deze sensoren laten ons 

bovendien toe de nauwkeurigheid van de gemeten aanhaalmomenten na duurzaamheidstesten 

te bepalen. 

In hoofdstuk 5 zullen we de metingen in real time koppelen aan de evolutie van de 

klemkracht. Vervolgens zullen we een voorspelling maken van de evolutie van de 

voorspanning van motorsteunbouten voor een ander type motor. 

Ten slotte gaan we een selectie van mogelijke oplossingen uitproberen. Het effect van drie 

verschillende rondsels, vloeibaar borgmiddel, een verhoging van het aanhaalmoment en het 

verwijderen van de coating van de component zullen geëvalueerd worden.  

We zullen besluiten dat de coating van de geklemde component de oorzaak is van het 

loskomen van de bouten. Dit effect is moeilijk te modelleren. De coating lokaal verwijderen 

lost echter het probleem volledig op. 



IV 

 

Description sommaire 
 

Vincent Verhasselt, 2012-2013  

Master of Science in Electro-Mechanical Engineering: Mechatronics-Constructions  

Étude expérimentale et modelage de la réduction de précontrainte des boulons de limiteurs de 

roulis 

Mots-clés: jonctions de boulons, mécanismes de défaillance, appuis de moteur  

Tous les tests pour ce mémoire de Master ont été exécutés chez Ford Lommel Proving 

Ground, un centre de recherche de Ford of Europe. Le sujet de ce mémoire se situe dans le 

domaine des essais de fiabilité chez Ford. 

Nous essaierons de trouver une solution pour le détachement imprévu de certaines jonctions 

de boulons des appuis de moteur en ce qui concerne les voitures de Ford pendant les tests de 

durabilité. À l’aide d’une étude bibliographique, nous essaierons d’identifier tous les 

mécanismes de défaillance. 

Afin de trouver ces mécanismes de défaillance, nous mesurons la force de serrage des boulons 

à l’aide de jauges de contrainte. En outre, nous mesurons les forces et les accélérations de ces 

appuis de moteur au cours des tests. En tant que dernier paramètre, nous mesurons également 

le déplacement relatif entre les appuis de moteur et la boîte de vitesses à laquelle ces appuis 

sont fixés. Si les appuis de moteur peuvent se déplacer malgré le fait qu’ils sont fixés, un 

détachement rotationnel ou non-rotationnel peut se manifester. 

 Un design of experiments nous fournira une meilleure vue aux paramètres qui produisent des 

forces majeures sur les appuis de moteur. De plus, nous comparerons et nous classerons les 

différents test events en relation avec ces forces. 

Nous pouvons, avec des capteurs ultrasoniques, mesurer l’évolution de la précontrainte des 

boulons pendant un test complet de la durabilité. Le moment de serrage des boulons est aussi 

mesuré et mis en rapport avec la précontrainte. Les capteurs nous permettent également de 

déterminer l’exactitude des moments de serrage mesurés après les tests de durabilité.  

Dans le chapitre 5, nous relierons les mesures en temps réel à l’évolution de la force de 

serrage. Ensuite, nous ferons une prévision de l’évolution de la précontrainte des boulons des 

appuis de moteur d’un autre type de moteur.  

En somme, nous mettrons à l’essai une sélection des solutions éventuelles. L’effet de trois 

rondelles différentes, du frein filet liquide, d’une augmentation du moment de serrage et de 

l’enlèvement du coating du composant seront évalués.  

Nous trouverons que le coating du composant provoquera le détachement des boulons. Il est 

difficile de modéliser cet effet. L’enlèvement du coating du composant devrait éliminer 

complètement le problème. 
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Chapter 0: Problem statement 
 

In the past five years, engine mount bolts sometimes get loose in durability tests. The problem 

can vary between a torque drop below the minimal allowable torque, to a complete loosening. 

The problem can occur for each model and each type of engine, although the occurrence 

increases for more  powerful engines. 

When the torque of the bolts has dropped, it does not necessarily means than the bolt has 

rotated in the loosening direction. In the past, bolted connections have been observed that 

have lost more than 50% of the initial torque without any rotation. A fracture of the bolts or 

visible damage has never been detected. The engine mount at which the problem occurs the 

most is the transmission roll restrictor.  

In this master thesis, we will investigate on the loosening of the bolts of this engine mount in 

six chapters. 

The first chapter will give information about the testing facility: Ford Lommel Proving 

Ground. We will situate the topic of this thesis in the company and go more into detail about 

the most used test events for the investigation. Finally, the powertrain layout will be explained 

and the problems to be addressed in this thesis will be explained. 

The second chapter will handle all possible failure mechanisms described in literature that 

might be applicable for this kind of problem. Most of these mechanisms are verified in 

laboratories and the most important parameters that influence the mechanism are well-known. 

When we perform tests at a test track, we cannot control all these parameters. We will need to 

develop ourselves methods to measure which failure mechanism occurs. 

In the third chapter, we will try to measure in real time a few parameters during the test 

events. First, we will explain the used sensors and measurement method, because some of 

these sensors are not yet used for this kind of problem. A ranking of severity of the events will 

be made a design of experiments will make clear which parameters influence this severity. 

The real time results will enable us to select a few loosening mechanisms that are still 

possible. To know which one of these mechanisms is causing the problem, we will perform 

measurements during a full durability test in the next chapter. 

In the fourth chapter, the long term measurements will enable us to tell with certainty which 

failure mechanisms are working at the joint. We will measure the evolution of the pretension 

force of the bolts through a full durability cycle. This will give us a clear view on how the 

relation between the torque of a bolt and the pretension force of that bolt changes. It will also 

enable us to determine how accurate the commonly used methods are and how it can be 

possible that the joint fails completely. The final phase of the failure will involve a second 

failure mechanism that we also will investigate. 
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In the fifth chapter, we will try to make a link between chapter three and four. Does the failure 

mechanism follow a certain pattern? If so, we should be able to measure the initial conditions 

of this pattern which would enable us to predict the further evolution of the failure. Are we 

able to measure some parameters of the engine mounts from different powertrains in real time 

and use this information to predict theoretically the evolution of the failure during a full 

durability test? If not, which further measurements or research should be performed to be able 

to? We will deal with these questions in chapter 5. 

In the final chapter, we will try to measure the influence of a few solutions that reduce the 

cause of the failure mechanism. If one can take away the cause of the failure mechanism, it is 

not any more of interest to try to model or predict the failure. We will try out the possible 

solutions that are available at Ford Lommel Proving Ground which are: three types of 

washers, threadlocker, a torque increase and removing the coating on the clamped component. 

The most important statement we want to make clear is the measurement method we used. It 

should be of great interest for future design of engine mounts to use the same measurement 

method because it enables measuring the cause of the loosening mechanism directly. The 

method we used, can measure the cause of the loosening mechanism in only one day. Finally 

we will also mention the economic feasibility of these possible solutions in mass production.   
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Chapter 1: Ford Lommel Proving Ground 
 

Ford Lommel Proving Ground is the test centre of the European part of Ford Motor Company. 

The engineers and professional drivers test cars on public roads as well as on the 83km long 

test track. This track contains a lot of special roads to test durability, performance and vehicle 

dynamics.  

I was working within the Customer Correlation team, a part of the durability department. The 

durability department is responsible signing off all vehicle systems, including chassis, 

powertrain, body and suspension. There are two main durability tests for passenger cars: 

Pascar 1 and 2. 

The Pascar 1 test focuses on the durability of the suspension, chassis and body. We try to 

cause the same damage to the chassis and suspension in 5000 km as 90 percentile of the end 

users will do in 240,000 km or in 10 years. The Pascar 2 test takes about 40,000 km and is 

more focused on the drivetrain and the brakes. 

To test the durability in such an accelerated way, we need to apply higher loads and increase 

the frequency. One should always take caution during accelerated tests: if the loads become 

too high, some components might fail while we never detect failures from our customers. One 

should always respect the physics of failure. The determination of the loads during the 

durability tests is one of the main tasks of the customer correlation engineer. For the 

transmission roll restrictor however, the loads applied in the accelerated tests are limited to 

the maximal loads that might occur when the car is used by the customer on public roads. 

 

1.1 Important test tracks 
 

To improve the readability of this thesis, it might be interesting to explain some durability test 

tracks to which will be referred. 

The Cobblestones slalom is very rough surface: it is made out of river stones placed into a 

concrete surface. We slalom the car ten times on this surface to test the suspension mainly in 

the transverse direction. Other components such as the engine mountings will be exposed to a 

lot of vibrations. A figure of the Cobblestone event can be found in Appendix Figure B 1. 

The traction control event consists of a very slippery surface on which we accelerate “wide 

open throttle”. The traction control system will try to prevent the wheel spin as much as 

possible by reducing the engine power and actuating the brakes. This actuation is similar to 

the threshold braking technique used by the ABS. This causes a shock on the drive train each 
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time the brakes are actuated. A figure of the traction control event can be found in Appendix 

Figure B 2. 

The Chatterbumps event contains 3 parts: the acceleration, constant speed and braking part. A 

Chatterbump is a concrete surface that alternates between two different heights. We first 

perform an acceleration on this surface. Each time the front wheels drive over a Chatterbump, 

wheel spin is provoked which results in shocks on the drivetrain. The following Chatterbumps 

are driven at constant speed and do not cause high loads on the engine mountings. During the 

Chatterbumps braking, the ABS system interferes most of the time and the shocks in the 

longitudinal direction of the car cause high loads on the engine mountings. A figure of the 

Chatterbumps event can be found in Appendix Figure B 3. 

The Chuckholes lane contains a variety of potholes and bumps, which are driven at constant 

speed. This event tests mainly the suspension and shock absorbers. It is certainly not made to 

test the engine mounting. A figure of the Chuckholes lane can be found in Appendix Figure B 

4. 

 

1.2 The powertrain 
 

In this master thesis, we will refer a lot to the powertrain of a car and its mountings. Most 

European Ford passenger cars are front wheel driven. This powertrain configuration creates 

much space inside the car. 

We will give a short overview of the powertrain layout of a Ford Fiesta. 

On the right side in the engine bay, we find the engine in a transverse direction. On the left 

side of the engine bay, we find the gearbox. Both are connected by the clutch in between. To 

fix this powertrain in space, we need a minimum of three mountings. The first is the engine 

mount. This mount mainly carries the weight of the powertrain, together with the second 

mount: the gearbox mount. Apart from the static load, these mounts are also designed to carry 

the pitch and yaw of the powertrain. The third mount is the transmission roll restrictor. This 

engine mount supports only the roll of the engine. For a Ford Fiesta, the transmission roll 

restrictor is designed to resist 30kN of longitudinal force (roll of the engine) and only 3kN in 

the transverse direction (yaw moment). Because the differential is included in the gearbox, all 

wheel torques are transmitted directly to the powertrain. So during severe accelerations, we 

can expect large forces on the transmission roll restrictor. The transmission roll restrictor is 

connected to the subframe, which is a removable chassis part.  

The subframe makes the assembly of the car easier: the suspension and steering parts can be 

pre-assembled onto the subframe. During the final assembly of the car, one only needs to fix 

the subframe to the chassis of the car. 

The subframe also enlarges the cascade of failures during extreme test events.  
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Extreme test events are used in the Performance department. The main purpose of this test is 

to evaluate the strength and safety of the car. For example: if one drives too fast through a 

large pothole, first the suspension should deform, secondly the subframe and in a final stage 

the chassis. A chassis failure is mostly not repairable, while the subframe and suspension 

parts are relatively cheap to replace. [1] 

Appendix Figure B 5 gives a clear overview of the powertrain layout. Appendix Figure B 6 is 

a picture of the powertrain of a Ford Fiesta, seen from below the car. 

 

1.3 The transmission roll restrictor 

 

All the measurements will be performed with the customer correlation car, i.e. a Ford Fiesta 

with a 1.6 120hp Sigma engine and a five-speed manual transmission. This car is generally 

used for comparing different events or road surfaces. 

A picture of its roll restrictor with the applied torqueing procedure is shown below. 

 

Figure 1: Transmission roll restrictor and torqueing procedure 

Note that W500728 and W702042 have the 10.9 quality standard and W500233 has the 8.8 

quality standard. 

