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Abstract 

The increasing prices of fossil fuels during the last decades have sparked increasing interest 
and investments in wind power plants to expand their share of electricity production and 
improve windmill technology with new and more economical inventions and sustainable 
solutions. A RFCS (research fund for coal and steel) research project called HISTWIN has the 
aim to improve the competitiveness of the windmill towers made of steel. The towers for high 
power wind generators often consist of several cylindrical slightly tapered steel segments 
connected by bolted flanges. This is a traditional and well established solution. One part of the 
project is to examine if a friction connection can be used instead of the traditional flange 
connection, because the friction connection will introduce two improvements: it is expected to 
have higher fatigue class, leading to less steel consumption and the tower will be faster to 
assemble. 

The proposed friction connection is a lap connection bolted with tension control bolts, TC-

bolts. One plate of the connection has normal sized holes while the other plate has long open 
slots. This solution is expected to reduce the total cost of the tower with at least 10%.  

The main objective of this report is to establish structural characteristics of static behavior and 
the ks factor for this type of connection according to Eurocode and to investigate the 
performance of TC-bolts in the connection. The ks factor is a factor that reduces the slip 
resistance for friction connections in EN 1993 - Part 1-8 regarding size of holes used in the 
connection. There are no specific rules for long open slots in EN 1993 - Part 1-8 which are 
used in the proposed connection. 
Another aim of this report is to evaluate different ways to control the preload. The objective is 
to evaluate properties of TC-bolts and its competitiveness.  

The ks factor is evaluated from four groups of specimens. The tested specimens have two 
types of surfaces and have three different configurations of bolt placement in the specimens.  

Design of the tower connections are done with the experimentally obtained ks factor for a lap 
connection and comparison is made with an ordinary flange connection. 

The results in this report shows that the use of TC-bolts is a very competitive method to 
control the preload with respect to speed of installation, and that the bolts perform well under 
various conditions and treatments. 

The experiments done in this report shows that the proposed connection has a ks factor equal 
to 0,75 as the connections are prevented from in-plane rotation, this can be compared with the 
ks factor for long slotted holes which is equal to 0,63. 

Economical calculations show that if a lap connection with long open slots is used instead of 
an ordinary flange connection, the cost will be reduced by more than 85 % per connection in a 
wind tower. These calculations are done with respect to price of flanges and bolts provided by 
HISTWIN partners. 
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Sammanfattning (Summary in Swedish) 

Skenande priser på fossila bränslen de senaste årtiondena har satt igång ökat intresse och 
genererat ökade investeringar i vindkraftsbranschen, detta för att öka deras del av 
elproduktionen och förbättra och utveckla teknologin bakom. Ett RFCS (research fund for 
coal and steel) forskningsprojekt kallat HISTWIN har målet att förbättra konkurrenskraften 
för vindkraftstorn tillverkade av stål. Tornen för de största generatorerna består oftast av flera 
cylindriska, dessa är oftast förenade med flänsförband. Detta är en traditionell och väl 
beprövad metod att förbinda delar. En del av projektet går ut på att undersöka om ett 
friktionsförband kan användas istället för flänsförbandet, detta för att friktionsförbandet 
förväntas ha högre utmattningsklass vilket leder till mindre materialåtgång i förbandet. Det 
förväntas också vara ett förband som är snabbare att montera. 

Förslaget är ett överlappsförband med TC-bolts (tension control bolts) där spänningen är 
kontrollerad . Den ena delen i förbandet har normala hål medan den andra delen har långa 
öppna skåror. Denna lösning förväntas reducera de totala kostnaderna för tornet med minst 10 
%. 

Huvudmålet med denna rapport är att bestämma statiskt beteende och ks faktorn för denna typ 
av förband. ks faktorn är en faktor som reducerar bärförmågan hos ett friktionsförband enligt 
EN 1993-Del 1-8 med avseende på storlek på hål använda i förbandet. Det finns inga regler 
för långa öppna skåror i EN 1993-Del 1-8 vilka är använda i förslaget. 
Ett andra mål är att utföra en studie i olika sätt att kontrollera förspänningen i ett förband, och 
utifrån detta utvärdera egenskaper för TC-bolts och deras konkurrenskraft. 

För att kunna bästamma ks faktorn tillverkades fyra serier av prover, serierna varierades med 
två olika ytor och tre olika konfigurationer av bultplaceringar i proverna. 

Beräkningar för ett överlappsförband i ett vindkraftverkstorn kommer att göras med hjälp av 
den framtagna ks faktorn och jämföras med ett vanligt flänsförband.  

Studierna visar att användningen av TC-bolts är en väldigt konkurrenskraftig metod att 
kontrollera förspänningen i ett friktionsförband och att bultarna presterar väl under olika 
förhållanden och behandlingar. 

Försöken visar att det nya förbandet har en ks faktor lika med 0,75, då förbandet är hindrat 
från att rotera i friktionsplanet, detta kan jämföras med ks faktorn för avlånga hål som är 0,63. 

Beräkningar gjorda visar att överlappsförbandet med långa öppna skåror använda istället för 
ett vanligt flänsförband, kommer att sänka kostnaderna med mer än 85 % per förband i ett 
vindkraftstorn. Dessa beräkningar är gjorda med avseende på flänspriser och bultpriser 
erhållna av HISTWIN partners.  
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Notations 

 

Capital italic letters 

A Area, [m2] 

Abolt Area from which a bolt obtains stress, [m2] 

Abolts Area from which each bolt row obtains stress, [m2] 

Acylinder Area of cylinder wall, [m2] 

Ag  The gross cross-section area of the bolt, [m2]  

As  Tensile stress area of the bolt, [m2]  

CS Stiffness of a bolt in a flange connection,  [N/m] 

CD Stiffness of the clamped area of the flange, [N/m] 

D  Diameter of washer, [m] 

E  Elastic modulus, [Pa] 

Fb  Bolt Preload, [N] 

Fdrop Slip resistance after slip, [N] 

FEd Maximum force on bolt row, [N] 

Fs,Rd Design slip resistance of a preloaded class 8.8 or 10.9 bolt, [N] 

Fp,C Design preload force per bolt, 0,7fubAs, [N]  

FS Load acting on a bolt in a flange connection, [N]  

Fs,Rk  Characteristic slip resistance of the connection, [N]  

Fs,Rt  Slip resistance of the connection from test, [N]  

Fi,C Initial clamping force, [N]  

Fs,C  Clamping force at slip, [N]  

Ft,Rd  Design tensile resistance of a bolt, [N]  

I Moment of inertia, [m4] 

L Length, [m] 
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Lb Bolt elongation length, [m] 

M Bending moment, [Nm]  

N Normal force, [N]  

Nref Limit of cycles of interest, [-] 

T Torsional moment, [Nm]  

TEd Design torsional moment, [Nm] 

V  Coefficient of variation, [-] 

V Shear force (chapter 6), [N] 

Vbolt Coefficient of variation for a bolt, [-] 

Vδ Estimator for the coefficient of variation of the term δ, [-] 

VEd Design shear force [N] 

Vr The total coefficient of variation, [-] 

Vres Resulting shear force from interaction, [N] 

Vrt Coefficient of variation of all parts, [-] 

Vslip Coefficient of variation for a faying surface, [-] 

VT Shear force from torsion, [N] 

Vx,Ed Shear force acting in the x direction, [N] 

Vy,Ed Shear force acting in the y direction, [N] 

VXi Coefficient of variation of a involved part, [-] 

Z Force acting in the shell of a segment in a flange connection, [N] 
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Minor italic letters 

b Correction factor, [-] 

c Circumference of a cylinder, [m] 

c1/4 Quarter of the circumference of a cylinder, [m] 

db Bolt hole diameter, [m] 

e Distance, [m] 

erow Distance between bolt rows, [m] 

d Displacement, [m] 

d Diameter (chapter 6), [m] 

dinner Inner diameter, [m] 

douter Outer diameter, [m] 

fy  Yield strength, [Pa] 

fub  Ultimate tensile strength of the bolt, [Pa]  

k  Stiffness [N/m] 

k10  Stiffness coefficient, [m] 

kEC3  Stiffness according to Eurocode 3, [N/m] 

kn Characteristic fractile factor, [-] 

ks  Factor that handles the influence of the types of holes used in the connection, [-] 

ktest  Stiffness from testing, [N/m] 

k  Is the value of kn for n � , [-] 

m Slope of the fatigue strength curve, [-] 

n  Number of friction surfaces, [-] 

n  Number of specimens (chapter 5), [-] 

n1/4 Number of bolts rows in a quarter of the circuit, [-] 

nbolts,row Number of bolts in one row, [-] 

nbolts,tot Number of bolts in the connection, [-] 
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r Radius, [m] 

rc Center radius, [m] 

re Slip resistance of the connection from test, [N] 

rinner Inner radius, [m] 

rk Characteristic value of the resistance, [-] 

router Outer radius, [m] 

rt Characteristic slip resistance of the connection, [N] 

s Slip, [m] 

t  Thickness, [m] 

td Design thickness, [m] 

tf Flange thickness, [m] 

z Distance to examined point from center of gravity in Naviers formula, [m] 
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Greek letters 

γM2  Partial safety factor for tension resistance of bolts, [-] 

γM3  Partial safety factor for slip resistant connections, [-] 

γMf Partial factor for fatigue design, [m] 

ε Strain [m/m] 

∆� Estimated mean value of ∆i, [-] 

δi Observed error term for test specimen i, [-] 

∆i Logarithm of δi, [-] 

∆σc Reference value of the fatigue strength (direct stress) at 2 million cycles, [Pa] 

∆σRd The design fatigue strength, [Pa] 

∆σRk The characteristic fatigue strength, [Pa] 

∆τc  Reference value of the fatigue strength (shear stress) at 2 million  

cycles, [Pa] 

θ Angle, [-] 

µ   Slip factor, (slip load / initial clamping force), [-] 

µf  Coefficient of friction, (slip load / clamping force) , [-] 

σ Standard deviation, [-] 

σ Direct stress, [Pa] 

σ∆
2 Variance of the term ∆, [-] 

σEd Design stress, [-] 

σEd,z Design stress caused by bending and normal force, [Pa] 

τ Shear stress, [Pa] 

τEd Design stress caused by torsional moment, [Pa] 

τV,Ed Shear stress caused by shear force, [Pa]
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1 INTRODUCTION 

1.1 Background 

The increasing prices of fossil fuels during the last decades have sparked increasing interest 
and investments in wind power plants to expand their share of power production and improve 
windmill technology with new and more economical inventions and solutions. An European 
windmill project called HISTWIN has the aim to improve the competitiveness of the windmill 
towers made of steel. The towers for high power wind generators often consist of several 
cylindrical slightly tapered steel segments connected by bolted flanges, see Figure 1.1. This is 
a traditional and well experienced but very steel consuming solution. One part of the project is 
to examine if a friction connection can be used instead of the traditional flange connection, 
because the friction connection will introduce two improvements: it is expected to have higher 
fatigue class, leading to less steel consumption and the tower will be faster to assemble. 

The proposed friction connection is a lap connection bolted with tension control bolts, TC-

bolts. One plate of the connection has normal sized holes while the other plate has long open 
slots, see Figure 1.2. This solution is expected to reduce the total cost of the tower with at 
least 10%.  

 

 

Figure 1.1. Flange connection in wind tower, where the flanges are on the inside of the 

tower.. 
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Figure 1.2. The new proposal, upper part with normal sized holes and with the TC-bolts 

installed and lower part with long open slots. 

 



INTRODUCTION 
 

 
3 

 

1.2 Aims and Scope 

The main objective of this report is to establish static behavior and the ks factor for this type 
of connection according to Eurocode and to investigate the performance of TC-bolts in this 
connection. The ks factor is a factor that reduces the slip resistance for friction connections in 
EN 1993 - Part 1-8 regarding size of holes used in the connection. There are no specific rules 
for long open slots in EN 1993 - Part 1-8 which are used in the proposed connection. 
Another aim of this report is to evaluate different ways to control the preload. The objective 
of this is to evaluate properties of TC-bolts and its competitiveness.  

Design of the tower connections are done with the experimentally obtained ks factor for a lap 
connection and comparison is made with an ordinary flange connection. A cost estimation 
will also be done for both connection and compared. 
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1.3 Structure of this Thesis 

 

Chapter 2 - BOLTED CONNECTIONS 

In this chapter different types of bolted connections relevant for this application are described, 
including the friction connection which is given a more detailed description. The design slip 
resistance are shown for Eurocode 3 and compared with the American code. 

Chapter 3 - CLAMPING FORCE 

In the first part of this chapter the different of tools and fasteners used for controlling the 
preload are described. Then the Tension control bolt is given a more thorough description. 
Then stiffness and pretension tests of the bolts are described and the bolts are calibrated for 
further tests. 

Chapter 4 - FAYING SURFACES 

The two types of surfaces used are described. Then tests are performed to determine the slip 
factors. 