Remember that the 8.8 quality standard means a yield strength of 8x8x10= 640MPa and a 

tensile strength of 8x100= 800MPa. In the same way, the 10.9 quality standard means a yield 

strength of 10x9x10= 900MPa and a tensile strength of 10x100= 1000MPa. 
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The W500728 bolt clamps the big rubber bush on the subframe. The inside of the rubber bush 

is made out of aluminium, as the roll restrictor itself. The subframe is made out of steel and is 

e-coated. Also the roll restrictor bracket, the blue part of the roll restrictor in the drawing 

above, is a steel part with a 20 to 40 µm thick e-coating. E-coating is nowadays a standard 

procedure to protect components against corrosion. The part is submerged in a paint bath. By 

charging the component positively and the paint bath negatively, the paint is electrostatically 

attracted onto the component.  

E-coating is a very good protective layer, but it has a few drawbacks. 

First, the friction coefficient between the e-coated part and the bolt head is not always the 

same. This means that if we torque these bolts in mass production, the minimal pretension 

force cannot always be guaranteed. In the past, the engineers in Dunton performed 

experiments on the influence of the finish of the bolt to get a more constant friction 

coefficient. The test results showed that the S-442 finish was the best solution for this 

problem. 

Secondly, the e-coating causes a larger initial loss of clamp load because it provokes more the 

Brinelling, or static embedding of the bolt. This will be explained further. To reduce this 

problem, we now use a three step torqueing procedure: a machine torques the bolts to one 

third of the design torque and that slowly torques the bolt to the nominal torque. In the second 

step, the bolt is rotated in the loosening direction for 180 degrees. In the third step, the bolt is 

again torqued to the nominal torque.  Eventually a man with a clicker torque wrench checks 

the torque of the bolts. The three step torqueing procedure has the effect that a bolt at the 

same torque delivers a higher pretension force than a bolt torqued with a single step torqueing 

procedure. This is due to the fact that the reverse rotation of the bolt in the second step 

removes a bit the coating on the engine mount and the head of the bolt, resulting in a lower 

friction coefficient. The torqueing procedure is always applied in mass production, but the 

prescribed fastening speed cannot be achieved with the torque wrenches we use at Ford 

Lommel Proving Ground.  

 

1.4 Loosening of the roll restrictor bolts 
 

In the past five years, test engineers of Ford Lommel more and more have had to deal with 

engine mount problems, especially the transmission roll restrictor. As the engine torque 

increases in modern cars, this engine mount has to cope with higher forces and vibrations. 

The problems that occur is the loosening of the engine mount bolts, failure of the rubber 

bushes or, less often, rupture of the transmission roll restrictor. The rubber bushes have 

already been studied by two students from HAN (Hogeschool van Arnhem en Nijmegen), so 

we will concentrate on the bolted connections of the roll restrictor. It is very important to note 

that the loosening of the bolts has never caused a broken bolt. In the worst case a bolt falls out 

of the assembly. This can cause broken drive shafts or breaking the gearbox housing. 
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The loosening problem occurs in all passenger cars and can occur for every powertrain. The 

loosening of can be a rotation of the paint mark on the bolts head, but sometimes they 

measure torque drop without rotation of the bolt head. In the worst case a bolt can completely 

rotate loose and fall out.  

Measuring the on-torque is one of the three ways to measure the torque of a bolt. The on-

torque is the torque measured when the bolt starts to rotate in the fastening direction. The 

loosening torque is the peak torque measured while slowly loosening the bolt. The back-to-

mark-torque is the torque needed to rotate the bolt back to its original position. For engine 

mounts, the failure criterion used by Ford is based on the measured on-torque. After the 

Pascar 1 test, technicians always torque these bolts to 50% of the nominal torque (Ford 

system requirement). When the bolts rotate below this torque, the residual torque is reported 

as an issue. When the residual torque is above 50% of the minimal torque, they will not 

measure the on-torque because this measurement increases slightly the torque of the bolt. 

After the Pascar 2 test, the residual on-torque is measured for all engine mount bolts. When 

the residual torque is less than 50% of the minimal torque, the residual torque is also reported 

as an issue. 

The loosening problem is more likely to happen with more powerful cars, especially the 

sporty derivatives such as the currently developed Ford Focus ST. The application engineers 

in Dunton have performed measurements in the past, which show that the use of hydromounts 

on the gearbox side increases the forces on the roll restrictor. The hydromounts used on some 

Ford passenger cars are passive dampers, which is probably why they are less stiff at higher 

frequencies. Also durability tests in wet conditions result in higher roll restrictor forces 

because the stick-slip effect becomes worse. Stick-slip happens during acceleration or during 

braking. We use the term stick-slip when the grip of the tyre alternates between the grip 

(stick) and sliding or wheel spin (slip). This causes heavy low frequent vibrations in the 

powertrain. Stick-slip is mostly provoked by the Chatterbumps event, but in everyday use, it 

can also occur when a wide open throttle acceleration is performed on a uneven surface such a 

rail road crossing. 

When you deal with important bolted connections, most handbooks advise you to use spring 

or locking washer. But most premium car manufacturers often use a threadlocker (Loctite) for 

all powertrain and suspension bolts. These solutions are more expensive, so it might be 

interesting to measure the effect on the failure mechanism of the bolts. With this information, 

it should be easier to evaluate these solutions in terms of cost and effectiveness.  
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Chapter 2: Failure mechanisms, a literature study 
 

Before explaining the different mechanisms of failure described in literature, it is important to 

note that all the bolts of the transmission roll restrictor of a Ford Fiesta with an five-speed 

manual gearbox are designed to take transverse forces. In design books such as 

Machinenelemente by Roloff/Matek [2], it is stated that for this kind of connections, the bolts 

are designed to clamp the components hard together, so that the static friction between the 

two components takes the full external transverse force. The bolts should see no effect of the 

external forces. 

In spite of this theoretical statement, we will still consider the possibility of the external 

varying loads causing the loss of pretension or yielding the bolts owing to a too high external 

axial force. 

  

2.1 Loss of pretension  
 

The loss of pretension causes the thread and head surface to lose its capability to prevent the 

bolt from getting loose, i.e. with a zero axial force on the thread and head, the tangential 

friction force must also be zero. This effect will result in a bolt rotating in an accelerated way: 

the more the bolt gets loose, the more the bolt will lose its pretension, the faster it will loosen. 

Eventually, the bolt will become completely loose or even fall out of the assembly. We have 

never noticed broken or severely damaged bolts. [2] 

 

2.2 Yielding the bolt 
 

Too high external forces could cause the bolt to yield. This means that the bolt would be 

permanently extended, which is equal to a permanent drop of clamp load. A second cause for 

yielding the bolt might be an overestimated friction coefficient. When the actual friction 

coefficient is lower than expected, one will achieve higher pretension forces when the same 

torque is applied. When this force is near the yield limit of the bolts, any external force on the 

bolts could cause a permanent elongation of the bolt, so a permanent drop in pretension force. 

[2] [3] [4] 
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2.3 Fatigue 
 

A third reason might be a fatigue issue. Due to cyclic loading, a bolt can lose its stiffness in 

the axial direction. The main criterion on which you can distinguish a fatigue failure to the 

other mentioned mechanisms is the number of cycles before failure. In fatigue testing 

machines, the number of cycles is mostly in a minimal order of magnitude of 10
7
 for stresses 

of 100MPa, while other mechanisms are in the order of 10³ cycles. [5] [3] Loosening can 

occur in high cycle fatigue by a crack at the first root of a bolt, leading to permanent 

elongation and loss of clamp load. [6] [7] This effect depends mostly on tightening conditions 

such as the clamp length and the thread length. The way the bending moments are distributed 

in the bolt will determine the loosening fatigue. 

 

2.4 Self-loosening due to relative motion on thread flanks and 

contact surfaces 
 

This mechanism, mostly described by Gerhard H. Junker, states that a bolt can lose its 

capability of self-locking due to external forces. The external forces can both be axial or 

transverse. In axial loading of a bolted connection, the bolt itself will shrink due to the 

Poisson’s effect and the female thread will widen open due to the radial component of the 

reaction force, caused by pitch angle of the thread. This will cause a small motion at the 

thread surface. [8] A figure of this Poisson shrinkage due to axial loading can be found in 

Appendix Figure B 7. 

In the transverse case, the external loading can cause a small motion at the thread surface or 

even between the head of the bolt and the clamped members. 

The effect of a small motion can cause the loosening by the following principle: when sliding 

over each other, one can no longer expect the static friction coefficient. The dynamic friction 

coefficient is typically lower than the static one, which enables forces normally below the 

static friction now to result in motion. Compare with opening a bottle of whiskey: when you 

pull the cork with a low force, the bottle will not open. By rotating the cork, a low pulling 

force will be sufficient to open the bottle.  

This principle will act on the level of the thread surface and in transverse loading it can cause 

the complete loosening of the bolt. In axial loosening, the complete loosening cannot be 

reached. 
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2.5 Non-rotational loss of pretension: embedding 

 
Embedding is the effect of locally yielding the surface. [9] There are two kinds of embedding: 

static and dynamic embedding. Static embedding is also known as the Brinelling effect. Due 

to surface imperfections and the surface roughness, the actual contact surface is always 

smaller than the theoretical one. This happens at the interface between the component and the 

head of the bolt, as well as on the thread surface. This will lead to stress concentrations which 

will cause a local surface yielding. When the bolted connection is cyclically loaded, this local 

surface yielding will end after a couple of cycles. Static embedding is normally not 

problematic for small bolts, i.e. M12 or smaller.  

Dynamic embedding occurs when the bolt performs a marginal motion under loading. Due to 

sliding of the bolt head on the component, the surface of the component can yield locally. The 

coating of the component and mechanical strength properties of the bolt head and of the 

clamped component material are important parameters. 

In common cases, dynamic embedding can lead to a pretension loss until the Junker effect 

occurs. 

 

2.6 Conclusion 
 

There are many ways a bolted connection can fail. The first two mechanisms, the loss of 

pretension and yielding of the bolt should only be possible due to off-design loads. This 

should be easy to detect when we measure the clamp load in real time during the durability 

test. The third failure mechanism, fatigue fracture, is related to the material failure of the bolt. 

This failure should be easily detected by looking at failure reports of the last five years of 

different cars. 

The last two failure mechanisms are specifically for bolts. The detection of this failure type 

requires both real time measurements and long term tests.  

In chapter three, we will try to measure the clamp load, roll restrictor forces and accelerations 

together with the relative displacement of the roll restrictor on the gearbox during a Pascar 1 

cycle.  

In chapter four, we will try to measure the clamp load evolution during a Pascar 1 test. 

With the results of the evolution during a full test and the knowledge of what happens during 

one cycle, we should be able to link both measurements in a model that could predict the 

evolution of the clamp load during Pascar 1. Moreover we will try to find the easiest 

technique to measure the input parameters of this model. 
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Chapter 3: Real time Tests 
 

When we are dealing with the failure of a bolted connection, we need to know the loads 

acting on the component. These loads have already been measured in the past: nominal loads 

in durability tests are around 10kN on the roll restrictor. The component is designed to fail at 

loads above 30kN. The abuse test for the transmission roll restrictor is declutching as fast as 

possible when reverse gear is engaged and the engine rotates at maximum rpm. At the abuse 

load, the roll restrictor might slip on the gearbox or subframe and the rubber components 

might be damaged but the component may not break. With the aim of improved durability 

design of the component, it might be interesting to measure and model the loading of the roll 

restrictor as a function of some major parameters: weather conditions, test mass installed in 

the car, severity of the event, engine torque… 

This could help us in establishing the spectrum of loads on the component during a Pascar 1 

test. If we can find the failure mechanism and how it is related to the forces on the 

component, we might be able to evaluate the survival of the connection during the test. 

To determine which kind of failure mechanism occurs, it should be very interesting to know 

what is happening with the clamp load during durability tests. Do we lose pretension or are 

we reach the yield limit of the bolts? Does fatigue occur or not? Are the criteria of rotational 

or non-rotational loosening fulfilled? To answer this last question, one should also be able to 

measure the relative displacement between the component and the gearbox. 

 

3.1 Real time sensors 

3.1.1 Real time clamp load measurements 

 

To be able to measure the clamp load in the bolts real time, there are two commonly used 

techniques: by means of a load cell or by glueing strain gauges onto the bolts. At the roll 

restrictor engine mount, the use of a load cell is not preferred because the only possibility to 

place a load cell is between the component and the bolt head. Apart from a lack of space, this 

technique would also include a change of clamp length of the bolts and a change of friction 

between the component and the bolt head. 

A bolt instrumented with strain gauges is much more interesting due to the unchanged 

dimensions and friction surfaces of the bolts. A strain gauge is able to measure in real time the 

elongation of the material on which it is glued by using Pouillet’s law: 

 
   

 

 
 (1)  

R,  , l and A are respectively the resistance, conductivity, length and cross section of the 

conductive wire in the strain gauge. 
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A strain gauge is actually a wire that is oriented in such a way that the elongation we want to 

measure causes an elongation of a very thin wire. [10] Poisson’s effect will also cause a 

reduction of the cross section. These two effects will cause an increase of the resistance of the 

strain gauge. Because the wire needs to be very thin, the current through the strain gauge must 

be limited. A too high current would also heat up the wire, which would cause a change in 

conductivity and thickness of the wire material. 

The strain sensitivity of a strain gauge, also called K-factor, is given by the following 

formula: 

 

  

      
     
⁄

  
 ⁄

 

      
     
⁄

 
 

 

(2)  

With        being the resistance change due to strain,       the initial resistance of the 

strain gauge and   the strain. 

In practice the resistance change has a magnitude of a few milli Ohm. 

 

Figure 2: Strain gauge principle [10] 

This is why we always use a strain gauge in a Wheatstone bridge to amplify the output signal 

of the strain gauge. If you use a Wheatstone bridge with strain gauges instead of the 

resistances in the bridge, you can compensate temperature and bending effects. This is called 

a full bridge. The temperature effects are compensated by the fact that all strain gauges in the 

bridge will experience the same influence of the temperature; so this will not change the 

output of the bridge. When the component bends, one side will be in tension and the opposite 

side will be in pressure. The bending effects can be compensated by gluing the strain gauges 

on opposite sides of the component in a way described in Figure 3. 
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Figure 3: Configuration of strain gauges so that only the axial load is measured  

Source: http://zone.ni.com/reference/en-XX/help/370466V-01/measfunds/full3/ 

 

A short overview of the limitations of strain gauges is listed below: 

- Creep: creep is defined as a change of the output signal of the strain gauge during a 

constant load and constant environmental parameters. This negative influence makes 

the strain gauges less useful for measuring the clamp load over long periods, for 

example 20 minutes. Creep is not caused by the strain gauge itself, but by the glue 

between the strain gauge and the component. One can distinguish positive and 

negative creep, which is visualised in Figure 4. In essence, creep is not a significant 

issue while most software programs, such as N-Code Glyphworks, can compensate the 

effect.  

 

Figure 4: Positive and negative creep [10] 

  

- Temperature influences: the temperature has two main effects on the strain gauge. It 

changes the K-factor due to a change in conductivity and it can also cause a zero shift. 

Both effects can be reduced by using an inactive strain gauge for temperature 

compensation in a pseudo quarter bridge. This is a half bridge in which only one strain 

gauge is oriented in the direction of the elongation and the second strain gauge is 

turned 90 degrees to this direction and will not measure any elongation, but will face 

the same temperature changes. In a full bridge, temperature is automatically 

compensated. 
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- Free space: when strain gauges are glued onto bolts, there should be in the first place a 

flat surface with a recommended surface roughness between 1.5µm and 3µm for 

normal strain measurements. This might be a problem when the bolts axis has a full 

thread. So the diameter of the hole in which the bolt must fit, should be large enough 

such that the strain gauges are not touched when the bolt is torqued. There should also 

be an untouched path where you can place the wires of the strain gauges. Finally, the 

bolt diameter should be large enough to glue a full bridge. 

 

When instrumenting the Ford Fiesta roll restrictor bolts with strain gauges, the main problem 

is the free space problem described above. We needed to machine the bolts as described in 

Fout! Verwijzingsbron niet gevonden.. A picture of a finished bolt can be found in 

Appendix Figure B 9. 

For the M10x80 bolt and the M10x25 bolt, the diameter was locally reduced to a diameter 

lower than the strength diameter prescribed in literature. Therefore, a tensile test was 

performed at the VUB to find the yield limit of these machined bolts. 

Both bolts failed elastically (cup shape) in the machined area. 

  

Figure 5: Tensile test results of the W500233 

The W500233 M10x25 bolt with dog point, shown in Appendix Figure B 9, has a yield 

strength of 40kN and a tensile strength of 43,2kN. The green line is the 0.2% line parallel 

with the linear part of the red curve. The intersection is assumed as yield strength. 
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Figure 6: Tensile test results of the W500728 

 The W500728 M10x80 has a yield strength of 50,4kN and a tensile strength of 53,6kN. 

These values are still much higher than the maximum clamp load that can occur at nominal 

torque according to the graph underneath. 

 

Figure 7: Clamp load versus torque graph used by Dunton design engineers 
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Because the bolts are too small to glue a full strain gauges bridge, we used a pseudo half 

bridge. We used the smallest strain gauges available at Ford Lommel:  

Micro Measurements type EA-06-062TV-350.  

This means that we cannot exclude bending effects. So the next three cases will be 

indistinguishable. A picture of the different cases which are indistinguishable can be found in 

Appendix Figure B 10. 

Because the head of the bolts was not perfectly perpendicular to the longitudinal axis of the 

bolts, they bent during calibration according to the position in the tensile test machine. This 

leads to an offset value according to the position of the bolt in the machine. The K-factor of 

the strain gauges was not influenced by this bending effect, so the bolts can be used only for 

changes in clamp load, not for an absolute estimation. 

To have an estimation of the error made by this method, we performed 10 tensile tests with 

the bolt rotated about 35 degrees between each test. 

 

Figure 8: Strain gauge output measured in tensile test each time in a new position 

The mean slope of the curves is 7,70102e
-5

 mV/VN and the standard deviation is 3,26039e
-6

 

mV/VN. So we can state that the 95% confidence interval on the slope is ±8% of the value of 

the slope. 
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3.1.2 Measuring the real time force acting on the roll restrictor 

 

To measure the axial force acting on the transmission roll restrictor, the most commonly used 

sensor is a full bridge of strain gauges. Measuring the axial force acting on the roll restrictor 

of a car has already been done many times before by the Road Load Data team. My colleague 

Bart Van Gorp provided me with the instructions and scheme that can be found in  Appendix 

Figure B 11. 

My roll restrictor was instrumented according to this scheme with the prescribed strain 

gauges: Micro Measurements type EA-06-125AC-350. 

The roll restrictor was calibrated by the instrumentation team in Lommel up to 15kN with a 

total uncertainty of 1.1%. The total uncertainty is the root sum square of the maximal non-

linearity and the maximal hysteresis. 

 

3.1.3 Measuring the relative displacement between the roll restrictor and 

the gearbox 

 

The mechanism of loosening of the bolts described by Junker [8] is caused by a small relative 

displacement at the level of the thread. We were not able to find the order of magnitude of this 

marginal displacement. We took the radial clearance of 0.23mm between bolt and nut, 

measured with a normal calliper on an M10 pitch 1.5 bolt, as a maximum displacement of a 

bolt under tension. To measure such a displacement we need a very accurate sensor. At the 

instrumentation unit in Lommel, we have only two types of real time sensors available. 

The first type of sensor is a sliding resistance. These sensors are cheap but not so easy to 

connect, because they need a good fixation on the component. The accuracy is sufficient: up 

to 10 microns. At Ford Lommel we have the SLS 095, a hybrid linear potentiometer position 

sensor constructed by Penny & Giles. A picture of this sliding resistance can be found in 

Appendix Figure B 12. 

The second type of sensor is a non-contact capacitive sensor. The working mechanism of this 

sensor is explained in Appendix Figure B 13. 

The capacitive sensor is basically made out of two isolated circular conductors, A and B in 

Appendix Figure B 13.  

The outside electrode is connected to the ground and the inside electrode is connected with an 

oscillator. When an object closes in front of the sensor, an electrostatic coupling between 

electrode A and the object and from the object to electrode B exists. The current of this RC 

network is measured and is correlated to the distance between the sensor and the object.   
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This can be demonstrated by the equation of the capacitance between two plates: 

 
  

    

 
 (3)  

C is the capacitance between the plates,    the vacuum permittivity, K the dielectric constant 

of the gap, S the surface of the plates and d the distance between the plates. [11] [12] 

This relation shows us that the capacitance depends on the distance we want to measure, but 

also on the physical properties of the medium and the object. It also limits the capability of 

measuring the absolute distance between the gearbox and the roll restrictor on a driving 

vehicle, because the temperature of the gearbox is not constant. Also the humidity and 

temperature of the air cannot be assumed constant. 

When measuring during short Pascar 1 events, these issues are not a problem. The big 

advantage of this type of sensor is the high accuracy of 2.5 microns.  The sensor is also very 

small which makes it easy to place. [13] 

The main disadvantages of this type of sensor are the price of about 1,000 euros per sensor 

and the fact that they are very easy to damage. The sensor is also not water resistant: even a 

small drop of water on the two electrodes changes drastically the permittivity and dielectric 

constant of the gap. This means that we cannot drive events such as the gravel road or the 

traction control event, but also any other event which includes speeds above 80km/h on a wet 

track because of the spray of the front tires.  

Nevertheless, we tried to use this sensor because of the high accuracy. The instrumentation 

team in Lommel calibrated a Capacitec HPT-150E-V-N2-80-2.5 sensor which can measure up 

to 2.5 microns with a total uncertainty of only 0.42%. 

Note that this sensor can be used on conducting materials as on non-conducting materials.  

We could place only one capacitive sensor at the gearbox side of the transmission roll 

restrictor at the back of the bracket. A picture of the installed sensor at the back of the roll 

restrictor bracket can be found in Appendix Figure B 14. 

The sensor was placed within the calibrated distance range, which can be seen in the close-up 

picture in Appendix Figure B 15. 

 

3.1.4 Measuring the real time accelerations at the gearbox side of the roll 

restrictor 

 

The Road Load Data team always measure the tri-axial acceleration at the three engine 

mounts. They also normally place a accelerometer on the chassis near each engine mount. 

These data are necessary to measure the damping ratio of the engine vibrations to the body of 

the car. Because we had two channels left on my data logger, we placed two accelerometers 
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on the gearbox side of the roll restrictor. These accelerations are mainly to visualise the 

movement of the engine mount during Pascar 1 events. More specifically: it makes it possible 

to get an idea of the direction of the loading. When one measures high forces with the strain 

gauges on bolts of the roll restrictor together with high Z-accelerations (axial direction to the 

bolts) and low X-accelerations (transverse direction to the bolts), the forces acting on the bolts 

are due to much yaw of the engine. This could be problematic because the roll restrictor is 

designed only for 3kN in this direction. Vice versa, when one measures high accelerations in 

the X-direction and low accelerations in the Z-direction, it is likely that the forces in the bolts 

are caused by forces in this X-direction. This is what is assumed in the design of the 

component.  

We used the same accelerometers as applied by the Road Load Data team: 

Silicon Design 2210-100 

This accelerometer can measure accelerations up to 100g with a non-linearity of maximum 

1% of the scale. 

 

3.1.5 Data acquisition system for real time measurements 

 

To log these real time sensors, we used a Dewe-43 V from Dewetron. A picture of this data 

acquisition system can be found in Appendix Figure B 16. 

This acquisition system has 8 analogue channels and also a CAN-bus logger. This is very 

interesting because you get all the vehicle information such as engine rpm, vehicle speed, 

brake and clutch pedal switch, throttle position and even ABS requests. The Dewe-43 V is 

merely an amplifier. The actual logging of the signals is handled by a connected laptop with 

the corresponding DeweSoft software. This means that the capacity of storable data is 300GB. 