Chapter 5 - FRICTION CONNECTIONS WITH OPEN SLOTS 

Here 4 types of specimens are tested statically, and the behavior of the specimens is 
evaluated. Then the ks factor is derived from statistical calculations.  

Chapter 6 -DESIGN EXAMPLE 

A design example are made out from the test values obtained, the example compares a lap 
connection with the existing flange connection in a wind tower. 

Chapter 7 - CONCLUSION AND DISCUSSION 

Overall conclusions are drawn and further suggestions proposed. 
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2 BOLTED CONNECTIONS 

2.1 Loading Type 

Two types of loads are considered when designing structures, static loads and cyclic loads. 
Static loads are loads that are constant or that will build up over time, examples are dead 
weight, snow, people and equipment. Cyclic loads are loads that alternate caused for example 
by the wind, waves, earthquake and/or traffic. 

1.1.1 Static resistance 

When designing structures affected by static loads, stability is checked and the yield stress 
limit, fy is the design value. 

2.1.1 Fatigue resistance 

When designing structures exposed to cyclic loads, design values are below the yield stress 
limit, fy, because alternating stresses cause the advent of microscopic cracks that will expand 
and gradually reduce the cross-section.  
Figure 2.1 shows how the stress range varies with the amount of cycles. The characteristic 
fatigue strength can be calculated as below. 

 

Where: 

 

 

 

 

From prEN 1993 - Part 1-9 (2004). 
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Figure 2.1. Extended fatigue strength curves. From prEN 1993 - Part 1-9 (2004). 

 

For an example is ∆σc = 160 MPa for plates in tension and compression. 

From prEN 1993 - Part 1-9 (2004). 

 

2.2 Different Types of Bolted Connections 

Two main types of bolted connections relevant for the project are bolted connections in 

tension and shear loaded connections. The shear loaded connections can be of bearing type or 
of friction type.  

In a shear connection the external loads are applied perpendicular to the axis of the bolt, and 
in the bolted connection in tension the loads are dominantly along the bolt axis. 
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2.2.1 Flange connection, bolts loaded along the axis 

This method is an old and well experienced way to connect elements loaded in tension. 

From general theory of T-stub follows that if the flange is flexible an additional load on the 
bolt called a prying load will be introduced, when the flange is bent. The only way to 
eliminate or reduce this load is to increase the flange stiffness of the flange or to reduce the 
eccentricity of the bolts, in other words reducing the lever arm, which in the most cases is 
hard to perform. Therefore the only way to increase stiffness is by increasing the amount of 
steel in the connection and/or preloading the bolts, making the two flanges act like a unit. 
If the connection shall be fatigue resistant, the eccentricity makes the connection even more 
fragile because of the alternating bending moment that flanges are subjected to when loaded, 
making this type of connection even more steel consuming. But by preloading the bolts the 
connection becomes stiffer and the fatigue resistance increases significantly. See Figure 2.2 
for a figure bolted connections.  

From Bickford J. H. (1995) and Boström S. (1990). 

 

 

Figure 2.2. Two types of bolted connections in tension. 

 

Fatigue resistance 

∆σc = 50 MPa for bolts loaded in the axial direction. 

∆σc = 71 MPa for cylindrical T-stub connections with the weld placed above flange. 

∆σc = 40 MPa for cylindrical T-stub connections with the weld placed at the flange end. 

From prEN 1993 - Part 1-9 (2004).
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2.2.2 Shear loaded connections 

Each row of bolts transmits a different amount of load, at least in connections with many rows 
of bolts. The outermost fasteners will always be subjected to the largest shear loads and the 
inboard to the lowest loads. As a result of this the outer bolts in a connection can be subjected 
to as much as up to five times the average load, while the inner ones is subjected to less than 
average.  
 

2.2.2.1 Bearing connections 

Here the strength of the connection depends on the shearing strength of the bolts and the 
bearing resistance of the plates.  
If this type of joint should be subjected to cyclic loads, then the bolt would damage the joint 
members or vice versa when contact occurs. To reduce this, holes can be made with much 
smaller clearance, but this makes the connection much more expensive because the holes 
must be drilled when the plates are connected. The bolts in this type of joint can be connected 
with or without pretention. If the bolts are pre-tensioned then the bolt is subjected to both 
shear and tension, giving the bolt less shear resistance. See Figure 2.3 for a figure a shear 
loaded joint, bearing type. 

From Bickford, J. H. (1995) and Boström S. (1990). 

 

 

Figure 2.3. Bolt in a bearing connection. 

 

Fatigue resistance 

∆σc = 50 MPa for non-preloaded bolts in normal clearance holes. No load reversals. 

From prEN 1993 - Part 1-9 (2004).
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2.2.2.2 Friction connections 

The amount of friction between two parts is proportional to the normal force clamping the two 
parts together, and to the coefficient of friction at the interface. In this type of joint the normal 
force is produced by the preload in one or more bolts. The total friction force developed in the 
connection is called the slip resistance of the connection. The slip resistance is also a function 
of the number of slip surfaces involved in the connection. Four surfaces produce twice as 
much slip resistance than two surfaces, etc. The size and shape of the holes in the connection 
also affect the slip resistance. 

The holes for the bolts are designed so that the bolts can move without being subjected to 
shear when the connection moves elastically. The bolts are loaded equally and tension 
controlled in this type of connection compared to the bearing type of connection. 
This type of connection is a very fatigue resistant connection, as long as the clamping force 
and/or friction are not changed during use. See Figure 2.4 for a figure of a friction connection.  

Even if slip should occur the connection does not necessarily fail, the connection then 
becomes a bearing connection when the bolts come in contact with the inner surface of the 
holes.  

From Bickford J. H. (1995) and Boström S. (1990). 

 

Figure 2.4. Bolt in a friction connection. 

 

Fatigue resistance 

∆σc = 90 MPa for one sided connection with preloaded high strength bolts. 

From prEN 1993 - Part 1-9 (2004). 
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2.3 Friction Connections 

2.3.1 Why Friction Connection with open slots 

2.3.1.1 Advantages 

• High resistance to fatigue: The connection is less steel consuming compared to the 
other connections mentioned here, with respect to fatigue. 

• Assembly time: The assembly time is expected to be shortened if long open slots are 
used in combination with TC-bolts. 

• Cost: The connection is less steel consuming, thus making it cheaper.  
• A stiff connection: It is a stiff connection, allowing only small deformations. 
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2.3.1.2 Difficulties 

• Clamping force: The magnitude of the clamping force must be controlled. 
• Influence of temperature: 

− Thermal expansion or contraction: A change in temperature will change the 
length of the bolts and the thickness of the joint members. If the parts are made 
from different materials, or are raised to different temperatures, the clamping 
force on the connection and the tension in the bolts will be modified by 
differential expansion or contraction. This can increase or decrease the 
clamping force, and if the connection is not designed right, these stresses can 
break off the bolts or reduce, even eliminate the tension in them.  

− Loss of clamping force with temperature: Elevated temperature can also lead to 
stress relaxation, which can reduce or eliminate the clamping force without any 
visible or measurable change in the parts. Stress relaxation can and often does 
take place over an extended period of time. The lower the temperature, the 
longer it takes the bolt to shed stress. Clamping force can also, however, be 
lost very rapidly if common bolt materials are subjected to high temperature, 
during fire for example. 

− Change in stiffness with temperature: The modulus of elasticity is also affected 
by temperature, changing the stiffness of bolts and joint members. As one 
result, a 10% reduction in modulus means a 10% loss of tension in the bolt 
because it has become a less stiff spring. Note that a reduction in modulus 
occurs with an increase in temperature. Any change in stiffness may also mean 
a change in the bolt-to-joint stiffness ratio; and that means that the connection 
will have a different behavior when loaded.   

• Corrosion: The resistance of the bolt material to corrosion will determine how long 
the clamp will survive in the anticipated service environment. The buildup of 
corrosion products can increase clamping forces; additional corrosion can eat through 
the bolts. 

• Elastic stiffness of the parts: The modulus of elasticity in parts, determines the 
stiffness of bolts and joint members, and stiffness in turn determines how the clamping 
force introduced at assembly will change when the connection is put in service.  
Factors like working loads, embedment of thread surfaces and elastic interactions 
between bolts will work to change those initial clamping forces even at room 
temperatures. The amount of change will depend on the relative stiffness of bolt and 
joint members. 

• Brittle fracture: Ductility can be another important consideration, especially if the 
bolts are to be tightened past yield (a common practice in structural steel work). Very 
hard materials can be very strong, but brittle. The brittleness often leads to unexpected 
failure at loads below the theoretical strength of the parts. 

From Bickford J. H. (1995) 
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2.3.2 Design of Friction Connections 

Friction connections are often designed as a lap connection or a butt connection. See Figure 
2.5. 

 

 

Figure 2.5. Lap connection at the top and butt connection below. 

 

 

Figure 2.6. Splice connection of the type friction connection in a railway bridge. Tension 

Control Bolts Limited (07/05-2008). 
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2.3.2.1 Behavior of a Lap connection 

 

These connection are simple to fabricate and assemble but are usually avoided because of 
concern with the inherent eccentricity that results in deformations such as those shown in 
Figure 2.7. These effects of bending may be minimized by providing restraining diaphragms 
or stiffeners that restrict the rotation and out-of-plane displacement of the connection. 

 

Figure 2.7. Lap connection in tension. 

 

The behavior of lap connection that are not restrained against out-of-plane displacement has 
been examined with small connection with two or three fasteners in a line. Since restraints 
were not provided, the connection showed considerable deformation due to the eccentricity of 
the load. It is evident that the effects of bending are mainly confined to the regions where 
plate discontinuities occur. As the connection length increases, bending will become less 
pronounced, and the influence on the behavior of the connection decreases.  

The bending deformations cause the occurrence of larger stress ranges at the discontinuities of 
the connection. The bending stress combines with the normal stress and results in high local 
stresses that reduce the fatigue strength. The reduction in fatigue strength depends on the 
connection geometry and the magnitude of the secondary bending. 

From Kulak et al. (2001) 

 

2.3.2.2 Recommendations for Lap connection 

 

When designing lap connection, both the fasteners and the plate material should be 
considered. Consideration should also be given to the type of loading and whether out of-
plane deformation will adversely affect the connection performance. 

Since the plate is the critical element under repeated loads, lap connection should only be 
used under repeated loading conditions when secondary bending stresses are prevented or 
minimized. This requires suitable stiffening or connection geometry which will prevent out-
of-plane movement. Lap connections that are susceptible to out-of-plane movements should 
not be used under repeated loading conditions. From Kulak et al. (2001)
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2.3.3 The strength of Friction-Type connection 

The design slip resistance for the European code and the American code is based on the same 
principles, as can be seen below. Both the slip factor and the factor that handles the hole 
shapes are obtained from experiments.   

2.3.3.1 Slip resistance calculated according to the European code 

 

Fs,Rd =  slip resistance of the connection, [N]   

ks = depends on the types of holes   

n =  the number of the friction surfaces 

µ =  slip coefficient of the connection 

Fp,C =  preload per bolt, 0,7fubAs, [N]   

fub =  ultimate tensile strength for the bolts, [MPa]  

As =  tensile stress area of the bolt, [m2] 

γM3 =  partial safety factor, 1,25   

From EN 1993 - Part 1-8 (2005) 

2.3.3.2 Slip resistance calculated according to the American code 

 

The design slip resistance is φRn  

 

φ =  depends on the types of holes 

Rn = nominal strength (slip resistance) of a slip plane, [N] 

µ =  mean slip coefficient  

Du = a multiplier that reflects the ratio of the mean installed 

                   bolt pretension to the specified minimum bolt pretension, Tm 

Tm =  specified minimum bolt pretension. 1,13, [N] 

Nb =  number of bolts in the connection 

 

From RCSC (2004)  
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2.3.3.3 Comparison of factors for hole shapes and hole shapes 

 

 

  

Table 2.1. The differences between the American code and the European code, concerning 

hole shape. From EN 1993 - Part 1-8 (2005) and RCSC (2004). 

 

 

 

 

Table 2.2. Recommended hole sizes according to prEN 1090-2-Part 2 (2007). 
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Table 2.3. Recommended hole sizes according to RCSC (2004). 

 

 

2.3.3.4 Comments 

The American code has a lower factor when designing connection with long slotted holes, 
using a factor of 0,6 compared with 0,63 from the European code. The hole factor is lower 
because the length of the holes is longer than the length of the holes in the European code.  
The rest of the factors coincide and so do the hole sizes in some extent.  
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3 CLAMPING FORCE 

3.1 Preload control 

3.1.1 Why preload control 

• Static failure of the fastener: When applying too much preload, the body of the bolt 
will break or the threads will strip. 

• Static failure of joint members: Excessive preload can crush, gall, warp or fracture 
joint members such as castings and flanges. 