This is why we logged all channels at the maximum sampling frequency of 5 kHz. The people 

of the Road Load Data team usually log at 80Hz because they are commonly interested in the 

highest peak loads and their frequency to calculate the fatigue of components. Since we are 

interested in what is happening at these peak loads, we used the maximum sampling 

frequency available. 

 

3.2 Design of experiments investigation of the roll restrictor bolts 
 

When testing the engine mounts, it is important to know the effect of some expected 

influences on the durability tests. When the Road Load Data team perform measurements on 

forces or accelerations of engine mounts, they always drive all the Pascar 1 events multiple 

times in different conditions: Durability Test Load vs. Maximum Durability Load and dry 

conditions vs. wet weather conditions.  
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We will perform a two level full factorial DOE investigation with the test load, weather 

conditions and event severity as input parameters. Event severity will consist out of two 

levels: a medium event and the most severe event in term of roll restrictor forces.  

To choose these two levels, we drove all the durability events while measuring the force on 

the roll restrictor equipped with strain gauges. In the next chart, the highest peak force during 

the event is plotted for each event passage. The Road Load Data team usually drive each 

event three times, but the Chatterbumps event is driven ten times because this event has a low 

repeatability. The traction control event is clearly the most severe event. Unfortunately it 

makes a lot of water spray underneath the car, which can easily disturb the sensors installed 

on the roll restrictor. The Chatterbumps event is the second most severe: roll restrictor forces 

above 7kN were measured. This event does not include any water, which makes the choice of 

the Chatterbumps as a high level input manifest. 

To choose the low level event, we look at the middle of the graph. The three passages of the 

Chuckholes Lane are concentrated together at this point, which makes it suitable for the low 

level input. 

At Ford Lommel, we use statistical Minitab software to perform a design of experiments. We 

first define all the input levels and the type of test. The software then proposes the tests that 

need to be driven with random sequence. We were not fully able to drive all the tests with 

random sequence, as we have no control of the weather conditions. 

The tests were performed with the customer correlation car: a Ford Fiesta 1.6 Sigma four 

cylinder engine with 120hp and a maximum torque of 155Nm.  

Appendix Figure B 17 gives an overview of the severity of all events. 

The table below contains the input parameters of each test, together with the maximum 

measured peak force at the roll restrictor. 

Table 1: DOE test conditions and measured roll restrictor force of a Fiesta 1.6 Sigma 

Ford Fiesta 1,6 Sigma 120hp 155Nm 

weather load event force (N) 

WET DTL Chatterbumps 7036 

WET DTL Chuckholes lane 3093 

WET MDL Chatterbumps 7786 

WET MDL Chuckholes lane 2986 

DRY MDL Chatterbumps 9237 

DRY MDL Chuckholes lane 3113 

DRY DTL Chatterbumps 5689 

DRY DTL Chuckholes lane 2752 

 

MDL means Maximal Durability Load and DTL means Durability Test Load. 

Note that the highest peak forces occur during the Chatterbumps braking. 
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A few weeks later, a colleague of Road Load Data had to drive all durability events with a 

Ford Fiesta ST 1.6 GTDI that produces 180hp and 240Nm. He gave me the data shown in the 

next table. 

Table 2: DOE test conditions and measured roll restrictor force of a Fiesta ST 1.6 GTDI 

Ford Fiesta ST 1,6 GTDI 180hp 240Nm 

weather load event force (N) 

WET DTL Chatterbumps 13690 

WET DTL Chuckholes lane 4304 

WET MDL Chatterbumps 9914 

WET MDL Chuckholes lane 4160 

DRY MDL Chatterbumps 7296 

DRY MDL Chuckholes lane 3983 

DRY DTL Chatterbumps 7085 

DRY DTL Chuckholes lane 3876 

 

Note that the highest peak forces occur during the Chatterbumps acceleration. 

This enables me to add another input parameter: engine type.  

After entering all test results in Minitab, the program shows us the effect of all combinations 

of the inputs. Some of them are significant, others are not. One should remove the least 

significant combination of the highest order and perform another analysis. This procedure will 

be repeated until all combinations of the inputs are significant. [14] 

With the above test data, we obtained the following results after the first analysis. 
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Figure 9: DOE analysis results after the first iteration with four inputs 

The omission of the insignificant combinations led to the transfer function in which only the 

type of event matters. [15] 

 

Figure 10: DOE analysis after omission of all insignificant combinations 
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The obtained transfer function is: 

                                  

The type event variable can be no more than two values: -1 for a light event and +1 for a 

severe event.  

The result obtained is quite obvious and could have been predicted without this analysis. It 

should be more interesting to perform such an analysis for the Chatterbumps event 

exclusively. This event has a low repeatability, so it would be interesting to know which 

parameters influence the event the most. In Minitab, it is possible to use a ‘number of 

replicates for corner points’. This means that you have results of the same test under the same 

conditions. Since we have already driven the Chatterbumps event ten times, the use of this 

function will enhance the accuracy of the analysis. After performing the iterative analysis, the 

next results are obtained. 

 

 

Figure 11: DOE analysis results of the Chatterbumps event 
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The corresponding transfer function is the following: 

                                                              

The weather parameter assumes the value -1 in dry conditions and +1 if the track is wet. The 

engine parameter is -1 for the Sigma engine (120hp and 155Nm torque) and assumes the 

value +1 for the 1.6 GTDI engine (180hp and 240Nm torque). Note that the type of engine 

cannot simply be interpolated for another type of engine. This one parameter is the 

combination of several parameters such as power and torque characteristic, Eigen modes, 

weight of the engine, transmission, differential, etc. 

It is remarkable that the load of the car is of no importance for the roll restrictor forces during 

the Chatterbumps event. 

 

3.3 Finding the applicable loosening mechanism 

 
When measuring the combination of bending force and axial forces with a strain gauges 

pseudo half bride during all the durability events, we never detect a loss of pretension. Note 

that we only measure the change of the force, not the absolute value. This absolute value of 

the pretension is measured with the ultrasonic sensors discussed later. The highest measured 

force on top of the static pretension does not approach the yield limit of the bolts, measured 

by tensile tests performed at the VUB. This results in the exclusion of the first two failure 

mechanisms: loss of pretension and yielding the bolt. After the durability tests with ultrasonic 

bolts, we always measured the clamp load when the bolts were disassembled from the car. If 

the bolts should have been elongated permanently, the measured value should significantly 

differ from zero. But this was never the case, as one can read in chapter 4. 

This brings us to the fatigue question. Fatigue is the failure that occurs after cyclic loading 

below the yield strength. The failure is partially brittle, partially ductile. A fatigue rupture of a 

bolt mostly takes place at the root of the first thread, due to the stress concentration of the 

diameter change. A stress concentration mostly causes the initiation of a fatigue failure. 

Starting from this stress concentration, the crack propagates into the material. Each load 

cycle, the material yields a bit further, creating a specific fracture surface called beach marks. 

When the diameter is reduced too much, a brittle rupture causes the failure. 

We looked at all the reported bolt failures of the last five years, but none of them reported a 

broken bolt.  
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Figure 12: Forces measured with strain gauges on the bolts during a Pascar 1 cycle 

The total evolution of the clamp load during a Pascar 1 cycle is not correct as mentioned 

before, but sudden changes in clamp load are not influenced by effects such as creep of the 

strain gauges. Such a permanent change in clamp load can be spotted in bolt 3 and 4 at 1000 

seconds. This effect will be investigated later in this chapter. 

The Road Load Data team always samples at 512Hz and use a low pass filter of 80Hz. This 

80Hz has a traditional origin: when the Road Load Data Team first started to measure forces 

on chassis and body parts, the available technology at that time only allowed to measure 50 

channels at 80Hz. To stay comparable with all previous measurements, they kept this 

frequency for chassis and body forces. For other measurements such as NVH, much higher 

frequencies are measured.  

When we look at the frequency spectrum of the forces measured in the subframe bolt, we 

notice that this low pass filter is appropriate. 



26 

 

 

Figure 13: Fourier spectrum of the measured forces of the sub frame bolt during a full Pascar 1 cycle 

Looking at the accelerometers placed on the roll restrictor bracket during the severe 

Chatterbumps event, we observe that the accelerations in the longitudinal direction of the car 

are significantly larger in magnitude than in the transverse direction. This is consistent with 

the low axial forces measured with the strain gauges on the bolts. 

 

Figure 14: Roll restrictor force and two accelerometers during the Chatterbumps event 
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The last installed sensor on the roll restrictor measures the relative displacement between the 

roll restrictor bracket and the gearbox. One should not expect large displacements as the 

bracket is bolted onto the gearbox with three M10 bolts. The axial forces on the roll restrictor 

are thus somehow spread over these bolts. We are only able to measure the displacement at 

one of these bolts, without the knowledge of the contribution to the force on the roll restrictor. 

As the sensor is placed about 1mm away from the gearbox onto the bracket, we will measure 

the combination of two displacements: the strain of roll restrictor bracket and the relative 

movement of the bracket onto the gearbox. The direction of this movement is indicated on 

Appendix Figure B 18. 

Note that there is a third displacement: the movement of the holder of the sensor. As the 

weight of the sensor is very low and the holder is made from steel with a thickness of 3mm, 

we will neglect this contribution. 

The sudden change in clamp load is shown below. During the Chatterbumps braking, high 

forces occur together with relatively large displacements. The strain gauges on the bolt itself 

measure a different force before and after the event. As it is only a half bridge, we can only 

conclude that the bolt is in a different stress situation because of the Chatterbumps braking. 

 

Figure 15: Forces and displacement measured of the same W500233 bolt together with the roll restrictor 

force during Chatterbumps braking, dry track and MDL 

Figure 16 shows the relative displacement measured by this capacitive sensor in function of 

the axial forces on the roll restrictor during the severe Chatterbumps braking event. 
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Figure 16: Displacement versus roll restrictor forces, dry track, DTL 

With the durability test load, we never spotted visible non-linear effects at a zero roll 

restrictor force. Only a difference of 30 micrometres can be seen. 

 

Figure 17: Displacement versus the roll restrictor force during the Chatterbumps event, dry track, MDL 

When the car is loaded with the maximum durability load, we see that there is a non-linear 

effect at high roll restrictor forces. To interpret these results, we first consider the strain of the 

roll restrictor bracket. As a force acts on the bracket, there will be a strain of the bracket. The 

bracket of the roll restrictor is made out of 4.6 mm thick steel plate, so yielding of this bracket 

is out of the question.  
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Below the yield strength of steel, the strain is given by the Hooke’s law: 

   
 

 
 (4)  

So the relation between the strain and the stress is linear. This means that the non-linear 

displacement occurring at higher roll restrictor forces must be due to a movement of the roll 

restrictor onto the gearbox. 

The sudden change of stress situation of the bolt together with the relative displacement 

between the roll restrictor and the gearbox, show that the bolt performs a small displacement 

at high roll restrictor forces. According to literature, this effect would cause Junker’s 

loosening and/or embedding. Because these two mechanisms are almost undetectable in a 

small number of cycles, we should perform tests on the long term. 

To determine the influence between the clamp load and the relative displacement between the 

roll restrictor and the gearbox, we repeat the above tests with the bolts torqued at a lower 

torque. Note that the torque is linear with the pretension force. We can clearly observe that if 

we reduce the torque in steps of 10Nm, the relative displacement between the roll restrictor 

and the gearbox increases. 

 

Figure 18: Displacement versus the roll restrictor forces, dry track and DTL. 10Nm below nominal torque 
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Figure 19: Displacement versus the roll restrictor forces, dry track and DTL. 20Nm below nominal torque 

The Chatterbumps event has a low repeatability, so one should be careful when comparing 

different passages of the event under different bolt torque. We chose three passages of the 

event at which similar maximum roll restrictor forces occur between 8kN and 9kN. 

The relation between the displacement difference at no-load of the roll restrictor and the 

torque of the front W500233 bolt is shown in Figure 20. 