• Stress corrosion cracking: Stress corrosion cracking (SCC), like fatigue, can cause a 
bolt to break. Stresses in the bolt, created primarily by preload, will encourage SCC if 
they are above a certain threshold level. 

• Joint slip: Many joints are subjected to shear loads at right angles to the axis of the 
bolt. Many such joints rely for their strength on the friction forces developed between 
joint members, forces created by the clamping force exerted by the bolt on the joint. If 
preload is inadequate, the joint will slip, which can mean misalignment, cramping, 
fretting, or bolt shear. 

• Excessive weight: The higher preload control the fewer bolts is needed, leading to 
lighter constructions. 

• Excessive cost: The cost of many products is proportional to the number of assembly 
operations. Correct preload means fewer fasteners and lower manufacturing cost. 

From Bickford J. H. (1995). 

 

3.1.2 How to control the preload 

To control the preload put into the bolt several tools, bolts, nuts and washers can be used.  

Typically about 90% of the work we do on a nut is converted to heat, thanks to the frictional 
resistance between the face of the nut and the surface of the joint and between male and 
female threads. About 50% is lost under the nut, about 40% within the threads. Only 10% of 
the input work typically ends up as preload or as clamping force between joint members. 
Several tools use this torque created by the friction as an indicator correct preload. 

From Bickford J. H. (1995) 
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3.1.2.1 Tools for Torque Control 

Manual Torque Wrenches 

Besides creating torque, this wrench creates a side load which is equal and opposite to the 
force applied to the wrench. This force increases the frictional drag as the nut is turned around 
the bolt, which leads to higher torque, giving lower clamping force.   
The range for these wrenches is a few ounce-inches to about 1350 Nm. The accuracy is 
varying between ± 2% to ± 20% of full scale. 

 

 

Figure 3.1. Manual torque wrenches. Aztec Bolting Services, Inc. (02/05-2008). 

 

When higher torque is required this wrench is no longer usable, and tools like torque 
multipliers, hydraulic wrenches or electrical wrenches are used instead. 

 

Torque multipliers 

Torque multipliers are essentially gearboxes that multiply the torque produced by a manual 
torque wrench. The friction losses in the gear trains of the multipliers tend to decrease the 
accuracy of a manual wrench somewhat, but they produce output torques of up to 112500 
Nm. Something has to hold the multiplier in place so it does not move or rotate when it 
applies torque to the fastener.  Multipliers are therefore equipped with a reaction arm which 
leans against another bolt in the group or against some part of the structure. Larger multipliers 
are equipped with pins in their base which engage a reaction arm designed for a particular 
application or engage holes drilled in the joint member itself.  
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Figure 3.2. Torque multiplier. Harbor Freight Tools (02/05-2008). 

 

Geared torque wrenches are another torque multiplier that combines the readout of a torque 
wrench with the gearing of a torque multiplier. In this case the readout is of output torque, and 
the multiplication ratio is higher. The high gear ratio means that input torque is very low; the 
tools can be driven by nut runners see Figure 3.5. So in fact these are “nut runner multipliers”. 
Like multipliers, geared wrenches must be provided with a reaction arm. If provided with 
double-sided reaction arm, then the tool will produce a pure torque couple on the fastener if 
mounted properly. This is used to avoid large side loads on the fastener and fastened parts 
during assembly.  

 

Hydraulic Wrenches 

Another way to produce high torque in a small place is to use a hydraulically actuated tool in 
which a piston drives a short, stubby ratchet wrench through as many cycles as necessary to 
tighten a bolt. This is probably the most popular type of production tool when torques in the 
range 1350 to 6750 Nm are required, although the tools are available in torques of up to 
135000 Nm of output. Output torque accuracies of ± 2% to ± 10% of full scale are possible in 
most cases. This is one of the few power tools available for extreme torques. Most of these 
tools have one-sided reaction arrangements and do therefore, exert fairly large side loads on 
the fasteners being tightened. 
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Figure 3.3. Hydraulic wrench. EA Services, Inc (02/05-2008). 

 

Impact Wrenches 

Tiny hammers within the wrench gives repeated blows on an output anvil, allowing a 
relatively small, lightweight, inexpensive tool to produce surprisingly high output torques. It 
can give tens of thousands of Nm. Impact wrenches are very noisy and inaccurate, although 
improvements have been made in accuracy in recent years. 

 

Figure 3.4. Impact wrench. Formula Marketing, Ltd (19/05-2008). 

 

Nut runners 

Most nut runners contain a mall rotary- vane “turbine” whose low torque and high speed are 
converted to usable output torque and speed by a multistage planetary gear train. Nut runners 
are available with outputs up to about 850Nm. They are quieter and more accurate than 
impact wrenches. Nut runners that can tighten more than one nut at a time can also be found, 
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called Multispindle tools. A problem with these is that they can create big side loads on the 
bolts. 

 

Figure 3.5. Nut runner. mech-rite Engineering Services Ltd (02/05-2008). 

 

Air-Powered Torque Wrenches 

Nut runners produce only a limited amount of torque. Large impact wrenches produce very 
high torques, but with relatively poor accuracy. Several manufacturers, therefore, have 
combined nut runners with geared torque wrenches or multipliers to produce high torque at 
moderate speed. Output torques of up to 67500 Nm is available this way. 

 

3.1.2.2 Preload control 

The twist-off bolt 

This bolt cannot be held or turned from the head. Instead, the bolt is held by the assembly tool 
see Figure 3.29, from the nut end. An inner spindle on the tool grips the spline section 
connected to the main portion of the bolt by a turned-down neck, see Figure 3.6. An outer 
spindle on the tool turns the nut and tightens the fastener, with the tool reacting against the 
spline section. When the design torque level has been reached, the reaction forces on the 
spline snap it off. This makes it easily to determine and check that the bolt has been tightened 
with a minimum amount of torque. See Figure 3.7 for tightening process for the bolt. 
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Figure 3.6. TC-bolt with nut and washer. Tension Control Bolts Limited. 

 

 

 

Figure 3.7. Tightening process for TC-bolts. Structural Bolt and Manufacturing, Inc. (02/05-

2008). 

 

Frangible Nut 

It works on the same principal as the twist off bolt but here a part of the nut twists off. The 
outer section of the nut is unthreaded but has a normal hexagon shape which is driven by the 
assembly tool. It is fastened by a reduced cross-section, breakaway collar to a cylindrical 
inner section which is threaded. When the limiting torque is reached the hex section breaks 
away from the cylindrical section, which remains to hold the bolt. 
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Figure 3.8. Frangible nut. From Bickford J. H. (1995). 

 

Ball drive socket 

Figure 3.9 shows a specially heat-treated nut which is driven during assembly by a drive 
socket containing hardened balls. When the limiting torque is reached these balls push their 
way through the corners of the hexagonal nut, preventing further motion of the nut.  

 

Figure 3.9. Ball driven nut. From Bickford J. H. (1995). 
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Strain Gauged Bolts 

One way to determine stress is to use strain gauges. The technology is well advanced, and 
with proper procedures and instruments, you can determine stress with higher precision than 
normally required.  
Strain gauges are probably the most accurate way to measure bolt tension at present. Preload 
accuracies are around ± 1 – 2%. These bolts can be obtained as a high strength bolts.  

One problem with strain gauge techniques is that they are expensive and time-consuming. 
One of the things that affect the cost is that the instruments have to be connected and 
disconnected to the strain gages for each and every bolt.  

 

 

Figure 3.10. Strain gauged bolt. Strainsert, Inc. (02/05-2008). 

 

Strain Gauged Force Washers 

Another way to measure preload is to use a force washer, a compressible ring that has been 
provided with strain gauges. These “preload load cells” can be used to measure preload 
continuously while the fastener is being tightened. Just like the strain gauged bolts they are 
very accurate but expensive and are therefore almost exclusively used for experimental 
measurements. 
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Figure 3.11. Load cell. Strainsert, Inc. (02/05-2008). 

Direct Tension Indicators, (DTI) 

The most common type of direct tension indicators is a washer with “bumps” on its upper 
surface. In one of several assembly procedures a DTI washer is interposed between the head 
of the bolt and the surface of the joint. As the nut is tightened, the bumps on the DTI washer 
yield plastically, reducing the gap between the head of the bolt and the washer. A feeler gage 
is used to measure this gap. When the gap has been reduced below a preselected maximum 
value, the tightening process is stopped. The accuracy of the device, when used between 
parallel joint surfaces, are ± 10%.  

 

 

Figure 3.12. DTI washers. Applied Bolting Technology Products, Inc. (02/05-2008). 

The lockbolt 

The lockbolt, shown in Figure 3.13, instead of a nut it has a swaging collar. The extended end 
of the bolt, called a pintail, has annular grooves on it rather than threads. The assembly tool 
grabs the pintail and pulls on it, creating a modest amount of tension in the bolt. The tool then 
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swages the collar against annular grooves in the end of the bolt, creating substantial further 
tension. The tool now breaks the pintail section free from the bolt, once again providing an 
easy way for post assembly inspection. This type of bolt can be obtained as a high-strength 
bolt. See Figure 3.14 for the bolt tightening process. 

 

 

 

Figure 3.13. Lock bolt. Permalok Fastening Systems Ltd. (02/05-2008). 

 

 

 
Figure 3.14. Tightening process for lock bolts. Rivetwise and Fastenings Ltd. (02/05-2008). 

 

Hydraulic Bolt Tensioner 

It is a hydraulic bolt tensioning tool designed to rapidly tension the bolts and simultaneously 
tension many bolts.  
A hydraulic bolt tensioner is a "system" consisting of a puller which threads onto the end of 
the bolt, a socket which fits over the nut and, an annular jack positioned between the two.  As 
hydraulic pressure is applied, the jack pushes against the joint flange and the puller stretches 
the bolt. Because the force produced by the jack is applied directly to the end of the bolt, a 
tension equal to the load generated by the jack is developed in the bolt's shank. With the jack 
applying the tension, it is possible to turn the nut with zero torque until it is tight. After hand-
turning the nut as far as it will go, the hydraulic pressure is released and a calculated 
percentage of the load is retained in the shank of the bolt. See Figure 3.15. 
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Figure 3.15. Hydraulic bolt tensioning tools used to fasten bolts. EA Services, Inc (03/06-

2008) 

 

Load-Indicating Bolt 

This type of bolt has a gauge pin that runs through the center of the bolt supports a red 
indicator disk and a transparent window in the head of the bolt, see Figure 3.16. Before the 
bolt is tightened, only a thin film of fluid lies between the window and the disk; so a red spot 
is visible from the end of the bolt. When the bolt is tightened, the gage pin moves away from 
the window and additional liquid is interposed between window and disk. By now the spot 
visible through the window has changed from red to black. Since the process is reversible, this 
DTI, would reveal relaxation or vibration loosening of the fastener. In another version of this 
fastener, the spot changes from blue (loose) to green (correct tension) to yellow (over-
tension). The color changes in both types are gradual, not abrupt, but most of the change 
occurs near the design tension of 90% off proof load. Preloading accuracies of 2% of 
minimum tensile strength are claimed by the manufacturer for precision grades of this 
fastener. These bolts can also be obtained as high-strength bolts. 
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Figure 3.16. Load indicating bolt. Stress Indicators, Inc. (02/05-2008). 

 

3.1.2.3 Measurement based methods 

Computerized Tension-Control Systems 

Several air-tool companies market computerized systems that are described as “tension-
control” systems. They do control tension, but trough sophisticated use of torque and turn 
information. 

 

Ultrasonic Measurement of stress in a bolt 

Ultrasonic instruments can be used to estimate the stress or tension in a bolt. A small acoustic 
transducer is placed against one end of the bolt, see Figure 3.17. An electronic instrument 
delivers a voltage pulse to the transducer, which emits a very brief burst of ultrasound. This 
burst passes down through the bolt, echoes off the far end, and returns to the transducer. As 
the bolt is tightened the amount of time required for the pulse to make its round trip is 
increasing, this because of two reasons. The first is that the bolt stretches as it is tightened, 
making the path longer. The second is that the average velocity of sound within the bolt 
decreases as the bolt stretches. 

This instrument is primarily used when controlling few bolts in critically joints, or for quality 
control audits, or to set up and calibrate other types of assembly equipment, or when 
conducting laboratory or field experiments. 
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Figure 3.17. Ultrasonic measurement of stress in a bolt. DirectIndustry (07/05-2008). 
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3.2 Tension Control Bolts 

3.2.1 Metric standards for fasteners  

Most metric standards have adopted a common series of strength designations.  An example is 
bolt class 4.6, the 4 means that it the ultimate tensile strength, fub for the bolt is 400 MPa and 
the number 6 means that the yield strength, fy is 60% of fub which equals 240 MPa.  

3.2.2 Why tension control bolts 

High-strength friction grip (HSFG) bolting is well established as an efficient and economical 
method of joining structural steelwork where durable, vibration-resistant connections are 
required, as is the case in many bridge structures throughout the world. There are still some 
factors that have to be controlled to reach required preloads, such as factors mentioned below. 

 

3.2.2.1 Advantages 

• Among and presumable the lowest cost method for properly installed High Strength 
Friction Grip and preload bolts. According to Tension Control Bolts Limited (05/05-
2008). 

• Quick and easy to install. 
• Safe to install (no vibration caused from the wrench, it is a non impacting electric 

shear wrench). 
• Visual inspection. 
• Consistent Tension. 
• No air compressors. 
• Reduced tool maintenance. 
• Low on-site/on-track noise levels. 
• No torque wrenches required. 
• Tensile strength of a grade 10.9 bolt. 
• Ductility of a grade 8.8 bolt. 
• TC Bolts are used in Shear and Tension. 
• No relaxation in the bolt since no torsional shear is introduced in its shank. 
• Will not loosen with vibration - no locknut required. 

From Tension Control Bolts Limited (05/05-2008). 
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3.2.2.2 Disadvantages 

A study made by Kulak et al. (1998) shows that the preload in the bolts can vary substantially 
depending on how the bolts have been handled. In Table 3.1 and in Table 3.2 the results can 
be seen from this study. The bolts came from several manufacturers (not identified on paper) 
and the coating is not mentioned either. 

Some of the bolts exposed to weather and exposed to weather in a steel joint (installed with a 
snug tight load and then left for 2 or 4 weeks until tightened again to shear) were loaded with 
loads lower than the specified minimum preload. 

 

Table 3.1. Test results from exposed TC bolts. Kulak et al. (1998). 

 

Additional experiments with lubrication are presented in Table 3.2, stating what parts are 
lubricated and the kind of lubrication used 

  
Table 3.2. Test results from different treatments of TC bolts. Kulak et al. (1998). 
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3.2.2.3 Difficulties 

The coefficient of friction in a threaded fastener is dependent of about 30 to 40 variables.  
Some of the variables are 

• The hardness of all parts 
• Surface finishes 
• The type of materials 
• The thickness, condition, and type of plating, if present 
• The type, amount, condition, method of application, contamination, and temperature 

of any lubricants involved 
• The speed with which the nut is tightened 
• The fit between threads 
• Hole clearance 
• Surface pressures 
• Presence or absence of washer(s) 

From Bickford J. H. (1995).  

 

3.2.3 Corrosive protection 

Greenkote 

Greenkote’s patented coating process improves the properties of a wide range of metals, 
alloys and powders by giving them added qualities such as increased resistance to both low 
and high temperature corrosion as well as improved wear resistance, see Figure 3.18 for a test 
comparing four different types of coating.  

It is used mainly in the automotive, construction, medical, and aerospace industries.   
Unlike other thermo diffusion processes, it incorporates no heavy metals and does not release 
toxic chemicals during the production process. This, the Company believes, makes it the only 
ecologically sound process on the market.   
It provides improved anti-corrosion properties at reduced costs for the main market, corrosion 
resistance coatings, and it offers up to 70% cost reductions in the hard-coatings market. 
According to Greenkote Technology (06/05-2008). 
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Figure 3.18. Four types of corrosive protection on TC bolts. Tension Control Bolts Limited 

(07/05-2008). 
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3.3 Instrumentation 

A method to determine the preload in the bolt is to insert a strain gauge in the bolt, as the 
strain gauge gives a response proportional to its elongation. If the bolt is put in a load frame, 
the load can then be plotted as a function of the response from the gauge. 

3.3.1 Preparation of the Bolts 

3.3.1.1 Used Bolts 

M30 x 110 (bolt length, 110 mm) TCBs, grade S10T. Class 10.9 bolt. 

The specifications recommend that the bolts in structural joints be set to a tension at least 70% 
of the minimum specified tensile strength of the bolt, which is approximately equal to the 
yield strength of the bolt. This gives that the design value of the minimum preload, Fp,C  is 
393 kN. The Steel construction Institute (2004). 

 

3.3.1.2 Installing the Stain gauges 

The strain gauges inserted in the bolts were of the type BTM-6C, specially designed for 
uniaxial strain measurement in bolts. See Error! Reference source not found. for 
installation and information regarding the BTM-6C gauge. See Figure 3.19 for installation of 
the gauge. 

See APPENDIX A for more information regarding strain gauges. 

Another way to measure the strain in the bolts is to place strain gauges on the bolt shaft often 
at least two gauges, but this method makes the gauges very exposed and fragile. 

 

Figure 3.19. From installation manual for the strain gauge. Applied Bolting Technology 

Products, Inc. (02/05-2008). 
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From the installation guide the recommended hole depth is calculated like below 

Hole depth (mm) = height of the bolt head (mm) + ½ shaft length + 5mm (to get to the center 
of the sensing element) + 3-5 (mm) 

Hole depth = 20 + 50/2 + 5 + 5 mm = 55 mm 
 

First a hole was drilled in a turning lathe (turning bolt and fixed drill bit) to ensure correct 
centering. Then it was drilled deeper with a press drill (fixed bolt and turning drill). The 
diameter of the hole was 2mm. 

The strain gauge is placed in the bottom of the hole with the wires attached to it coming out of 
the hole. The hole is then filled with a glue called A-2, recommended by the company 
producing the gauges. Then it was put in a furnace for three hours at 140°C to cure the glue. 

The two wires attached to the stain gauges are connected to the amplifier by extension cables 
soldered to the wires.  
The connected wire are glued to the bolt using a two component glue, this to prevent rupture 
of the joint. See Figure 3.20 for a complete bolt. 

 

Figure 3.20. Complete bolt with strain gauge. 

3.3.2 Calibration of the TC Bolts 

3.3.2.1 Testing 

A nut is welded to a steel rod to be able to connect it to the load frame 1. See APPENDIX A 
for more information regarding load frame 1. 
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The head of the bolt is held by an iron plate connected to the load frame 1.  
The nut is then screwed to the same position on to the bolt as the nut would be when placed in 
the slip joint, thus having the same grip length. A LVDT is then placed as in Figure 3.21, to 
measure the displacement, d between the grips, this is more used as a control device. See 
APPENDIX A for more information regarding the LVDT. The bolt and the LVDT are 
connected to an amplifier, Spider 8 (amplifier), See APPENDIX A for more information 
regarding the Spider 8. 

The setup can be seen in Figure 3.21. The bolts were calibrated up to 300 kN. 

 

 

Figure 3.21. Bolt in tension in load frame 1. 

 

Two batches of bolts were made, batch 1 with 60 bolts where 22 of them were calibrated and 
batch 2 with 20 bolts where all of them were calibrated. 

To get a more precise value of the preload in the bolt, the applied load was plotted of a 
function of the output value (strain, µm/m). 

3.3.2.2 Results 

In Figure 3.22 the calibration curve for bolt 1.1 can be seen, and in Table 3.3 the calibration 
coefficient can be seen for the tested bolts. 



CLAMPING FORCE
 

 
37 

 

Figure 3.22. Calibration curve for bolt 1.1. 

 

 

Table 3.3. Test results for batch 1 and 2. 

3.3.2.3 Analysis 

Some bolts showed some nonlinearity between 0 and 50 kN, but after that they behaved 
linear. The rest of the bolts gave linear curves. This nonlinearity does not affect the tests 
because this area is not of any interest. 

The strain gauges in batch 2 were glued with glue where the expiry date was passed, this may 
explain why the variance is more than twice as high than in batch 1.  
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3.4 Stiffness Tests on TC Bolts 

Tests were made to determine the stiffness of the bolts, these results are then used in FE-
calculations, which will not be done in this report. 

3.4.1 Testing the bolts  

The bolts used where five of the calibrated bolts from batch 1, in Table 3.3 the set up was the 
same as for the calibration, except that two knife-edges (small piece of metal with a side that 
is sharpened) where welded on to the steel rod that is also attached to the nut, Additionally, 
two knife-edges where each welded on to a steel pin, that is in direct contact to the bolt head. 
In between these two pairs of knife-edges two COD:s were mounted, to measure the 
extension. See APPENDIX A for more information regarding the COD. The clamping length 
is the same as for the friction connection.  

All the instruments where connected to a Spider 8. 

See Figure 3.23 for the test setup. 

 

 

Figure 3.23. Test setup for the stiffness tests. 
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3.4.2 Results 

In Figure 3.24 the graphs of from the five bolts can be seen. 
In Table 3.4the results from the five bolts can be seen.  
The non linear part of the resulting test graph is disregarded, when calculating the stiffness. 

 

Figure 3.24. Test setup for the stiffness tests. 

 

 

 

Table 3.4. Test results from stiffness tests. 
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3.4.3 Estimation of stiffness according to Eurocode 3 

For a bolt in tension the stiffness coefficient can be calculated as: 

 

Where As is the tensile stress area and Lb is the bolt elongation length, taken as equal to the 

grip length + (hight of the bolt head +hight of the nut)/2 

From EN 1993 - Part 1-8 (2005). 

 

 

 

 

Equivalent rod 

 

 

E = 210 GPa 

If: 

 

Then: 

 

Inserted in: 

 

Gives: 



CLAMPING FORCE
 

 
41 

 

 

3.4.4 Analysis 

The graphs are not linear in the beginning of the tests, probably caused by some movement 
between the male and female thread. The pins mounted on the face of the bolt head can also 
cause some of the nonlinearity, and if the bolt head is not parallel to the surface it is being 
pulled against or it is bended in some way, it will move until it is parallel and/or in contact 
with the same surface. This was neglected since they behaved linear when higher loads where 
applied. 

The stiffness from testing is less than from Eurocode 3, one factor that affects this is that the 
load/elongation curve is shifted and does not behave linear in the beginning of the tests, 
resulting in a lower stiffness. 
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3.5 Pretension Tests 

To be able to determine the minimum preload put into the bolts when using the wrench, the 
bolts were tested after they had been exposed to various environments and when a cover plate 
is used instead of a washer 
A load cell was produced to measure the preload when tightening the bolt. 

3.5.1 The load cell 

3.5.1.1 Design of the Load Cell 

Two load cells were produced in case one would malfunction. 
The load cells were lathed out of stainless steel in form of a thick washer, see Figure 3.25 for 
dimensions. Four packages of strain gauges were attached on the sides of the load cell placed 
with a 90° shift, each package consisted of two gauges perpendicular to each other. The strain 
gauges were from KYOWA and of the type KFG-5-120-D16-11N30C2, they were glued with 
strain gauge cement (CC-35) from KYOWA. The gauges were oriented so that they measured 
compression in the longitudinal direction and elongation in the vertical direction. Soldering 
supports were glued on to the specimen to fix the soldering connection of the extension wires. 
The load cells were then wrapped in a rubber tape to protect the strain gauges. A complete 
load cell without the protective tape can be seen in Figure 3.26. 

 

 

Figure 3.25. Dimensions of the load cells.  
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Figure 3.26. Complete load cell without the protective tape. 

 

3.5.1.2 Calibrating the Load Cell 

The load cells were placed in load frame 1, and compressed. Each load cell were tested four 
times, each time rotated 90° to get a mean value of the strain. Two signals were obtained from 
the load cells one for each full bridge, where one full bridge consists of four gauges. 
A relation between load and the average response from the full bridges were plotted, the part 
under a 100 kN were not considered when plotting the relation because of the nonlinearity.  
See Figure 3.27 for the calibration of the load cell. 

 

Figure 3.27. Calibration curve for the load cell.  
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3.5.2 Testing the Bolts 

Two steel plates were made, the lower plate was placed in a vice, and the upper was placed on 
top of the load cell that was resting on the lower plate. The bolts were then tightened with a 
shear wrench designed for these types of bolts, see Figure 3.29 for a picture of the wrench. 
See Figure 3.28 for test setup.  

Five tests series were made; all specimens were left for ten minutes after the tip of the bolt 
sheared off, the shear load.  

Batch A: Tightened in one step as delivered. This is done to use as a reference to the other 
tests. 

Batch B: Tightened in two steps as delivered, first to ca 80% of the shear load and then left 
for one minute and then tightened to the shear load. This done to see the affect of snug 
tightening the bolts, as this is often done in production. 

Batch C: Tightened in one step, with a metal plate instead of the washer and with lubricant on 
the face of the nut facing the plate, just like in the tests made in chapter 5. This is done to see 
the affect of a lubricated steel plate.  

Batch D: Tightened in one step, the bolt had been sprayed with acetone and baked in the oven, 
just like the specimens in 3.3.1.2. This is done to see the affect of this treatment. 

Batch E: Tightened in one step, the bolt had been left outdoors for 3 weeks. This is done to 
see the affect of exposure. 

 

Figure 3.28. Test setup for the bolts. The load cell can be seen in the middle with the wires 

attached to it.  
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 Figure 3.29. Wrench for TC bolts. Tension Control Bolts Limited (02/05-2008). 

 

 

3.5.3 Results 

The results from the five tests can be seen in Table 3.5. 