 

Figure 20: Difference in displacement at no-load on the roll restrictor measured at different torques on 

the bolts 

The relation in this range looks very linear, but it is important to remember that at some lower 

torque the displacement will be limited. We decided not to reduce the torque more than 

20Nm, because of the increased risk of fracturing the gearbox case or breaking the expensive 

capacitive sensor.  

y = -8,5x + 569,58 
R² = 0,972 

0

50

100

150

200

250

40 45 50 55 60 65

d
is

p
la

ce
m

e
n

t 
d

if
fe

re
n

ce
 (

m
ic

ro
m

e
te

r)
 

Torque (Nm) 

displacement versus torque 



31 

 

Out of the literature study, we know that relative displacements on the thread surface and 

between the bolt head and the component can cause two types of failure mechanisms: non-

rotational and rotational loosening.  

The non-rotational loosening, or embedding effect, is mainly influenced by the thickness of 

the paint on the component. Due to the movement of the bolt, the paint slowly creeps 

underneath the bolt head which reduces the thickness of the clamped part and so a reduction 

of the pretension force. 

Rotational loosening, described by Junker, is the effect in which the movement causes the 

change from static friction to dynamic friction. When this dynamic friction is too low to 

prevent the bolt from rotating in the loosening direction, the bolt can lose all its pretension 

force. 

 

3.4 Conclusion 
 

With the data of the real time measurements, we can conclude that the bolts never lose the 

pretension force. The dynamic forces in the bolts are small relative to the pretension force of 

the bolts. The yield limit of the bolts is never reached. When we look at the type of failure, a 

fracture of the bolts is never reported in the last five years which can exclude fatigue. 

Remarkable is the relative displacement between the roll restrictor and the gearbox. This can 

cause rotational or non-rotational loosening. To decide which type of loosening occurs, we 

need to perform some test on the long term: do the bolts immediately start to rotate or do we 

lose pretension force without rotation? More general, at which level of pretension force do the 

bolts start to rotate?  
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Chapter 4: Long term tests 
 

To decide which failure mechanism occurs due to the movement found in chapter 3, we need 

to perform a series of tests during Pascar 1. First we will try to monitor the evolution of the 

pretension force during a Pascar 1 test. Secondly we will examine rotational loosening. 

Finally, we will investigate the most frequently used technique at Ford Lommel: the 

measurement of the on-torque. It should be interesting to know the accuracy of this technique 

and to know how the relation to the pretension force changes during durability tests. 

 

4.1 Long term sensors 
 

As stated earlier, measuring the clamp load on the long term, for example one month, cannot 

be done by the use of strain gauges. In the Ford John Andrews Entwicklungszentrum in 

Merkenich, Germany, the engineers of the bolt lab use ultrasonic waves to measure the clamp 

load of a bolt. The machine used is an LP3000 from Intellifast from Speyer, Germany. A 

picture of the loadcell readout and LP3000 can be found in Appendix Figure B 19. 

 

4.1.1 Principle of ultrasonic measurement technique 

 

The ultrasonic technique is a very accurate but expensive technique to measure the clamp load 

of the bolts. There is no need to modify the friction surfaces of the bolts or change the 

diameter of the bolts, as was the case with the strain gauges. Only the surface on the head of 

the bolt and the surface on the other side of the bolt need to be grinded until they are perfectly 

parallel. A piezoelectric sensor/actuator is glued on the head of the bolt. We excite the 

piezoelectric material with a current so that it causes an ultrasonic longitudinal wave in the 

bolt. This signal travels with the speed of sound, depending on the bolt material. The wave is 

reflected on the parallel surface on the other side of the bolt, and once returned to the 

piezoelectric material, the ultrasonic wave is converted into an electric signal that can be 

measured by the load probe which can be seen in Figure 22. 

If the bolt is elongated by a tensile force, the ultrasonic signal will travel longer; we say that 

the ‘time of flight’ has increased. During the calibration, we link the change in time of flight 

to a clamp load. The manufacturer of the load probe claims to achieve a total error below 3% 

of the measured value.  

There are two main influences that contribute to errors. The speed of sound in the material is 

temperature dependent and when the bolt is bent by the load, the ultrasonic waves will not 

reflect the same as before. The temperature effect is compensated by the load probe through 

measuring the temperature of the bolt. We assume that the temperature is equal over the entire 
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bolt. For example, we cannot perform measurements on bolts that are mounted in a hot 

gearbox. [16] 

The reflected signal is transformed in the load probe by an algorithm made by the 

manufacturer. This makes it much easier to spot the change in time of flight. But when the 

echo changes due to bending, this change is exaggerated by the algorithm and can cause 

severe errors. When the bolt is bended, the grinded surface on the head of the bolt is no longer 

parallel to the surface on the other side. One should always check when measuring the time of 

flight if the transformed echo is not changed with respect to the original echo measured at no-

load. An example of this effect is shown in Figure 21. The blue signal is the actual reflection 

of the ultrasonic waves. The red signal is the transformed signal. The machine measures the 

change in time of flight by observing the shift of the negative red peak. In the right figure, one 

can see that there are suddenly three peaks instead of one. This is due to bending effects.   

 

Figure 21: Example of the echo received with the load probe 

 

4.1.2 Calibration of the ultrasonic bolts 

 

Because the load probe measures only a difference in time of flight, we need to calibrate the 

bolts using a load cell in order to find the force factor that relates the change in time of flight 

to the clamp load.  

Before the calibration, we measure the total length of the machined bolts. This enables us to 

estimate the time of flight of the ultrasonic signal. 

 
               

                    

          ⁄
          (5)  

The denominator of the first term is the speed of sound in steel. The second term is a 

characteristic time delay of the sensor and machine. This theoretical value is a help for finding 

the first echo, but manual adaptation of this value is always necessary.  
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Secondly, the parameters of the algorithm should be adapted until the algorithm transforms 

the original echo signal into a signal with one isolated negative peak. The time shift of this 

peak will be used as change in time of flight of the whole signal. 

An initial force factor should be chosen. Experience of the user can be a high advantage for 

the choice, as an initially chosen force factor close to the correct force factor can make 

iterations unnecessary. 

We now torque a bolt in a calibrated load cell to 25kN in steps of 5kN. Note that we place a 

steel bush between the load cell and the bolt to the designed clamp length. At each torque step 

we measure the pretension force with the load cell (LC) and with the load probe (LP).  

With these samples, the new force factor can be calculated using this formula: 

 
      

∑   
∑   

            (6)  

When the initial force factor differs a lot from the new force factor, it is advisable to perform 

an iteration of the calibration. For example: in the last calibration of the W500728 bolt, the 

force factor changed only 1.5%. 

The next picture shows the bolt screwed into the load cell, through the steel bush. The red 

probe is a temperature sensor. We assume that the bolt and female thread are at the same 

temperature. 

The probe on the right is the load probe that should be placed on the head of the bolt in such a 

way that the electrode is on top of the piezoelectric sensor. The probe is kept onto the bolt 

with integrated magnets. 

 

Figure 22: Calibration tools for the ultrasonic bolts 
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We perform a calibration on 5 bolts of the same type, taking the average force factor for all 

the other bolts of this type.  

 

4.2 Ultrasonic technique 
 

The ultrasonic technique is perfect to visualize the evolution of the pretension force during 

durability tests. An important issue during these tests is the protection against corrosion. We 

cannot use grease as protection because this might influence the friction coefficient on the 

thread surface for future testing. While both ends of the bolt are grinded parallel, the corrosion 

protective finish is removed. We used plastic caps on the bolt head and a protective coating of 

the type ‘Galvatec’ on the other end of the bolt.  

Figure 23 show the evolution of the pretension force of the roll restrictor bolts during a Pascar 

1 durability test. The Pascar 1 test was a bit modified to protect the ultrasonic sensors: all 

corrosion related events were not driven. The car used for this test was a Ford Fiesta with a 

1.0 GTDI petrol engine with 100hp and a maximum torque of 170Nm. 

 

Figure 23: Evolution of the pretension force during a durability test 

The first drop of pretension force, at cycle 33, is mainly due to the Brinelling effect. 

Brinelling is the local surface yielding of the bolt, female thread or component surface 

underneath the bolt head. The cause of this effect is mainly the imperfections of the surface 
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and thread. The contact surface will always contain a number of stress concentrations that will 

locally yield. The effect increases with the size of the bolts. 

Note that the increase of pretension force for two bolts in the last measurement are not 

significant due to the machine error of 3% claimed by the manufacturer. 

Since no paint marking on any of the bolts has moved during this test, the further loss of 

pretension must be caused by embedding. When the bolts are loosened, damage to the coating 

can be spotted on the roll restrictor and on the paint of the subframe. This is proven with the 

following picture. 

 

Figure 24: Subframe coating damaged by the head of bolt W500728 

More pictures of the damaged coating can be found in Appendix Figure B 20 until Appendix 

Figure B 22. 

In Appendix Figure B 22 we spot an indentation round the hole of the subframe bolt, 

W500728. 

To check if all these visible embedding traces are actually responsible for the loss of 

pretension force, we measured the thickness of the component round the holes with a 

micrometre after the second step in the torqueing procedure. Because the surface is slightly 

damaged at this time, we measured the thickness on four places round each holes and 

calculated the average thickness. Also the thickness of the subframe round the holes of the 

W500728 bolt was measured. The component was installed on the Ford Fiesta with a 100hp 

Fox engine which performed a Pascar 1 durability test.  

Afterwards the thickness of the component and subframe were measured with the same tools 

and the same procedure. The results of this test can be observed in the following table. 
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Table 3: Thickness of the component and subframe before and after a Pascar 1 test 

  
Average thickness before test 
(mm) 

Average thickness after test 
(mm) 

Difference 
(μm) 

bolt 1 + subframe 62,8025 62,6225 -180 

bolt 2 83,8075 83,735 -72,5 

bolt 3 4,5375 4,5275 -10 

bolt 4 4,53 4,52375 -6,25 

 

Is this loss of thickness or embedding effect responsible for the measured loss in pretension 

force during this Pascar 1 test? This can be proven by the following calculations. 

In a pre-stressed bolted connection, the tensile force of the bolt should always be equal to the 

compressive force of the clamped component. These forces are measured before and after the 

durability test with the ultrasonic sensors. If we measure the clamped cross section and the 

cross section of the bolt, we are able to calculate the stress in both the bolt and the component. 

 
  

 

 
 (7)  

Note that the cross section of the clamped component is always a rough estimation. The two 

W500233 bolts clamp a plate to the gearbox, but the stress in this plate is not uniform: the 

stress will be higher close to the bolt axis than for example at 5mm from the hole. For these 

two bolts, we estimated this surface by the circle covered by the head of the bolt. The 

W702042 and W500728 bolts hold the inside of the rubber bushes which are 62.8mm and 

83.8mm long. For this situation it is more advisable to take the full cross section of the 

aluminium shaped cylinders.  

By using the material properties, we are able to calculate the strain of the bolt and the 

clamped component. 

   
 

 
 (8)  

As mentioned above, the clamped component for the W500233 bolt is a steel bracket, so 

E=210 GPa and the W500728 and W702042 bolts clamp an aluminium component, so E=69 

GPa. The engineering strain is defined as follows: 

 
  

                                   

               
 (9)  

The original clamp length of the bolts is known from the design specifications, so we can 

calculate the length under stress of the bolt. This length should be the same as the length of 

the clamped component. So we can easily adapt the formula of the engineering strain to 

calculate the original length of the component. We can calculate the same original length of 

the clamped component but starting from the pretension force measured after the durability 

test. The difference between these two original lengths of the clamped component should be 

the depth of embedding. 
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The results of these calculations are shown below. 

Table 4: Measured and calculated embedding depth 

  Measured loss of thickness (μm) Calculated loss of thickness (μm) 

bolt 1 + subframe -180 -86,9 

bolt 2 -72,5 -36,1 

bolt 3 -10 -4,6 

bolt 4 -6,25 -5 

 

We have to mention that these theoretical bolt calculations are always very rough. Note that in 

this calculation, we have neglected the presence of the coating on the component or subframe. 