 

Table 3.5. Test results. 
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3.5.4 Analysis 

Batch B, D and E gives about 3% lower clamping force compared to batch A.  
Batch C gives about 5% higher clamping force compared to batch A.  
 

The design value of minimum preload for TC-bolts according to Eurocode 3, is 393 kN. None 
of the specimens were under this value. 

A test conducted by Priebe J. (2007) with M30x160 bolts, coated with Greenkote, with a 
similar test procedure as for batch A, but with 5 bolts, gave an average preload of 474,9 kN 
and a minimum load of 462,4 kN. The bolts tested by Stokes are 50 mm longer than in batch 
A, the grip length is unknown but it must be longer since the unthreaded part is longer for the 
160 mm bolts. This means that the bolts tested by Stokes are less stiff and will give higher 
preload before shearing off than the bolts tested in batch A, where the average preload was 
435,4 kN. 

According to The Steel construction Institute (2004) requirements for the bolts are that the 
minimum mean value of the clamping force is 444,4 kN and the maximum standard deviation 
is 29,8 kN. Only an average clamping force of 435,4 kN was obtained but the standard 
deviation was 9,3 kN. It is recommended that, while the standard deviation criterion should 
always be met, lower mean and individual values may be accepted on the condition that an 
adequate reduction in the design preload value is adopted for slip resistance connections. 

The loss in clamping force is expected for batch B. Two main factors are relevant here, the 
speed and the pressure. 

• The friction between two surfaces will increase with time when subjected to pressure. 
• The friction decreases when the speed increases.  

When the specimens in Batch B are left for one minute the friction will increase and be higher 
when the nut is turned again. When the nut is turned again it will not obtain the same speed as 
when it is first tightened. These two factors combined leads then to lowered clamping force. 

 

The gain in clamping force is not expected for batch C. The plates used instead of the washers 
most likely have a higher friction than the washers, this will decrease the clamping force but 
as it is lubricated, friction should decrease.  

The loss in clamping force is expected for batch D, this because the bolts are delivered with 
lubricant and some of this will be washed off when the acetone is sprayed on. The heat will 
decrease the viscosity of the lubricant that can run off the bolt or will be uneven distributed. 
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The heat may furthermore degrade the lubricant in some way. The heat may furthermore 
degrade the lubricant, or destroy the coating in some way. 

The loss in clamping force is expected for batch E, this because the surface of the bolts have 
corroded to some extent. The sun’s rays will probably dry out the lubricant and the rain will 
wash of some of the lubricant.  

The strain gauges inserted in the bolts have a very high accuracy, they showed some 
nonlinearity in some tests, but it was in a range where the response was of an interest. When 
they were inserted in the bolts and calibrated they were only calibrated up to 300 kN. The 
bolts were later used and preloaded above 400 kN, out of calibration range, but the load curve 
was linear and the margin of error is probably negligible.  
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4 FAYING SURFACES 

4.1 Corrosive Protection for Steel Plates 

Two types of plates will be tested, one of weathering steel and one with zinc coating. Both 
plates are S355 steel, 355 denotes the yield strength in MPa. 

4.1.1 Weathering Steel 

Many engineers choose weathering steel for its performance, economical and environmental 
benefits.  Weathering steel contains elements that allow it to form a protective coating patina 
or coating when properly exposed to the atmosphere.  
The use of uncoated weathering steel typically provides initial cost savings of 10 percent or 
more, and life cycle cost savings of at least 30 percent over the life of the structure. Initial cost 
savings are realized because weathering steels do not need to be painted. Life cycle cost 
savings are realized by the material’s durability. Inspections of bridges in service between 18 
and 30 years show that weathering steel performs well in most environments.  
Weathering steels provide environmental benefits as well. They do not require initial painting, 
thereby reducing emissions of volatile organic compounds (VOC) when oil-based coatings are 
used. They do not require coating removal or disposal of contaminated blast debris over the 
life span of the structure, providing another significant environmental benefit. According to 
American Iron and Steel Institute (02/05-2008). 

 

 

 

 

Figure 4.1. Weathering steel used in a bridge. American Iron and Steel Institute (02/05-2008). 
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The friction coefficient of this surface when assembled after exposure is expected to be 
somewhere around 0.72 and 0.75, according to a study made by  Lark R. J. (2004) where the 
slip factor was 0.72 for plates who had been assembled after 20 days of weathering and 0.75 
for plates who had been assembled after 40 days of weathering.  

4.1.2 Ethyl silicate zinc coating 

TEMASIL 90 

Temasil 90 is a two-component, ethyl zinc-silicate paint. The coating has a good resistance to 
abrasion, high temperature (+400 °C), withstands immersion in oils and various solvents and 
are quite successful for the protection of steel against corrosion under severe exposing 
conditions such as underground, marine atmosphere, industrial atmosphere, nuclear power 
plants, etc. It offers outstanding cathodic protection to steel structures. It can be coated with a 
wide range of protective coating systems. The paint is applied by airless or conventional spray 
or brush. The ethyl-silicate in these paints is dissolved in an organic solvent; the water 
required for curing is absorbed from the air. Hence painting and curing must be done in 
suitable humid environment.  
See Error! Reference source not found.Error! Reference source not found. for more 
information regarding Temasil 90. 

From Error! Reference source not found. and PARASHAR G. et al (2001). 

 

The friction coefficient of this surface is expected to be somewhere between 0.30 and 0.35, 
according to ECCS-Technical Committee 10 (1984) the friction coefficient for a coating with 
the thickness 20-50 µm is 0.30 and 0.35 for a coating with the thickness 50-80 µm. 

4.2 Slip Coefficient 

The slip coefficient has to be determined to be able to establish the effect of the open slots.  

Four plates are connected as in Figure 4.6. A load cell is placed under each bolt head, to 
measure the preload in the bolt. 

4.2.1 Load Cells 

4.2.1.1 Producing the load cells 

Four load cells were needed so six were produced, if one or two should malfunction.  
The load cells were lathed out of stainless steel in the shape of a thick washer se Figure 4.2. 
Three strain gauges were attached on the sides of the load cell placed with a 120° shift se 
Figure 4.3, each gauge was part of a quarter bridge. The strain gauges were from KYOWA 
and of the type KFG-5-120-C1-11, they were glued with strain gage cement (CC-35) from 
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KYOWA. The gauges were oriented so that they measured compression in the longitudinal 
direction. The load cells were then wrapped in a rubber tape so the strain gauges were 
protected.   

 

Figure 4.2. Dimensions of the load cells. 

 

 

Figure 4.3. Complete load cell, without the protective tape. 

 

4.2.1.2 Calibrating the load cells  

The load cells were placed in load frame 1, and compressed. The load acting on the load cells 
were plotted in regard to the strain from the three strain gauges. Each load cell were tested 
three times, each time rotated 120° to get a mean value of the strain. A mean value for each 
shift was taken and a regression line was plotted out of the three mean values. The part below 
60 kN were not taken into account because of the nonlinearity. See Figure 4.4 for the viewing 
of the mean values of the curves for load cell 1. This was done for all four used load cells. 
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Figure 4.4. Calibration curve for load cell 1. 

 

4.2.2 Friction Tests 

4.2.2.1 Standard Friction Tests 

The friction tests were made according to prEN 1090-2-Part 2 (2007) to some extent, the 
purpose of the friction tests is to obtain the slip factor and the purpose of prEN 1090-2-Part 2 
(2007) is to determine the design value of the slip factor. The difference was that the plates 
used were 25 mm instead of 20 mm for the middle plates and 10 mm for the outer plates, and 
that M20 bolts where used instead of the M30 bolts used for the additional tests. 

ECCS-Technical Committee 10 (1984) defines the slip load as when a slip equal to 150 µm 
has occurred, for load controlled tests. In those tests the failure load occurred before the 
specified slip, thus giving that the slip load is equal to the failure load. In tests presented in 
this report the slip load is equal to failure load, Fs,Rt.. 
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4.2.2.2 Producing the Specimens 

The four joint members were connected with four M20 bolts. The two middle plates were 
then pushed as close together as possible to get as much hole clearance as possible when 
testing the specimens. 

Knife-edges were welded on to the specimens, to enable mounting of the COD:s. Their 
purpose was to measure the slip between the plates in the connection. See Figure 4.5 for the 
placing of the COD:s. The plates were grinded where the weld should be placed for the knife-
edges. When placed in load frame the bolts, the COD:s and the LVDT where connected to a 
Spider 8. Four of the used COD:s were from EPSILON of the type 3541-010M-150-ST. The 
COD:s had been calibrated in INSTRON:s EXTENSOMETER CALIBRATOR.  

 

4.2.2.3 Testing 

The specimens are shown in Figure 4.5 

The bolts where first tightened with a load close to 175 kN. The specimens were then placed 
in load frame 1, see Figure 4.6, and then loaded until slip occurred.  
The strain was monitored during the whole procedure.  
These tests were made for both weathering steel and plates with the Temasil 90 coating. 
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Figure 4.5. Specimen with knife-edges. 
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Figure 4.6. Specimen in load frame 1, Temasil 90 coating. 
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4.2.3 Results 

Figure 4.7 shows the load/slip diagram for specimen W3 and T6.  

Table 4.1 and Table 4.2 shows the test results from the friction tests. 

 

Figure 4.7. Test results, specimen W3, weathering steel and specimen T6 with Temasil 90 

coating. 

 

 

Table 4.1 Test results, specimens with weathering steel plates. 
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Table 4.2. Test results, specimens with Temasil 90 coating. 
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4.2.4 Analysis 

When the load cells used when determining the slip factor where calibrated, the surfaces were 
subjected to uniform stress. But later in the tests they were clamped with a bolt and a washer. 
Then the stress distribution is higher near the bolt than on the sides of the load cells, where the 
strain gauges are positioned. This result is that the gauges indicate lower stress values, thus 
indicating lower clamping force. The error is probably minor but the calibration should have 
been done with a bolt and washer to ensure a more accurate calibration curve. 

The difference between the initial clamping force and the clamping force at slip is bigger for 
the specimens with weathering steel plates than the specimens with the Temasil 90 coating. 
The loss of clamping force is probably due to that the plates relax thus causing the bolts to 
relax and that the surfaces in contact probably grind into each other during loading.  

When the two specimens were made, they were first sand blasted. The Temasil 90 was 
sprayed on to the surface. The weathering steel plates were sprayed with acid so the corrosion 
process would be precipitated.  
Assuming that the surfaces before and after sand blasting are identical, one explanation is that 
the paint can fill the craters of the surface making the surface more even and for the corrosion 
on the weathering steel plates will corrode equally over the surface, thus maintaining the 
roughness. 
The paint gives a more glazed surface, thus probably reducing the friction and the ability to 
grind into each other. While the corroded surface is more porous, thus increasing the friction 
and the ability to grind into each other. 

The slip factor for the weathering steel plates was about 0,79 which was about what Lark R. J. 
(2004) obtained for plates who had been assembled after 40 days of weathering.  

The slip factor for the Temasil 90 was about 0,45, which is about 28 % higher than for the 
plates tested by ECCS-Technical Committee 10 (1984) . 
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5 FRICTION CONNECTIONS WITH OPEN SLOTS 

Now different sections of the proposed friction connection can be tested to find the ks factor 
and the behavior of the connection. 

Four types of specimens were made and tested. 

W-1.3: Weathering steel, one row with three bolts. Performed in load frame 2,  
             See APPENDIX A for more information regarding the load frame 2. 

T-1.3: Temasil 90 coating, one row with three bolts. Performed in load frame 1. 

T-1.6: Temasil 90 coating, one row with six bolts. Performed in load frame 2. 

T-2.3: Temasil 90 coating, two rows with three bolts. Performed in load frame 2. 

5.1 Preparing the Specimens 

First the specimens where assembled and tightened so they would not slip when handled. The 
plates were ground were the weld for the knife-edges would be placed. Knife-edges were 
welded on to the specimens, they were attached so the COD:s could be mounted. Their 
purpose was to measure the slip between the plates in the connection. See Figure 5.1 for the 
placing of the COD:s. When placed in load frame the bolts, the COD:s and the LVDT where 
connected to the Spider 8. 

Four of the used COD:s were from EPSILON of the type 3541-010M-150-ST. The fifth were 
from INSTRON, the type unknown.  

All tests were made without washers, instead an 8 mm thick metal plate were used with 
similar properties as the washers belonging to the TC-bolts. To reduce friction, lubricant was 
applied on the surface of the nut facing the plate. The lubricant used was of the type Castrol, 
MS3 (a molybdenum grease). 

 

5.2 Testing the Specimens 

5.2.1 Test T-1.3 and Test W-1.3 

5.2.1.1 Testing 

The specimens and the knife-edges are shown in Figure 5.1. 

In the tests with T-1.3 and W-1.3 the center bolt was un-calibrated and the two outer bolts 
were calibrated.  All of the bolts in these two tests were from batch 1. 
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Two of the bolts were loosened in the test with T-1.3 and with W-1.3 to zero set the strain 
gauges. Then the two bolts were snug tightened and the last bolts would be loosened and set 
to zero. The three bolts were then tightened to approximately 400 kN per bolt with the 
wrench. This was achieved by monitoring the readout from the computer, the tips were not 
sheared off. 

 

 

Figure 5.1. Specimen T-1.3 and W-1.3. 
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Figure 5.2. Specimen T-1.3 in load frame 1. 

 

5.2.1.2 Results 

5.2.1.2.1 Slip Resistance 

In Figure 5.3 the load/slip diagram can be seen for specimen W-1.3D and in Figure 5.4 the 
load/slip diagram can be seen for specimen T-1.3D.  

In Table 5.1 and Table 5.2 the test results are shown with the calculated design slip resistance 
according to Eurocode 3. Five specimens were tested of W-1.3, but four of them are used for 
further analysis, this because one of the specimens differed substantially from the rest, 
probably due to some kind of instrument malfunction. Five specimens were tested of T-1.3. 

The drop in load after slip is illustrated in Figure 5.5. In Table 5.3and in Table 5.4 the drop in 
load can be seen for the W-1.3 and the T-1.3 specimens. 
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Figure 5.3. Specimen W-1.3D tested, the displacement is here measured by the LVDT. The 

variation of the three bolt loads is shown.  

 

 

Figure 5.4. Specimen T-1.3D tested, the displacement is here measured by the LVDT. The 

variation of the three bolt loads is shown.  
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Table 5.1. Test results, specimens W-1.3. 

 

 

Table 5.2. Test results, specimens T-1.3. 

 

 
Figure 5.5. Specimen T-1.3A, the drop after slip. 
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Table 5.3. Drop in load after slip, specimens W-1.3. 

 

 

 

Table 5.4. Drop in load after slip, specimens T-1.3. 

 

5.2.1.2.2 Variation of Clamping Force 

In Table 5.5 the loss in bolt force for each bolt is represented for both tests.  

 

 

Figure 5.6. The variation in bolt preload is plotted during test for both W-1.3 and T-1.3. 
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Table 5.5. Loss in bolt force, initial preload compared with preload at slip. 

 

5.2.1.2.3 Rotation 

In Figure 5.7 the displacements measured by the COD:s can be seen for specimen W-1.3D. In 
Figure 5.8 the displacements measured by the COD:s can be seen for specimen T-1.3D. 

In Table 5.6 and in Table 5.7 the displacement at slip for all specimens can be seen. 
The rotation is illustrated for the specimens in Figure 5.9, and in Table 5.8 and Table 5.9 the 
rotation of the specimens is presented. 

All specimens in each group behaved similarly. 

 

Figure 5.7. The displacements measured by the COD:s during loading of specimen W-1.3D. 
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Figure 5.8. The displacements measured by the COD:s during loading of specimen T-1.3D. 

 

 

 

Table 5.6. Slip for W-1.3. 

 

 
Table 5.7. Slip for T-1.3. 
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Figure 5.9. Rotation of the two plates in comparison to each other. 

 

 
 

Table 5.8. Rotation for W-1.3. 

 

 

Table 5.9. Rotation for T-1.3. 
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5.2.1.3 Analysis 

Slip resistance 

The slip resistance determined from testing is about 22 % higher in average for both the 
W.1.3 and the T-1.3 specimens than the design slip resistance, but the variation coefficient is 
about 1,15 % for the W-1.3 specimens and 8,27 % for the T-1.3 specimens. This is 
comparable with the tests made in chapter 4, where the slip factor was evaluated. The 
variation of coefficient was also higher for Temasil 90 coating than for the weathering steel 
plates. 

The W-1.3 specimens drops to about 61% of the failure load and the T-1.3 specimens drops to 
about 73% of the failure load. Why the drop is bigger for the weathering steel specimens is 
probably due to the fact that as the specimens are stiffer, more energy is released at slip.  

Loss in clamping force 

The loss in clamping force was expected, it behaved as in chapter 4 when the slip factor was 
evaluated.  

The force in bolt 1 and 3 decreases the most of the three bolts, which is expected because 
these outer bolts are subjected to the largest shear loads. The loss of clamping force in bolt 3 
is about 20 % higher in average than in bolt 1, because it is positioned in the open end of the 
slot, which is less stiff.   

The ratio between R1,2 and R3,2 represents the comparison in bolt force loss between the two 
specimens in reference to bolt 2, are both 1,6, this gives that the specimens are behaving alike 
and the only difference is the loss in clamping force which is greater for the specimens made 
of weathering steel.  

 

Table 5.10. Comparison of clamping force loss.  
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Rotation 

 

Where the width of the specimens are 150 mm. 

s7 is 0,26 mm for specimen W-1.3A, which is the greatest rotation for all specimens. 

  

Both specimens rotates the same way in each test, this means that the load frames must 
introduce the rotation into the specimens. However this rotation is so small that its effect on 
the test results can be neglected.  
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5.2.2 Test T-1.6 and Test T-2.3 

5.2.2.1 Testing 

Specimen T-1.6 and the placing of the knife-edges are shown in Figure 5.10 and specimen T-
2.3 and the placing of the knife-edges are shown in Figure 5.11. 

In the test with T-2.3 and with T-1.6 at least four out of the six bolts were calibrated. In these 
two tests bolts from both batch 1 and 2 were used, some of the bolts had even been used in 
tests with T-1.3 and with W-1.3. 

In these two tests three of the bolts were loosened in the load frame to allow the strain gauges 
to be set to zero. Then the three bolts were snug tightened and the last three bolts would be 
loosened and set to zero. The six bolts were tightened to approximately 400 kN per bolt with 
the wrench. 
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Figure 5.10. Specimen T-1.6. 
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Figure 5.11. Specimen T-2.3. 
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Figure 5.12. Specimen T-2.6 in load frame 2. 

 

5.2.2.2 Results 

 

5.2.2.2.1 Slip Resistance 

In Figure 5.13 the load/slip diagram can be seen for specimen T-1.6A. In Figure 5.14 the 
load/slip diagram can be seen for specimen T-2.3B.  

In Table 5.11 and Table 5.12 the test results are shown with the calculated design slip 
resistance according to Eurocode 3. Three specimens were tested of both W-1.6 and of T-2.3. 

In Table 5.13and in Table 5.14 the drop in load can be seen for the W-1.6 and the T-2.3 
specimens. 
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Figure 5.13. Specimen T-1.6A tested, the displacement is here measured by the LVDT. The 

variation of the six bolt loads is shown.  

 

 

Figure 5.14. Specimen T-2.3B tested, the displacement is here measured by the LVDT. The 

variation of the six bolt loads is shown.  
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Table 5.11. Test results, specimens W-1.6. 

 

 

Table 5.12. Test results, specimens T-2.3. 

 

 
Table 5.13. Drop in load after slip, specimens T-1.6. 

 

 

 
Table 5.14. Drop in load after slip, specimens T-2.3. 
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5.2.2.2.2 Variation of Clamping Force 

In Table 5.15 the loss in bolt force for each bolt is represented for both tests.  

 

 

Table 5.15. Loss in bolt force, initial preload compared with preload at slip.  

 

5.2.2.2.3 Rotation 

In Figure 5.15 the displacements measured by the COD:s can be seen for specimen T-1.6A. In 
Figure 5.16 the displacements measured by the COD:s can be seen for specimen T-2.3B. 

In Table 5.16 and in Table 5.17 the displacement at slip for all specimens can be observed. 

The rotation is illustrated for the specimens in Figure 5.17 and in Figure 5.18, in Table 5.18 
and Table 5.19 the rotation of the specimens is presented. 

All specimens in each group exhibited a similar behavior. 
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Figure 5.15. The displacements measured by the COD:s during loading of specimen T-1.6A. 

 

 

Figure 5.16. The displacements measured by the COD:s during loading of specimen W-2.3B. 
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Table 5.16. Displacement at slip for T-1.6. 

 

 
 

Table 5.17. Displacement at slip for T-2.3. 

 

 

Figure 5.17. Rotation of the two plates in comparison to each other for T-1.6 

 

 

Table 5.18. Rotation for T-1.6. 
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Figure 5.18. Rotation of the two plates in comparison to each other for T-2.3 

 
 

 

 
Table 5.19. Rotation for T-2.3. 
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5.2.2.3 Analysis 

Slip resistance 

Group effect 

An analysis of the slip coefficient in large bolted joints compared to small joints has been 
done. In this comparison, a large bolted joint was defined as having at least two lines of bolts 
parallel to the direction of the applied load, with each line consisting of at least three bolts. 
Based on the results of this analysis, it was concluded that the number of bolts in a joint does 
not have a significant influence on the slip coefficient.  

From Kulak et al. (2001) 

 

T-1.6 

The slip resistance from testing is about 10 % higher in average than the characteristic slip 
resistance for the tests with the T-1.6 specimens, and the variation coefficient is about 2,9 %. 
All three specimens had a pre slip before they stored higher loads, just like in Figure 5.13. 
This must be some kind of adjustment that occurs because that the size of the specimens is 
bigger. Some of the specimens in part 5.2.1 behaved alike, but the pre slip coincided more or 
less with the slip after adjustment. The variation coefficient is very low compared with the 
tests made in chapter 4 and in part 5.2.1 with the Temasil 90 coating, this must be a 
coincidence since the variation from the slip factor will and should show itself in these results.  

The quote Fs,Rt / Fs,Rk is about 1,10 in average for these specimens, which is about 10 % lower 
than for the T-1.3 tests. Here the loss in clamping force is greater than for the T-1.3 tests. The 
specimens are bigger than the W-1.3 and T-1.3 specimens making the imperfections bigger 
and therefore the clamping force may be distributed over a larger area and not just around the 
bolts (see Figure 5.19 and Figure 5.20 for pictures of the contact surface between members in 
a T-1.6 specimen). This can introduce forces in the plates when they are clamped together and 
during the subsequent pulling of the plates they will relax and the bolt force will decrease. 
This also happens in the T-1.3 specimens but in much less proportion because of the size. 
The load acting on the specimens is higher so the transversal strains are higher, which leads to 
higher relaxation in the bolts. 
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Figure 5.19. Contact surface for a member with normal holes in a T-1.6 specimen. 

 

 

Figure 5.20. Contact surface for a slotted member in a T-1.6 specimen.
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T-2.3 

The slip resistance from testing is about 7 % lower in average than the design slip resistance 
for the tests with the T-2.3 specimens, and the variation coefficient is about 13,9 %. All three 
specimens had a pre slip before they stored higher loads, just like for the T-1.6 specimens, see 
Figure 5.14. The variation coefficient is almost as high as the variation coefficient from the 
tests made in chapter 4 with the Temasil 90 coating, and slightly higher than the variation 
coefficient from the tests made in chapter 5 with the Temasil 90 coating.  

The quote Fs,Rt / Fs,Rk is about 0,93 in average for these specimens, which is about 24 % lower 
than for the T-1.3 tests. Also here the loss in clamping force is greater than for the T-1.3 tests. 
The explanation is probably the same here as for the T-1.6 specimens. 

 

Loss in clamping force 

The loss in clamping force was expected, it behaved alike in chapter 4 when the slip factor 
was evaluated. But as explained above the loss was greater than for the T-1.3 specimens. 

T-1.6 

The force in bolt 1 and 6 decreases the most of the six bolts, which is expected because these 
are the outermost bolts, and are subjected to the largest shear loads. The loss of clamping 
force in bolt 6 is a little bit higher in average than in bolt 1, this because it is placed in the 
open end of the slot, which is less stiff.   

T-2.3 

The force in bolt 1, 2, 5 and 6 decreases the most of the six bolts, which is expected because 
these are the outermost bolts, and subjected to the largest shear loads. The loss of clamping 
force in bolt 5 and 6 is a little bit higher in average combined than in bolt 1 and 2, this 
because they are placed in the open end of the slots, which are less stiff. 
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Rotation 

T-1.6 

 

Where the width of the specimens are 260 mm. 

s7 is 0,26 mm for specimen T-1.6A, which is the greatest rotation for all specimens. 

  

 

T-2.3 

 

Where the width of the specimens are 280 mm. 

s7 is 0,47 mm for specimen W-2.3C, which is the greatest rotation for all specimens. 

  

Both specimens rotates the same way in each test, this means that the load frames introduces 
the rotation in the specimens. But the rotation is so small that its effect on the test can be 
neglected. 

 

5.2.3  Possible source of error  

The load frames have a very high accuracy. But the grips in load frame 2 rotated noticeably, 
this introduces out-of-plane rotation, adding an extra force and affecting the connection, the 
magnitude of this additional force and its affect is unknown. This is clearly shown when 
testing the W-1.3 specimens, since the load acting on the connections where high and the 
specimens was short, see Error! Reference source not found. for a picture of a bended 
member.
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5.3 Statistical Evaluation of Resistance Model 

5.3.1 Compatibility  

The method described in Annex D in prEN 1990 (2002). Design assisted by testing (see 
Error! Reference source not found.) is here applied to the resistance model given in 
Eurocode 3.  