This coating has a much lower Young modulus and is hard to take into the calculations. But 

even with this “back of the envelope calculation”, we are able to conclude that the loss of 

clamp length of the bolts is the main cause of the drop in pretension force. The calculated loss 

in clamp length, needed to have the loss of measured pretension force, is always smaller than 

the actual measured loss of clamp length. It is important to note that the two short W500233 

bolts, i.e. bolt 3 and 4 in Table 4 are very sensitive to thickness changes: 10µm loss of clamp 

length causes 10kN loss in pretension force. 

Since the bolts did not rotate, we can exclude rotational loosening in this test. The reported 

failures of the last five years at Ford Lommel Proving Ground show however that this failure 

mechanism can happen in a later phase of the durability testing, i.e. Pascar 2, or occurs sooner 

with more powerful cars. So an investigation of the rotational loosening mechanism should be 

worth the effort. 

 

4.3 Rotational loosening  
 

The loosening mechanism described by Junker states that during each small movement in the 

contact between the bolt and the component, the bolt rotates in the loosening direction. This 

rotation can be very small, i.e. a thousandth of a degree. To find out what the magnitude of 

rotation is near the nominal torque, we set up an experiment. First we torque all the bolts at 

10Nm below the nominal torque and mark the position of the bolt head. Secondly we torque 

the bolts until the nominal torque. The comparison between the two positions of the head is 

made in Figure 25. 
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Figure 25: Angle of rotation between minimal and nominal torque 

We can conclude that if the bolts loose 10Nm due to the mechanism described by Junker, we 

should be able to notice the loosening by looking at the paint mark. The durability engineers 

told me that in the past there have been bolted connections which have lost about 50% of the 

on-torque after durability test without rotating. The engineers at Ford Dunton Technical 

Centre have a Junker machine to compare different locking devices for fasteners. It is 

unfortunately not able to test the loosening effect of the roll restrictor bolts mounted in the 

component. Experience with this machine has shown that if the Junker loosening occurs, it is 

easy to spot the bolt rotating in the loosening direction. 

With this knowledge we performed a test in which we first torque the bolts at the minimal 

allowable torque. Secondly we mark the position of the bolt. Because loosening increases 

with higher loads, we drive 100 times the traction control event. The traction control event is 

slightly heavier than the Chatterbumps event, but the event does not take so long to drive. 

Afterwards, we check the markings. If the bolt has not rotated, we decrease the torque of the 

bolts with 7Nm and start all over. This decrease of 7Nm was chosen in function of time 

available for this test. Before decreasing the torque, it might also be interesting to measure the 

on-torque of the bolts. 

The tests will be performed with a Ford Fiesta 1.6 Sigma with an IB5 gearbox, the same used 

in all the previous tests. 
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The test results can be observed in the following table.  

Table 5: Junker loosening test with marked bolts 

Test Torque applied on bolt 

(Nm) 

Colour 

Marking Test performed result 

Nr. 
1 2 3 4       

1 49,2 42 42,2 42 red 100 x Traction control no movement 

2 43,1 34,7 35 35 gold 100 x Traction control no movement 

3 36,1 27,7 28 27,8 blue 100 x Traction control no movement 

4 30,2 20,9 21,9 21 green 100 x Traction control no movement 

5 23,6 15 15,4 14,9 yellow 100 x Traction control no movement 

6 15,2 7,6 8,2 8,6 red 11 x Traction control rattle 

 
Nothing changed 14 x Traction control  (25 times in total) little movement 

 
Nothing changed 15 x Traction control  (40 times in total) large movement 

 
Measured on-torque Test stopped   

 
6,9 3,8 0 0       

 

In test nr. 6, we made pictures of movement and rotation of each bolt. These pictures can be 

found in Appendix Figure B 23 until Appendix Figure B 26. 

We can conclude that the rotating described by Junker occurs within a range of 12% to 22% 

of the nominal torque. When this type of loosening occurs, the torque can drop very fast to 

zero. The measured on-torque after driving a hundred times the traction control event did not 

show a significant drop. Note that the 110mm long bolt, bolt 2, lost 3,8Nm of torque without 

rotating.  

Because we performed this test in steps of torque losses, we are able to say that rotational 

loosening does not occur above 25% of the nominal torque (test number 5) when the loads on 

the roll restrictor are limited to 9kN. Note that a Fiesta ST can reach roll restrictor load above 

13kN. 

 

4.4 Measurement of the on-torque with a torque wrench 
 

The residual torque of a bolt cannot be measured by the loosening torque because the friction 

force at the thread surface and between the head of the bolt and the component changes 

direction. This can simply be proven by the fact that the friction is always in the opposite 

direction of the movement. If one rotates the bolt in the other direction, the friction will also 

change direction. 

This is why the technicians at Ford Lommel always measure the on-torque. The on-torque is 

the torque measured when the bolt starts to rotate in the fastening direction. To see how 

accurate this technique is, we performed the following experiment. 
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One person torques an M10 bolt in a nut with a washer in between till a torque between 30 

and 60 Nm. A second person measures the on-torque without the knowledge of the original 

torque. This is repeated 15 times and the average error and standard deviation is calculated. 

The results of these tests are shown in the table below. [15] 

Table 6: Test results with the torque wrench 

Person Experience Average error (Nm) Standard deviation (Nm) 

Trainee None 3,38 3,03 

Myself Hobby 2,53 1,71 

Technician Professional -0,22 1,35 

 

These results show that the error made by a professional person is very low, which proves that 

the on-torque measurements are very accurate.  

Note that we should add the error made by the torque wrench. The torque wrenches used at 

Ford Lommel, ½ inch or 3/8 inch from Snap-On, are very accurate: if the bolt is torqued 

below 10° per second, the error for both torque wrenches is lower than 4% of the readout. 

Since we torque by hand, this is always the case. 

We also measured the real time clamp load with the use of strain gauges described earlier in 

this thesis, while measuring the on-torque with a torque wrench. The average increase of the 

clamp load due to measuring the on-torque was 2.9kN. The table above indicates that a 

technician should do a lot better than me.  

But there are problems that can occur sporadically and that should be treated differently. An 

example is shown in the next table. 

Table 7: Torque change in limited number of driven events, during the same Pascar 1 test 

  Bolt 1 Bolt 2 Bolt 3 Bolt 4 

Initial torque (Nm) 70,8 62,1 62,8 62 

On-torque after 100 Chatterbumps (Nm) 65,5 60,4 59,5 58,2 

Difference (Nm) -5,3 -1,7 -3,3 -3,8 

Initial torque (Nm) 70,1 62 61,8 62 

On-torque after 100 cobblestones (Nm) 73,1 65,2 65,2 78,3 

Difference (Nm) 3 3,2 3,4 16,3 

 

When looking at the results of the measured on-torque after 100 Cobblestones slaloms, one 

might infer that the bolt is tighter than before. This is not likely because bolt 4 has quality 8.8 

which means that at 78Nm the stress in the bolt is near the tensile strength and already far 

above the yield strength. The occurring effect is the so called ‘stick-on-torque’: the friction 

between the head and the component has increased due to the anti-corrosion coating on the 

component. When rotating the bolt with a torque wrench in clockwise direction, the bolt 

resists highly against movement until the moment it snaps loose. At that moment the bolt 
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gives way, a short rotational movement causes a shock onto the torque wrench. The digital 

torque wrenches used at Ford Lommel show this high torque on the display. When we 

immediately measure the on-torque again, we measure a torque much lower than the one in 

the previous measurement, but still higher than the original on-torque, as we increased the 

torque. The occurrence of the stick-on effect is stochastic: it can occur at any bolt after short 

or long tests. The detection of the effect depends on the operator: one should notice the shock 

when the bolt snaps loose.  

The stick-on effect can also occur after a heavy durability test such as Pascar 1. The following 

table contains such results. 

Table 8: On-torque before and after the same Pascar 1 test 

Torque (Nm) 
Bolt 1                Bolt 2 Bolt 3          Bolt 4 

initial 
   69,8 62,3 61,7 60,5 

after test       

52,5 59,9 68,1 66,2 

difference       

-17,3 -2,4 6,4 5,7 

 

These measurements were performed by a trained technician. The stick-on effect was 

observed at bolt 3 and 4. This test was performed together with the ultrasonic sensors placed 

on these bolts. Knowing that the pretension force has dropped 10kN for bolt 3 and even 12kN 

for bolt 4, we can conclude that the results from the on-torque measurements are not correct. 

To evaluate the accuracy of the torque measured on bolt 1 and 2, we will look at the relation 

between the pretension force and the torque. 

Table 9: Change of the relation between pretension force and torque during the same Pascar 1 test 

  Pretension force/Torque (kN/Nm) 

  Bolt 1 Bolt 2 Bolt 3 Bolt 4 

Initial 0,7608883 0,6672552 0,7747164 0,799669 

After test 0,8459048 0,6111853 0,5524229 0,556344 

Change (%) 11,173324 -8,403068 -28,69353 -30,4282 

  

If the stick-on effect does not occur, the coefficient that relates the pretension force to the 

torque can differ up to ±10%. If the stick-on effect occurs, one should take into account that 

the torque of the bolt with the original pretension force/torque coefficient is 30% less. For 

example, if one measures 100Nm on-torque after a long test and the stick-on effect occurred, 

the torque that produces the same pretension force in the original conditions is only 70Nm. So 

I propose a revision the Ford requirement stating that we allow a 50% torque drop after Pascar 

1 and 2. If we relate this requirement to the pretension force that actually guaranties the 
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connection, we should allow a torque drop of only 71.4% (=50%/0.7) if the stick-on effect 

occurs. 

 

4.5 Conclusions 
 

The long term measurements show that the loss of pretension force is due to non-rotational 

loosening or also called embedding effect. When the embedding continues to 25% of the 

nominal torque and loads on the roll restrictor are limited to 9kN, rotational loosening will 

occur and complete loosening of the bolts will follow very quickly. 

The torque wrench and the technique of measuring the on-torque is very efficient, but care 

must be taken when the stick-on effect occurs. In the case of this stick-on effect, I would 

advise to use an adapted requirement of the allowable torque drop. 

In the next chapter, we will relate the real time loads to the embedding effect and try to 

establish an estimation rule to predict the embedding effect. 
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Chapter 5: Estimation of the embedding effect 
 

We know that the relative displacement between the roll restrictor and the gearbox causes the 

embedding effect. From the real time measurements, we can conclude that the relative 

movement only occurs above a certain force, depending on the pretension force. The 

ultrasonic measurements show us the evolution of the pretension force. Together with the real 

time results, we should be able to determine the relation between the number of movements 

and the corresponding loss of pretension. In this chapter, we will try to make the link between 

the real time results and the results obtained with the long term measurements. 

 

5.1 Test conditions and assumptions 
 

First we need to point out that only the evolution of the pretension force of the front W500233 

bolt will be observed, since we were only able to measure the relative displacement of this 

bolt. 

The first assumption deals with the relation between the evolution of the pretension force and 

the number of cycles. In the past, lab tests [17] on loss of pretension of bolted connections 

have shown that there is a linear relationship between the number of cyclic loading of the 

joint and the percentage of the remaining pretension force, when both quantities are plotted in 

a log-log graph. The relationship can be expressed by the following formula: 

 
     

                       

                        
                          (10)  

in which A and B are two constants that need to be determined experimentally. The definition 

of the number of cycles is heuristic: it can be the number of driven kilometres, number of load 

cycles, hours of operation… In our case, we can take the number of durability cycles. It is 

also possible to estimate how many times we have a relative displacement between the 

gearbox and the roll restrictor. However, this will only lead to different constants, but it 

makes the results more comparable with other powertrains. 

In the previous two chapters we explained that the movement of the joint causes non-

rotational loosening and finally rotational loosening. But this movement is characterised by 

various parameters of which we do not know the influence. The speed of the movement, the 

amplitude (hysteresis) of the movement, temperature, the amount of paint remaining on the 

contact surface, the remaining pretension force, dimensions of the bolts and the hole… The 

exact influence of these parameters cannot be tested on a car at the test track, because these 

parameters cannot be controlled. This should be examined under controlled circumstances in a 

laboratory. This complex tribology problem related to this movement is out of the scope of 

this master thesis. We will define a load cycle as the exceedance of the roll restrictor force at 

which the hysteresis might occur. The speed at which the load is applied and the amplitude of 
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the movement will be neglected. We will also assume that the pretension force does not 

change. One should expect that the roll restrictor force needed to have a displacement depends 

on the pretension force of the bolts. Due to the above assumption, we will not take this effect 

into account. 