Before proceeding further it is necessary to analyse the compatibility of the test population 
with the assumptions from the resistance function. In this particular case it must be checked 
that the slip resistance will indeed be governed by the same phenomena, independent of 
coating or connection design so that the same model can be applied. 

This is done by dividing the whole test population into four sub-sets; one sub-set for each test 
specimen. The extreme and mean values of the re/rt ratios are then plotted, see Figure 5.21. 

Were  
re = slip load, Fs,Rt 

rt = µ * Fi,C  

 

Figure 5.21. Compatibility of the test population for the slip resistance from Eurocode 3. The 

cross shows the mean value and the line shows the maximum respectively the minimum value. 

As all values are comparable for W-1.3 and T-1.3 and no particular deviation occurs, it is 
assumed that the same model can actually be used for these two types of specimens. The two 
others will have a model each. 
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The coefficients of variation of the basic variables have the following values 

− Slip factor: Vslip = 0,119 
− Bolt preload: Vbolt = 0,033 

 
The coefficient of variation from the friction tests with the zinc coating, Vslip was the highest, 
so this was chosen. See section 4.2.3. 

The coefficient of variation from Batch E, Vbolt was the highest for this test, so this was 
chosen. See section 3.5.3. 

 

 

5.3.1.1 W-1.3 and T-1.3 

The re-rt diagram is shown in Figure 5.22. It is noticeable that all points are located below the 
diagonal which indicates that the experimental resistances are always lower than what is given 
by the model.  

 

 

Table 5.20. Test values and calculated values. 
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Figure 5.22. re-rt diagram for the specimens 

 

The “Least Squares” best-fit: 

 

 

 

Table 5.21. Calculated values. 

 

The variance of ∆: 
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The coefficient of variation of the errors is: 

 

 

The characteristic resistance, rk, can be obtained by: 

 

 

If:  

 

 

 

Then the partial factor is obtained by: 

 

 

For small values of Vδ
2 and VXi

2 it can be assumed that: 

 

And: 

 

 

Where: 
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A total of nine tests were performed, so that the characteristic fractile factor kn = 1,96. The 
constants kn and k  are characteristic fractile factors that are found in Table D1 of Eurocode, 

for Vx unknown k  = 1,64. 

This gives: 

 

Finally with a partial safety factor, γM3 = 1,25, ks can be found: 

 

The ks factor necessary to guarantee a safe design resistance within the 5-percentile.
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5.3.1.2 T-1.6  

The re-rt diagram is shown in Figure 5.23. All points are located below the diagonal. The best 
fit slope is represented in grey and it can be seen that the “least squares” best-fit is estimated 
to b = 0,6947. The method is the same when calculating ks as in 5.3.1.1, but here n equals 3. 

 

 

Figure 5.23. re-rt diagram for the specimens 

 

The characteristic fractile factor kn = 3,37 

With a partial safety factor, γM3 = 1,25, gives a ks = 0,656 necessary to guarantee a safe design 
resistance within the 5-percentile.  
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5.3.1.3 T-2.3 

The re-rt diagram is shown in Figure 5.24. All points are located below the diagonal. The best 
fit slope is represented in grey and it can be seen that the “least squares” best-fit is estimated 
to b = 0,5812. The method is the same when calculating ks as in 5.3.1.1, but here n equals 3. 

 

 

Figure 5.24. re-rt diagram for the specimens 

 

The characteristic fractile factor kn = 3,37. 

With a partial safety factor, γM3 = 1,25, gives a ks = 0,427 necessary to guarantee a safe design 
resistance within the 5-percentile. 

 

5.3.2 Comments 

EN 1990:2002 recommends at least a population of five specimens to establish a design value. 

Only 3 tests were made with the T-1.6 and the T-2.3 specimens, this lowered the ks factor, 
more tests should have been made here to increase the certainty. 



FRICTION CONNECTIONS WITH OPEN SLOTS
 

 
90 

 

 



DESIGN EXAMPLE
 

 
91 

6 DESIGN EXAMPLE 

From drawings and design loads in HISTWIN report (2007)a slip resistant lap connection 
with open slots shall be designed and compared with the existing flange connection. The 
calculation will be made for a connection in a cylindrical tower coated with zinc coating. 
Bolts used in design are TC-bolts, M30x90 grade10.9. Steel grade used in the tower is S355 
(fy = 355 MPa). 

An 80 m tower with flange connections is considered in HISTWIN report (2007), bolts used 
are 124 M42, pretensioned with 710 kN in section 1 and 116 M36, pretensioned with 510 kN 
in section 2(the flanges are shown in Figure 6.6 and in Figure 6.7). The tower consists of 3 
parts, which gives 4 connections. The upper and lower connection will remain as flange 
connections, and the two intermediate cylinder to cylinder connections will be alternatively 
designed as lap connections. This because the lower connection is to the foundation and the 
upper connection is to the turbine. 
The first and the second connection is located at section 1 and 2. Design considerations 
involves both static loads and fatigue loads. The design loads and cross-section characteristics 
can be found in Table 6.1.  

Design of the tower plate thickness will be checked for three sections taking into account to 
the fatigue strength of the welds. The welds are positioned at section 3, 4 and 5. Design loads 
etc are found in Table 6.2. 

A cost evaluation of the two alternative connections will also be done with reference to 
HISTWIN report (2007). 

 

Figure 6.1. Coordinate system for the wind tower and sections. HISTWIN report (2007). 
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Table 6.1. Height from foundation, h, outer diameter, d, plate thickness, t in the actual tower 

and design loads for section 1 and 2. 

 

 

Table 6.2. Height from foundation, h, outer diameter, d, plate thickness, t in the actual tower 

and design loads for section 3, 4 and 5. 

 

6.1 Design of connections 

6.1.1 Static loading 

6.1.1.1 Lap connection 

Calculations below are done for section 1 

To keep the outer diameter at the connection similar to the tower in HISTWIN report (2007), 
the radius, r of the lower cylinder is then:  

 

The area of the cylinder wall, Acylinder:  
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Figure 6.2. To the left, section showing the connection from above. To the right, section of the 

connection seen from the side, where the distance between the bolts in a row is chosen as 80 

mm. 

 

 

The distance between the bolts 

The circumference, c is calculated accordingly: 

 

rc is the radius to the center of the plate. 

One quarter of the circumference is calculated accordingly: 
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With 25 rows on a quarter of the circumference gives the distance, erow between the bolt rows: 

 

 

The stress area for each bolt row 

This means that each row of bolts accommodates the stress from an area, Abolts equal to: 

 

 

The moment of inertia 

The moment of inertia for the lower cylinder, Icylinder is calculated accordingly: 

 

 

 

Determining the maximum shear force for each bolt row  

 

Figure 6.3. Stress levels in the cross section from bending and normal force. 

 

 

The highest stress in the cylinder can then be calculated by Naviers hypothesis:  
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The shear stress, τEd caused by torsional moment, TEd can be calculated with formula 6.3: 

 

Where: 

T = TEd 

 

The shear stress caused by torsion, τEd is: 

 

Since σEd,z and τEd are orthogonal, the resultant, σEd that is transferred in the connection can 

be calculated like: 

 

 

The maximum force that a bolt row may be subjected to is: 
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Determining amount of bolts required to withstand the loads 

 

The design slip resistance for one bolt, formula 2.2 : 

 

Fs,Rd =  slip resistance of a preloaded 10.9 bolt, [N]   

ks = 0,75, since in-plane rotation is prevented the ks factor is assumed to  

                  be at least 0,75(see chapter 5) 

n =  1 

µ =  0,45 

Fp,C =  393 kN  

γM3 =  partial safety factor, 1,25 

From EN 1993 - Part 1-8 (2005) 

 

The design slip resistance for one bolt is then: 

 

Number of bolts, nbolts,row needed to withstand the force, Fmax: 

 

Number of rows in the connection, nrows: 

 

Number of bolts in the connection, nbolts,tot: 

 

 

The calculations where done for section 2 as for section 1. See Table 6.3 for design loads and 
for number of bolts needed etc for section 1 and 2. 
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Table 6.3. Stress levels in the cross section from bending and normal force. 

 

6.1.1.2 Flange connection 

 

The calculation of stresses in the bolt for fatigue assessment and the assessment of ultimate 
strength are performed with one segment of the total flange. The segment is loaded with a 
tension force that sums up the stresses in the shell. This approach is called the segment model, 
see Figure 6.4.The stresses in the bolt depend nonlinearly on the tension force as the 
connection has preloaded bolts. A typical graph showing the nonlinearity of tension force in 
the bolt depending on the external load is shown in Figure 6.5. The behavior is similar for the 
bending moment in the bolt. From Seidel M. et al (1). 

 

Figure 6.4. Loaded segment. Seidel M. et al (1). 
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Figure 6.5. Loaded segment. Seidel M. et al (1). 

 

 

Figure 6.6. Flange in section 1. HISTWIN report (2007) 
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Figure 6.7. Flange in section 2. HISTWIN report (2007) 

 

The radius, r of the cylinder is:  

 

The area of the cylinder wall, Acylinder:  

 

 

 

The distance between the bolts 

The circumference, c is calculated accordingly: 

 

dc is the diameter of the bolt circle. 

 

With 124 bolts in the connection gives the distance, erow between the bolts: 
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The stress area for each bolt row 

This means that each bolt accommodates the stress from an area, Abolt equal to: 

 

 

The moment of inertia 

The moment of inertia for the cylinder, Icylinder is calculated accordingly: 

 

 

 

Determining the maximum force for each bolt  

The highest stress in the cylinder can then be calculated by Naviers hypothesis:  

 

 

 

 

 

 

The maximum force that acts on each bolt: 
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According to model B (Petersen bilinear model) presented in Schmidt, H. et al (1997), the 
force in a bolt from static loading can be calculated using formula 6.4 below, it is a 
conservative model as seen in Figure 6.8. 

 

 

Figure 6.8. Comparison of different methods. Seidel M. et al (1). 

 

Petersen’s bilinear model 

 

Where: 
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Figure 6.9. Designations. Seidel M. et al (2). 
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Then: 

 

 

And: 

 

Giving that: 

 

 

And: 

 

 

 

So: 

 

 

Tension resistance of a bolt 

The tension resistance of class a class 10.9 bolt is: 

 

From EN 1993 - Part 1-8 (2005) 
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This gives: 

 

 

 

 

Maximum shear forces acting on a bolt 

The shear stress in the cross-section caused by torsion, τEd is: 

 

Shear force from torsion action on each bolt: 

 

 

The shear forces in the cross-section is: 

 

 

The resultant shear force in the cross section is: 

 

The maximum shear force acting on a bolt is: 
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The slip resistance of one bolt 

The design slip resistance for one bolt, formula 2.2 : 

 

Fs,Rd =  slip resistance of a preloaded 10.9 bolt, [N]   

ks = 1, for normal sized holes 

n =  1 

µ =  0,1, (assumption) 

Fp,C =  710 kN  

γM3 =  partial safety factor, 1,25 

From EN 1993 - Part 1-8 (2005) 

This gives that: 

 

 

The design slip resistance is more than three times as high as the maximum shear force acting 
in the flange segment designated for one bolt. The maximum tensile stress and maximum 
shear force will not occur simultaneously in the bolt. If it is assumed that it did, and as the 
pretension is lower when tensioned, then the result is lower slip resistance. In that case the 
opposite bolts have higher clamping force, thus adding higher slip resistance to the whole 
connection.  
The design slip resistance is more than two times as high as the maximum shear force acting 
in the flange segment designated for one bolt for section 2. 

 

 

Table 6.4. Tension resistance of the bolts and the load acting on them, in section 1 and 2. 
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6.1.2 Cyclic loading 

DEL 

The loads that are given in the load tables are damage equivalent loads (DEL), they can be 
handled like a static load case in combination with the reference number of cycles Nref = 2*108 
and a constant Wöhler slope. DEL is a sum of many different load spectra’s from a Marcov 
matrix. The columns give information about the different load components, while the 
different rows include the fatigue load calculated for different constant Wöhler slopes. 
According to Eurocode the slope m = 4 is relevant. 
By converting the load spectrum into a DEL, the information about the level of the load 
ranges gets lost and it can only be used in a linear analysis.  
The fatigue calculation can be easily done by hand. The resulting damage is (almost) 
equivalent to the damage that results in a Palmgren Miner calculation using the load spectrum 
or the Marcov matrix. Usually the use of DEL is a little bit conservative. 

 

The DEL stress range is later transformed into loads so that they can be used like a static load 
case.  
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6.1.2.1 Lap connection 

The characteristic fatigue resistance of the lap connection can be calculated with formula 2.1, 

described in chapter 2: 

 

The design fatigue resistance of the lap connection can be calculated as: 

 

γMf = 1,0, partial factor for low consequence of failure. 