In the last assumption, we will state that the type of powertrain has no direct influence on the 

loosening effect. We have performed measurements with a Ford Fiesta 1.6 Sigma engine with 

120hp and 155Nm engine torque. We will assume that a 1.6 GTDI engine used in the ST 

version of the same car has no other influence apart from the higher roll restrictor loads. So 

we assume that the eigenmodes, weight and inertia of the engine, damping characteristics and 

similar parameters do not influence the loosening effect. The only difference between both 

powertrains will be the number of movements during a durability cycle. 

These assumptions will enable us to evaluate the roll restrictor bolts on all Ford Fiesta 

powertrains. Before using these results, one should verify if all assumptions are valid or not. 

The aim of the following estimations is to have an idea of the order of magnitude of the 

number of movements during a Pascar 1 durability test and the possible effect on the 

pretension force. 
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5.2 Estimation method 
 

When we plot the long term results of bolt 3 achieved in the previous chapter, we obtain the 

following graph. 

 

Figure 26: Log-log graph of the evolution of the front W500233 bolt in a Pascar 1 test 

When we identify the A and B constants of the logarithmic expression, using the least squares 

method, we find the relation underneath. 

 
     

                       

                        
                                        (11)  

with residual R² = 0.9828 

This equation however provides an estimation method only for a Ford Fiesta with a 1.6 Sigma 

120hp engine. It would be more interesting to adapt the number of durability cycles to the 

number of movements during a complete Pascar 1 durability test. 

The number of movements during a single Pascar 1 cycle is estimated by the following 

heuristic method. We multiply the events that cause forces exceeding the level at which 

movement occurs by the number of times we drive these events in a Pascar 1 cycle. We have 

measured all the Pascar 1 events several times in chapter 3. When we look back to Appendix 

Figure B 17, we see that the Cobblestones slalom and the Chatterbumps event cause roll 

restrictor forces above 4kN. For some events, such as the Chatterbumps event, this level is 

exceeded only a few times. In the case of the 1.6 Sigma engine, only 5 out of 10 passages 
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exceeded the 4kN force limit at which movement was spotted. We will multiply the above by 

5/10. 

When we calculate this sum for the Ford Fiesta 1.6 Sigma engine, we find 293 times a 

movement of the joint on the gearbox. This results in the following logarithmic equation: 

 
     

                       

                        
                                (12)  

with residual R² = 0.9753 

Respecting all assumptions, we should be able to calculate the same number of load cycles for 

a Ford Fiesta with a 1.6 GTDI ST engine. There is however an important remark to make. The 

Chatterbumps braking is about the same for a 1.6 Sigma and a 1.6 GTDI engine, but the 

Chatterbumps acceleration causes a much higher force on the roll restrictor for the 1.6 GTDI. 

When we look back at the real time roll restrictor force during the Chatterbumps braking, we 

mostly spot one single peak above 4kN. But when we look at the Chatterbumps acceleration 

in wet conditions with a Ford Fiesta 1.6 GTDI ST, we notice multiple peaks. 

 

Figure 27: Roll restrictor force during Chatterbumps acceleration with a Ford Fiesta ST in wet conditions 

It is very hard to decide how many load cycles to count for this type of loading. The problem 

is that we do not know what happens when we measure a minimal force in between two peaks 

above 4kN. Will this cause only a single movement or multiple movements? A much more 

difficult problem is to estimate how many times this type of loading occurs. This is very 

weather dependant, as seen in the DOE results. 

However, before investigating on these problems, it is interesting to make the calculation the 

other way around: how many movements do we need during a durability cycle to have a 

reduction of the pretension force of 50%? By simply inversing equation 12, we find that we 

need 93199 movements each durability cycle to have a reduction of 50% of the pretension 

force. Even for a Ford Fiesta ST 1.6 GTDI, this number of movements is not plausible.  

The assumptions made at the beginning of this chapter are not valid for this kind of 

estimations. Out of my experience, I believe that there are two assumptions that are probably 
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not valid: we cannot assume the pretension force to be constant and the duration and 

amplitude of the displacement will have an influence on the loss of pretension force. 

The ultrasonic measurements have proven the declining evolution of the pretension force. It 

seems logic that a bolted connection with less pretension force is easier to move, i.e. a 

displacement between the roll restrictor and the gearbox at a lower roll restrictor force.  

Since the relative displacement between the roll restrictor and the gearbox causes non-

rotational loosening, it seems logic that a movement of 20 micrometre will reduce less the 

pretension force than a movement of 200 micrometre. But also the speed of the displacement 

will have an influence on the embedding effect. Think of cutting or grinding machinery: each 

manipulation (drilling, reaming, grinding…) has an optimal speed. It seems logic that the 

embedding of a bolt head into the coating of the material will also be more pronounced at 

certain speeds. This kind of tribology problem cannot be studied on a test vehicle at the test 

track but should be performed in a detailed laboratory study where we can control each 

influential parameter. 

 

5.3 Conclusion 
 

The assumptions made in the beginning of this chapter are not valid. To make a proper 

estimation of the evolution of the pretension force during durability tests, there are two 

options.  

The first option is to measure the evolution of the pretension force during a few days of the 

durability test and determine the two logarithmic constants. With the obtained logarithmic 

expression, one can then estimate the future evolution of the pretension force. [17] This type 

of testing requires however the use of an ultrasonic load probe and calibrated machined bolts 

with ultrasonic sensors. At Ford Lommel Proving Ground, we do not have such an ultrasonic 

load probe and neither do we have the equipment to calibrate or machine such bolts. 

The second option is to perform a detailed investigation on the tribology of the bolts. These 

tests need to be performed in a laboratory under controlled circumstances, not at the test track.  

With the currently obtained information, we are not able to predict the loosening effect of the 

roll restrictor bolts of different engines. 
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Chapter 6: Possible solutions 
 

In this chapter, we will try to find possible solutions that reduce the embedding effect. Since 

we know that embedding, and in a later stage rotational loosening, are both caused by the 

relative movement between the roll restrictor and the gearbox or subframe. We will measure 

this displacement together with the axial force acting on the roll restrictor and drive the 

Chatterbumps event with not immediately clutching before the Chatterbumps braking. Tests 

in the past have shown that this will increase the roll restrictor forces with a factor 2. The aim 

of the higher forces is to find the level at which the hysteresis, or the non-linearity between 

the displacement and the force, occurs. 

We will first measure the displacement and force with the bolts torqued at nominal torque. 

These results will act as a reference for the other measurements. Secondly, we will measure 

the effect of possible solutions: a torque increase, three types of washers, medium strength 

threadlocker (Loctite 243) and finally the effect of removing the paint on the roll restrictor 

bracket. 

 

6.1 Reference measurement 
 

Since the test car available for these measurements is a Ford Fiesta with a 100hp 170Nm 1.0 

GTDI engine, we cannot simply take the measurements in chapter 3 as a reference. The 

standard event procedure, Chatterbumps braking, is slightly adapted: we vary the clutching 

time during the braking. If one presses the clutch before starting to brake on the 

Chatterbumps, the forces on the roll restrictor will be limited to approximately 6kN. This is 

the normal Chatterbumps braking according to the prescribed procedure by Ford. When we 

press the clutch whilst braking, or even just before stand still, the full inertia of the engine is 

exposed to the fast varying wheel velocity which results in much higher loads on the roll 

restrictor. 

The car was loaded according to the DTL load scheme and all tests were performed on a dry 

track. 

In the following graph, we can spot a hysteresis above loads of approximately 4kN, which 

corresponds very well to the test results seen in chapter 3. 
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Figure 28: Displacement versus the roll restrictor force with the bolts at nominal torque 

When the loads are increased, the situation becomes dramatically. 

 

Figure 29: Displacement versus the roll restrictor force with the bolts at nominal torque, high loads 

Note that the maximum force of 11.120kN (absolute value) is really exotic for this car with 

only 170Nm of engine torque and an output of 100hp. When we look back to the 

measurements of the roll restrictor forces on a Ford Fiesta ST in wet conditions, 13.7kN 

(measured for the DOE analysis in Chapter 3.2) can be achieved when the event is driven 

according to the correct test procedure.  
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6.2 Torque increase of the bolts 
 

A first possible solution is to increase the torque of the bolts. We torqued the bolts of the roll 

restrictor to the maximum allowable torque. This does not require any new hardware, but you 

always need to take an uncertainty of the torque measurement into account. When we 

implement a torque increase in mass production, the maximum and minimum torque also 

increases. This new maximum torque may then be out of the specifications of the gearbox, 

subframe or bolts. Nevertheless, it might be interesting to evaluate the effect of this change. 

 

Figure 30: Displacement versus the roll restrictor force with the bolts at maximum torque 

Figure 30 shows almost no signs of movement between the roll restrictor bracket and the 

gearbox, even though the forces reach over 8kN. This torque increase would thus reduce the 

embedding effect in a high degree for powertrains such as the 1.6 Sigma engine or the 1.0 

GTDI Fox engine. The rigid joint would nearly always be guaranteed. When we increase the 

forces on the roll restrictor, the hysteresis appears again. This can be observed in Figure 31. 
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Figure 31: Displacement versus the roll restrictor force with the bolts at maximum torque, high loads 

When the loads exceed 8kN, we can spot again the hysteresis. However, at this higher torque 

we have only 160µm hysteresis instead of 280µm at nominal torque. This is a reduction of 

43%, but it is not straight forward to predict the influence on the embedding effect or the loss 

of pretension force. If it is technically possible to increase the torque without new design of 

the gearbox or subframe, this torque increase could reduce the embedding effect and might be 

interesting to try out on a Ford Fiesta ST in a complete durability test. If it is not possible to 

increase the torque of the bolts (the female thread is tapped into the Aluminium gearbox 

casing), these results might be interesting for future design of the roll restrictor, gearbox or 

subframe. 

 

6.3 Washers 
 

The second proposed solution consists of a washer between the head of the bolt and the 

clamped component. We will try out three types of washers. 

 

Figure 32: From left to right: spring washer DIN 128, wave washer DIN 137A, M10 flat washer DIN 1440 
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The first washer we will use is a normal flat washer M10 DIN 1440. Secondly, we will try out 

a wave washer M10 DIN 137A and finally a spring washer DIN 128. 

 

6.3.1 Flat washer 

 

A flat washer has the advantage of a more even spreading of the pretension force on the 

component. The effect of this property on the hysteresis can be observed in Figure 33. 

 

Figure 33: Hysteresis with a flat washer 

The hysteresis is very limited for forces below 7kN compared to the reference measurement. 

At 9.380kN however, one can spot a permanent movement of the component relative to the 

gearbox. So we can conclude that this washer will reduce the embedding effect, but not as 

good as a torque increase. For the Ford Fiesta ST, this type of washer will diminish the 

embedding problem, however without providing us with a durable solution.  

 

6.3.2 Wave washer 

 

A wave washer will give us the spreading of the pretension force on the component and due to 

the bended construction of the washer, it will also act as a spring between the component and 

the head of the bolt. 

Note that the wave washer is only 1mm thick, whereas the other two tested washers are 

2.5mm (DIN1440) and 2.85mm (DIN128) thick. So the spreading of the forces of a wave 

washer will not be as efficient as the other two types. 
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The effect on the hysteresis of this type of washer is shown below. 

 

Figure 34: Hysteresis with a wave washer 

The results of this washer are very poor. Even at low loads of about 5kN, the component can 

move. When we compare this result to the first reference measurement, it is hard to say that 

this wave washer makes any difference. 

 

6.3.3 Spring washer 

 

A spring washer combines the spreading of the pretension force and the effect of a spring 

between the clamped component and the bolt head, with the property of preventing the bolt to 

rotate in the loosening direction. This may influence the loosening effect described by Junker. 

How this washer affects the non-rotational loosening effect is clarified with Figure 35. 
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Figure 35: Hysteresis with a spring washer 

The repeatability of the Chatterbumps event is mostly very poor, which makes it hard to 

reproduce the same loads on the roll restrictor, to render these tests comparable. To compare 

this graph with all the previous measurements, one should only look at the hysteresis without 

the large displacement that occurs at 12kN. We then see that the hysteresis only occurs above 

8kN. Which means that the spring washer is slightly better than the flat washer. When we 

look at the graph for loads below 8kN, the hysteresis of 30µm is very similar to the hysteresis 

in the first measurement of the torque increase. 

When we observe the hysteresis that occurs as a result of the 12.613kN load, we see that the 

hysteresis is 220µm. Comparing this result with the 160µm movement, measured when the 

torque was increased, we can conclude that the spring washer has a slightly inferior effect to a 

torque increase. It is thus not a solution for the Ford Fiesta ST. 

 

6.4 Medium strength threadlocker 
 

Threadlocker is a special type of anaerobe glue which will increase the friction on the thread 

surface after the bolt is torqued to the final torque. This will prevent rotational loosening, but 

should have no effect on the movement between the roll restrictor and the gearbox. We were 

not able to use the same type of threadlocker used on bolts for mass production. This type of 

threadlocker is glued in a more solid state on the bolts before they are assembled. We used a 

liquid threadlocker with medium strength: Loctite 243. One could also use Loctite 270 high 

strength threadlocker, but this could cause problems when loosening the bolts. The effect of 

the threadlocker is examined in Figure 36. 
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Figure 36: Hysteresis with a threadlocker 

We can spot a hysteresis at only 4kN, which is exactly the same as the reference results. 

Threadlocker against the movement between the roll restrictor and the gearbox, which causes  

non-rotational loosening, is without effect. 

 

6.5 Removing the paint 
 

When we performed tests on the long term, it was possible to see with the naked eye that the 

paint of the subframe and the roll restrictor bracket was severely damaged on the contact 

surface of the bolt head. So when we remove all the paint on this contact surface, there is no 

more possible loss of clamp length, and thus pretension force, due to the paint getting away 

from the contact zone.  

It should be interesting to know the influence of the paint of the roll restrictor bracket on the 

movement of the component. In this final experiment, We removed all the paint on the front 

and back side of the roll restrictor bracket near the holes. We used a pneumatic steel wire 

brush to do so. Also the surface round the female thread on the gearbox was brushed. 

Figure 37 shows the surface finish of the roll restrictor bracket. 
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Figure 37: Wire brushed roll restrictor bracket 

 

Figure 38: Hysteresis with no paint on the roll restrictor bracket 

We are still able to spot a hysteresis of 70µm when 10.490kN loads are applied. If we 

compare this to the 280µm hysteresis at 11kN measured in our reference, we can conclude 

that removing the paint is by far the most efficient way to reduce the relative movement of the 

roll restrictor on the gearbox. This has a great potential to be the best solution for all Ford 

Fiesta powertrains, even for the 180hp 240Nm ST version, since the roll restrictor force of 

this car almost never exceeds this value during a durability test (see measurements Chapter 

3.2). 

The drawback of this solution is the corrosion problem. We should be able to paint the full 

roll restrictor bracket, except the contact surface with the bolt head and the gearbox. This can 

be achieved by placing plastic rings in the holes that cover the contact area before painting the 
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component. However, these plastic ring should only be removed just before assembly to avoid 

corrosion appearing during the transport of the component.  

Another solution is to remove the coating at the contact surface with a self-centering grinder 

or a surface cutter or reamer. A picture of a surface reamer can be found in Appendix Figure 

B 27. When one develops a special tool with three surface reamers positioned in front of the 

holes in the roll restrictor bracket. The component can be brought into contact with those 

three surface reamers in one movement, like some kind of bench drill. A concept drawing of 

such machine is shown in Appendix Figure B 28Fout! Verwijzingsbron niet gevonden.. 

This would not result in corrosion problems, since the coating is removed just before 

assembly, but it adds a cycle time in the order of 10 seconds per engine mount. However, 

when there is no more coating left on the contact surface, the three step torqueing procedure is 

no longer necessary, so the time gain there could compensate the time loss by removing the 

coating. This process can be performed at the assembly line itself or in preassembly. 

 

6.6 Conclusions 
 

The results of all tested possible solutions are resumed in the following table. 

Table 10: Overview results 

Possible solution tested Movement above Hysteresis 

Reference 4kN 280µm at 11kN load 

Torqued at maximum torque 8kN 160µm at 11kN load 

Flat washer 7kN  

Wave washer No effect compared to reference  

Spring washer 8kN 220µm at 12kN load 

Threadlocker (Loctite 243) No effect compared to reference  

Removing the paint Almost no movement 70µm at 10,5kN load 

 

The most remarkable result comes from the test in which we removed the paint of the roll 

restrictor bracket. The bracket will hardly move, even at loads of 10kN. The embedding effect 

will not take place, neither the rotational loosening effect. Care must be taken to prevent the 

component against corrosion.  

It might be interesting to try out the use of different anti-corrosion paintings. E-coating is a 

standard protection for automotive components, but it creates a large scatter on the 

force/torque relation. These two negative contributions might be reduced when another type 

of coating is applied. When one looks for a different coating, a harder and/or thinner coating 

should be preferred. Most of these thinner and harder coatings, such as electroplating, are 

more expensive than the used E-coating. 
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Conclusions 
 

The loosening of the roll restrictor bolts of Ford passenger cars is a combination of rotational 

and non-rotational loosening. Both failure mechanisms are triggered by a small displacement 

between the roll restrictor and the gearbox.  

The non-rotational movement can be measured with ultrasonic sensors and a load probe. The 

evolution of the clamp load is linear with the number of durability cycles when it is plotted in 

a log-log graph. This can be used to predict the occurrence of a failure, but the obtained 

results are only valid for one engine type.  

Rotational movement happens in a later stage of the failure. When the bolts have lost 25% of 

their initial torque, the bolts start to rotate when high loads are applied on the component. The 

rotational loosening leads to a very fast failure of the connection. 

A design of experiments analysis showed that the loads on the transmission roll restrictor are 

mainly dominated by weather and engine torque. One can use the found transfer function to 

make a first order approximation of the roll restrictor forces for engines with a torque between 

155 and 240Nm. The design of experiments analysis also showed that the test mass installed 

in the car (DTL or MDL) does not have a significant influence on the roll restrictor forces. 

Care must be taken when the on-torque of a bolt is measured. When one notices the 

occurrence of the stick-on effect during a measurement, a possible overestimation of 30% 

should be taken into account. It is thus advisable to extend the Ford system requirement that 

allows a torque reduction of 50% of the minimal torque after a full durability test: when 

technicians measure the on-torque after a full durability test and the stick-on effect is 

observed, the remaining torque should be 71.4% (=50%/0.7) to guaranty with certainty the 

same remaining pretension force. 

A solution for the loosening problem should eliminate the movement between the component 

and the gearbox. This movement can be measured with a capacitive displacement sensor and 

strain gauges on the roll restrictor. The relative displacement between the roll restrictor and 

the gearbox can be observed by hysteresis when we plot the displacement as a function of the 

roll restrictor force. We have used the capacitive sensor and the strain gauges on the roll 

restrictor to compare the performance of a few possible solutions.  

A spring washer or a torque increase reduce the embedding effect. Other washers or the use of 

threadlocker do not result in a significant difference. A removal of the e-coating on the 

contact surface however, eliminates almost every possible movement between the component 

and the gearbox. This can be implemented in mass production by placing a special tool in a 

subassembly line. This subassembly costs extra time, but this might be recovered by using a 

single torqueing procedure instead of the three step torqueing procedure. 

One can choose not to coat the contact surface in the first place. But during transport of the 

component, this surface should be protected in another way against corrosion. 
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For future testing at Ford Lommel Proving Ground, it might be interesting to test with the 

same procedure how different kinds of coatings on the component influence the relative 

motion. One should search for an anti-corrosion coating that provides enough protection and 

can be as thin and hard as possible. Some coatings might resist better against the embedding 

effect as others. It might be interesting to investigate the influence of coating related 

parameters: thickness, hardness… A design of experiments analysis could help us choosing 

the right protective coating. 

From a theoretical point of view, a laboratory study of the tribology between the bolt head and 

clamped component could give us more information about the influence of the speed and 

magnitude of the relative displacement on the embedding effect. When one also investigates 

the influence of the declining pretension force on the roll restrictor force at which a relative 

displacement is possible, a more accurate modelling of the embedding effect of different 

engines should be possible. From a practical point of view however, the model obtained will 

always be a rough estimation. Tribology problems are very complex and depend very much 

on parameters we can never fully control during production: since most Ford passenger cars  

are produced in different countries, there are different suppliers that produce parts that are not 

equal in terms of tribology aspects. From my experience in car production, a change to 

another supplier of coatings, materials or bolts happens very often. All these influences will 

result in a bigger uncertainty on the result of the obtained model. 
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Appendix Figure B 6: Powertrain of a Ford Fiesta, bottom view 
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Appendix Figure B 8: Machining the roll restrictor bolts to make it possible to glue strain gauges 

 

 

Appendix Figure B 9: W500233 (M10x25) instrumented with a pseudo half bridge 
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Appendix Figure B 10: Different cases that will be indistinguishable with the pseudo half bridge 

 

 

Appendix Figure B 11: Standard scheme for instrumenting a roll restrictor 
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Appendix Figure B 12: SLS 095 sliding resistance 

Source: http://www.yongho-e.com/PDF/penny/lvdt/sls.pdf 

 

 

Appendix Figure B 13: Principle of capacitive sensing 

Source: http://www.ab.com/en/epub/catalogs/12772/6543185/12041221/12041231/Capacitive-Proximity-

Sensing.html 
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Appendix Figure B 14: Capacitive sensor at the back of the roll restrictor bracket on the gearbox side 

 

 

Appendix Figure B 15: Close-up of the capacitive sensor 
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Appendix Figure B 16: Dewe-43 V data acquisition system 

Source: http://www.dewetron.com.sg/uploads/7/7/1/6/7716986/1307800228.png 
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Appendix Figure B 17: Comparison of all durability events in terms of roll restrictor forces 
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Appendix Figure B 18: Measured movement of the instrumented roll restrictor 

 

 

Appendix Figure B 19: On the left the load cell readout for calibration, on the right the LP3000 
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Appendix Figure B 20: Roll restrictor bracket coating damaged by the head of bolt W500233 

 

 

Appendix Figure B 21: Roll restrictor bracket coating damaged by movement between the component and 

the gearbox, reverse side of the figure above 

 

 

Appendix Figure B 22: Bush on the subframe side of the roll restrictor 
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Appendix Figure B 23: From left to right: bolt 1 torqued at 15,2Nm, after 25 passages, after 40 passages 

 

 

Appendix Figure B 24: From left to right: bolt 2 torqued at 7,6Nm, after 25 passages, after 40 passages 

 

 

Appendix Figure B 25: From left to right: bolt 3 torqued at 8,2Nm, after 25 passages, after 40 passages 
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Appendix Figure B 26: From left to right: bolt 4 torqued at 8,6Nm, after 25 passages, after 40 passages 

 

 

Appendix Figure B 27: Surface reamer 

Source: http://image.made-in-china.com/2f0j00ksSaJRTFfYoO/Impregnated-Diamond-Core-Bit-Surface-

Set-Reaming-Shell-Diamond-Casing-Shoe-Bit-Core-Barrel-and-Overshot.jpg 
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Appendix Figure B 28: Concept drawing of a multispindle surface reamer 

Source: http://taranath.files.wordpress.com/2010/12/f51txg0funowjgu-medium.jpg 
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Appendix 2: Calibration data and other technical information 
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Strain gauges used on the roll restrictor 
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Calibration of the transmission roll restrictor 
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Datasheet Accelerometer 
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Datasheet of the capacitive distance sensor 
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Calibration of the capacitive  sensor 
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Datasheet sliding resistance 
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Datasheet Data acquisition system 
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Datasheet Load Probe LP3000B 
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Calibration sheet load cell used for calibration of the load probe 
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Technical data of the Ford 1.6 Ti-VCT Sigma engine 
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Technical data of the Ford 1.6 GTDI engine used in the Fiesta ST 
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