This gives that: 

 

∆σc = 90 MPa (for one sided connection with preloaded high strength bolts). 

The lap connections is assumed to be prevented from out-of-plane rotation since it is acting in 
a cylindrical cross-section. 

From prEN 1993 - Part 1-9 (2004). 

 

 

  

 

The resistance of the connection is then: 
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The maximum stress acting on the connection 

MEd, TEd, Vx,Ed and NEd should be taken into consideration when designing for fatigue 
according to HISTWIN report (2007). Since this is a lap connection the shear force, Vx,Ed can 
be neglected, since the two joint members overlap each other and will not affect the 
connection.  

Calculations below are done for section 1 

 

The stress caused by MEd and NEd in the cylinder can be calculated by Naviers hypothesis:  

 

 

 

 

The shear stress, τEd caused by torsional moment, TEd can be calculated using formula 6.3 

The shear stress caused by torsion, τEd is: 

 

Since σEd,z and τEd are orthogonal, the resultant, σEd that is transferred in the connections can 

be calculated like: 

 

 

 

The calculations where done in the same way for section 2 as for section 1. See Table 6.5 for 
design loads. 
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Table 6.5. Plate thickness, t needed to withstand the fatigue loads. 

6.1.2.2 Flange connection 

Since the loads that are given in HISTWIN report (2007)are DEL loads, stress in the bolt due 
to the fatigue loads can not be found. This because the level of the load ranges is lost and can 
not be used in a non linear case, like the flange connection. The only model that could be used 
here with the DEL loads is a model of a flange connection with non preloaded bolts, which 
would give very high fatigue stresses. (The Marcov matrix was not attached in HISTWIN 
report (2007)) 

 



DESIGN EXAMPLE
 

 
110 

 

6.2 Control of plates regarding fatigue resistance in welds 

6.2.1.1 Fatigue resistance 

 

∆σc = 80 MPa (for transverse splices in plates, welded from both sides). 

From prEN 1993 - Part 1-9 (2004). 

 

 

 (for steel structures) 

From HISTWIN report (2007)  

 

This gives that: 

 

 

6.2.1.2 Fatigue loads 

Calculations are done for section 3 with a plate thickness, t = 15 mm. 

To keep the outer diameter at the connection the same as for the tower in HISTWIN report 
(2007), the radius, r of the lower cylinder is then:  

 

 

The area of the cylinder wall, Acylinder:  

 

 

The moment of inertia 

The moment of inertia for the cylinder, Icylinder is calculated as in formula (6.1): 
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The maximum stress acting in the weld 

MEd, TEd, Vx,Ed and NEd should be taken into consideration when designing for fatigue 
according to HISTWIN report (2007).  

 

The stress caused by MEd and NEd in the cylinder can be calculated by Naviers hypothesis:  

 

 

 

 

The shear stress, τt,Ed caused by torsional moment, TEd can be calculated with formula 6.3: 

The shear stress caused by torsion, τT,Ed is: 

 

 

The additional shear stress, τV,Ed caused by the shear force, Vx,Ed in a thin walled cylinder can 

be calculated with formula 6.3: 

 

 

The combined shear stress τT,Ed and τV,Ed gives: 
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Since σEd,z and τEd are orthogonal, the resultant, σEd that is transferred in the weld can be 

calculated like: 

 

 

When designing the plate thickness needed for section 4 and 5, the same procedure was used 
as for section 3. 

In Table 6.6 the plate thickness needed to withstand the fatigue loads for section 3, 4 and 5 
can be seen. 

 

Table 6.6. Plate thickness, td needed to withstand the fatigue loads. 
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6.3 Cost 

Calculations for cost are based information received from Tension Control Bolts Limited and 
HISTWIN report (2007). 

 

 

Table 6.7. Cost for parts in the connection and weight of the connections calculated with 

same plate thicknesses. 

 

Work shop operations 

The flanges are first welded to the tubular structure of the tower. After welding, the flatness of 
the exterior surface of the flange is measured. If the flatness is not according to the required 
specification, it is machined. The usual duration for machining a flange is around 5 hours. 

 

On-site operations 

Number of operators needed:  10 Assemblers + 2 Crane operators 

Duration:  to assemble the tower and the hub with blades takes 
around 2,5 days 

Costs per man hour:   18-20 € per hour per person 

Costs for crane:   around 600 € per hour 
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6.4 Comments and suggestions 

It is uncertain to assume that a reduction of the plate thickness can be done. Stability for the 
tower and natural frequency must be checked before the design is complete, since these two 
parameters can be the design criteria for the thickness of the plates used.  

If it is assumed that the lap connections will not cause any stability problems, then the cost 
will be reduced by around 85% per connection. The welding and machining cost are not taken 
into account for the flange connection, they will probably exceed the cost for making the 
holes and the open slots in the plates for the lap connection. 

When assembling a tower where lap connections are used, some kind of stop must be used to 
get the upper part in place during bolt installation. The stop can possibly be attached with 
electromagnets. This stop should not be welded or bolted to the construction since this affects 
the plates. This stop could possibly also act as a stiffener in the cylinder during transportation 
and assemble.  

 

 

Figure 6.10. A stop mounted on the inside of the upper part of the tower. 
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Figure 6.11. A stop mounted to the inside of the upper part of the tower, seen from the side. 
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7 CONCLUSION AND DISCUSSION  

The study shows that the TC-bolt is a very competitive solution to apply controlled clamping 
force to structural members, in regard to accuracy, economy, performance and simplicity. 
The tests made in this report shows that the TC-bolts can be tightened in two steps, even if 
they have been exposed to outdoor environment before tightening, and still exceed the 
minimum preload required in EN 1993 - Part 1-8 (2005). However it is recommended to store 
them dry and in a moisture free environment and used the same day they are removed from 
storage, according to Tension Control Bolts Limited. 

The results show that the specimens, made of weathering steel and coated with Temasil 90, 
with three bolts in a row have a ks factor equal to 0,75. The ks factor for long slotted holes is 
0,63 according to Eurocode 3 in a case when washers are used.  
This shows that the cover plates used instead of washers distributes the clamping force better. 
It is also easy to understand that the steel segment with the slotted part is easier to adjust into 
contact than a plate with ordinary holes. This reduces the scattering of obtained clamping 
force in the connection. By other words, the long open slots are less sensitive for geometrical 
imperfections of the tower cross-section at the connections. 
The ks factor for the specimens with six bolts in a row coated with Temasil 90 where about 
0,68 and the ks factor for the specimens with six bolts in two rows coated with Temasil 90 
where about 0,43. See Figure 7.1 for results.  
The ks factor may be a bit higher in the tower connection than experimentally established on 
segment tests because in-plane rotation is prevented in the towers. This is expected especially 
for results obtained on the larger specimens. In this case small imperfection in the set-up has 
been observed.  
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Figure 7.1. ks factors.  

 

A cost estimation based on information provided by HISTWIN partners showed that the cost 
will be reduced by more than 85% per connection if a lap connection is used.  
The total cost will be reduced further, as a segment with a lap connection probably is faster to 
assemble than a segment with flange connections. This is based on the likely supposition that 
TC bolts are faster to tighten, despite their higher number required in the connection, when 
using the wrench. Compared to ordinary bolts in a flange connection which require less bolts 
but are tightened with a hydralic bolt tensioner. 
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7.1 Future Work 

Future work that is planned within HISTWIN is to determine the fatigue resistance. This is 
done by applying cyclic loads to specimens with 3 bolt in a row coated with Temasil 90.  
A down scaled part of the tower is also planned to be loaded in four point bending, the set up 
consists of two cylindrical parts joined by the lap connection with open slots.  

Long term testing is in progress, twelve specimens are loaded for about five months, the 
slip/relaxation and the load acting on the specimens are being continuously measured. 

It would also be of interest to see the behavior of the connection after it had been exposed to 
water and/or moisture for some time. 

A FE-model of a tower with lap connection should be made to estimate the influence of the 
lap connection on stability of the tower compared to conventional flange connections. 
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APPENDIX A 

Strain Gauges  

Strain gauges are used either to obtain information from which stresses in bodies can be 
calculated or to act as indicating elements on devices for measuring such quantities as force, 
pressure and acceleration. The gauge is attached to the object by a suitable adhesive. 
The gauge consists of a very fine wire or thin foil which exhibits a change in resistance 
proportional to the mechanical strain imposed on it, and for example by using a Wheatstone 
bridge the resistance can be measured.  
To be able to calculate the strain when given a specific resistance a gauge factor is needed. 

The gauge factor is defined as 

 

Where  

RG is the resistance of the undeformed gauge 
∆R is the change in resistance caused by strain 
ε is the strain 

 

Figure A.1. Strain gauge under tension respective compression. Answers Corporation (07/05-

2008).
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Wheatstone bridge 

A Wheatstone bridge is a measuring instrument used to measure an unknown electrical 
resistance by balancing two legs of a bridge circuit, one leg of which includes the unknown 
component. Its operation is similar to the original potentiometer except that in potentiometer 
circuits the meter used is a sensitive galvanometer. 

In Figure A.2 the Wheatstone bridge is shown, Rx is the unknown resistance to be measured; 
R1, R2 and R3 are resistors of known resistance and the resistance of R2 is adjustable. If the 
ratio of the two resistances in the known leg (R2 / R1) is equal to the ratio of the two in the 
unknown leg (Rx / R3), then the voltage between the two midpoints (B and D) will be zero and 
no current will flow through the galvanometer Vg. R2 is varied until this condition is reached. 
The current direction indicates whether R2 is too high or too low. 

Detecting zero current can be done with extremely high accuracy (see galvanometer). 
Therefore, if R1, R2 and R3 are known to high precision, then Rx can be measured to high 
precision. Very small changes in Rx disrupt the balance and are readily detected. 

At the point of balance, the ratio of R2 / R1 = Rx / R3 

Therefore  

 

 

Figure A.2. Wheatstone bridge. Wikimedia Foundation, Inc (02/05-2008). 

 

The gauge is placed between B and C making Rx the resistance in the gauge.
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LVDT 

The linear variable differential transformer (LVDT) is a type of electrical transformer used 
for measuring linear displacement. The transformer has three solenoidal coils placed end-to-
end around a tube. The centre coil is the primary, and the two outer coils are secondary. A 
cylindrical ferromagnetic core, attached to the object whose position is to be measured, slides 
along the axis of the tube. 

An alternating current is driven through the primary, causing a voltage to be induced in each 
secondary proportional to its mutual inductance with the primary.  

When the core is displaced in one direction, the voltage in one coil increases as the other 
decreases, causing the output voltage to increase from zero to a maximum. This voltage is in 
phase with the primary voltage. When the core moves in the other direction, the output 
voltage also increases from zero to a maximum, but its phase is opposite to that of the 
primary. The magnitude of the output voltage is proportional to the distance moved by the 
core (up to its limit of travel), which is why the device is described as "linear". The phase of 
the voltage indicates the direction of the displacement. 

Because the sliding core does not touch the inside of the tube, it can move without friction, 
making the LVDT a highly reliable device. The absence of any sliding or rotating contacts 
allows the LVDT to be completely sealed against the environment. 

 

 

Figure A.3. LVDT. 
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COD gauges, Crack Opening Displacement gauges 

COD gauges are designed for testing a wide range of specimens, including compact tension 
(CT) and bend specimens. 
The COD gauges can be used for the pre-cracking and the crack propagation parts of the 
fracture test. 

The C.O.D gauge gives a precise indication of the relative displacement of two accurately 
located knife-edges which span the starter notch of the specimen. 

Four strain gauges is working in a full Wheatstone bridge mounted on the arc that is 
measuring the crack movement. 

 

Figure A.4. COD:s.  
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Spider 8 

Spider 8 is an amplifier from the company Hottinger Baldwin Messtechnik, HBM. All 
information goes through this amplifier, the strain gauges, the LVDT:s, COD:s, and the load 
applied by the load frame. 

 

 

Figure A.5. Spider 8. 
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Load Frames 

Load frame 1 

Dartec 600 kN  
Control unit: Dartec control unit M9500 

The hydraulic grips can be replaced with different types of grips.The grips are hydraulic. The 
grip can be set of center so that an eccentric specimen can be pulled or compressed. It can pull 
or compress with a load up to 600 kN. 

 

Figure A.6. Load frame 1.  
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Figure A.7. The grips used in load frame 1. 

Load frame 2 

Wolpert U 200 E 
Control unit: MTS 458. 

The grips can be replaced with different types of grips, the grips are placed in a cuneiform 
stander so that when the load frame pulls it clamps the specimen. The grip can be set of center 
so that an eccentric specimen can be pulled or compressed. It can pull or compress with a load 
up to 2000 kN. 

 

 

Figure A.8. Load frame 2. 

 

 
Figure A.9. The grips used in load frame 2. 
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This document will be public domain after 20010.01.01 when the RFCS project HISTWIN, 
RFSC-CT200600031, is completed.  

 


