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ABSTRACT

In a constantly increasing and competitive market the efficiency of the whole wind power 
plant is an issue. The tubular steel towers supporting wind turbines account for about 15 to 
20% of the total installation costs and their optimization may lead to substantial savings with 
regard to costs and use of material. 
 
One important aspect of the design is the connection between tower’s sections. The currently 
used solution with bolted ring flanges is prone to low fatigue resistance which imposes 
limitations that can impair the overall efficiency. Improvement could be achieved by 
implementing friction connections. 
 
This idea is investigated and the principles of a new type of friction connection are presented. 
Long open slotted holes are used to facilitate assembly and the segments are clamped with 
Tension Control Bolts which can safely and easily be tightened from within the tower. 
 
In the first part, the behaviour of segment specimens is investigated experimentally by mean 
of static and long term tests as well as numerical analyses. Two types of surfaces are 
considered: ethyl silicate zinc rich paint and corroded weathering steel. The influence of 
hole’s geometry as well as connection configuration are studied. Particular focus is given to 
the variations of bolt force and the slip resistance. 
 
In the second part, the resistance function of the tested connections is derived from statistical 
analysis according to Annex D of EN1990. The influence of environmental parameters and 
workmanship on the pretension achieved by TCBs is also investigated to provide 
recommendation on optimal handling and design pretension. 
 
Finally, a method is proposed to design friction connections for wind towers. It is compared to 
the design of current L flange connections. One example of a 80m-high tower is shown. It 
highlights the potential benefits of using friction connections as the design is made simpler 
and material costs savings of up to 80% could be achieved. 
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NOTATIONS 

Latin capital letters 
A Area [mm2] 
AS Bolt stress area [mm2] 
D Fatigue damage [-] 
E Modulus of elasticity [MPa] 
Fp,C Characteristic pretension [kN] 
Fp,m Mean pretension [kN] 
FS,Rd Design slip resistance [kN] 
Ft,Rd Design resistance in tension [kN] 
FU Ultimate tensile resistance of a connection segment [kN] 
Fz Longitudinal cross-section force [kN] 
Mr Resulting bending moment [kN.mm] 
My Bending moment about y [kN.mm] 
N Number of load cycles or stress ranges [-] 
Ni Endurance of the load cycle or stress range i [-] 
R Reaction force [kN] 
RS Design slip resistance (RCSC) [kN] 
Tm Specified minimum pretension [kN] 
V Variation coefficient [-] 
Z Tensile load in the shell (segment model) [kN] 
   

Latin small letters 

a Distance from the bolt axis to the flange edge [mm] 
b Distance from the bolt axis to the shell mid plane [mm] 
b’ Distance between plastic hinges [mm] 
c Segment width [mm] 
c’ Segment width reduced by the bolt hole diameter [mm] 
d Nominal bolt diameter [mm] 
dH Bolt hole diameter [mm] 
dW Washer diameter [mm] 
fub Bolt ultimate strength [MPa] 
fyd Design yield strength [MPa] 
kn Characteristic fractile factor [-] 
kS Correction factor or reduction factor [-] 
m Invert of the Wöhler curve’s slope [MPa-1] 
n Number of bolts or load introduction factor [-] 
nbots Total amount of bolts [-] 
ni Occurences of load cycle or stress range i [-] 
nrows Number of rows [-] 
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p2 Minimum distance between bolts rows [mm] 
s Shell thickness [mm] 
t Flange thickness [mm] 
   

Greek capital letters 

   
FB Bolt force variation [kN] 

C Fatigue stress at 2.106 cycles [MPa] 
C,N Fatigue stress from normal force [MPa] 
C,M Fatigue stress from bending moment [MPa] 

C,M/N Fatigue stress considering normal force and bending 
interaction [MPa] 

D Fatigue stress at 5.106 cycles [MPa] 

d 
Design fatigue stress at the considered number of cycles (for 
use with DEL) [MPa] 

N Stress range from normal forces [MPa] 
M Stress range from bending moment [MPa] 

 Correction factor (RCSC) or load factor [-] 
   

Greek small letters 

eq Equivalent partial safety factor [-] 
Mf Partial safety factor [-] 
Mb Partial safety factor [-] 
M3 Partial safety factor [-] 
B Resilience of the bolt [mm.kN-1] 
J Resilience of the joint [mm.kN-1] 
 Ratio [-] 
 Slip factor [-] 
f Apparent friction coefficient [-] 
 Standard deviation or normal stress  
N,Ud Ultimate design stress [MPa] 
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DEFINITIONS 

Depending on the application field and author the same words may have different meanings. 
The definitions of important terms used in this thesis are given below.

Apparent friction coefficient: Ratio of the slip load on the sum of the bolt forces at slip. 
 
Clamping force: Normal contact force producing friction. 
 
Initial pretension: Bolt pretension directly after completion of individual tightening. Defined 
as the Bolt force ten seconds after the maximum tension was reached 
 
Long term relaxation: Loss of force after 12 hours after tightening. 
 
Macroslip: Gross relative motion of the connected parts over the whole contact area. 
 
Major slip: Gross relative motion of the plates as rigid bodies. 
 
Microslip: Small relative motion over a fraction of the contact area while the remaining part 
is under sticking condition. 
 
Residual pretension: Bolt pretension at test start. 
 
Short term relaxation: Loss of force up to 12 hours after tightening. 
 
Slip factor: Ratio of the slip load on the initial pretension. 
 
Slip resistance: static resistance of the specimens defined as the maximum load reached 
before occurrence of major slip. 
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SYMBOLS

Pictograms are used to facilitate understanding of the presented measurements. A description 
of their meanings is given below. 
 
Test series 
 

 

 

 

 

 

 

PZ-1x3  Z-1x3 Z-2x3
      

 
Z-1x6

PWS-1x3  WS-1x3 Z-1x3n
 
Measurements

 

 

        
The arrows show the bolts for 
which the measurements are given 

 The lozenges show the location of 
relative displacement measurements. 
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x 

 

       
 

 

The thick lines show the sections 
for which the results are plotted 

 

 
  Load displacement curves 

 

 

 

Long term test with constant 
loading. The value indicates the 
load level as proportion of the 
estimated resistance. 
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1 INTRODUCTION 

The demand for renewable energies is constantly increasing. The global market for wind 
turbines grew by approximately 30% in 2007 and was worth some €25 billion. The European 
Wind Energy Association predicts that the trend will last since the total installed power 
should more than triple to reach about 180GW by 2030. 
The towers represent about 15 to 20% of the total installation costs [1] and optimized design 
may therefore lead to substantial savings with regard to costs and use of materials. 
One important aspect of the design of tubular steel towers are the joints between the tower’s 
sections. While the loads acting on the structure are highly dynamic, the currently used 
solution is intrinsically prone to low fatigue resistance and thus imposes limitations on the 
design and impairs the overall efficiency. 
A new friction type connection is presented in this thesis. The static and long term behaviours 
of flat segments are investigated experimentally and numerically. Design guidelines are then 
proposed and potential cost benefits are estimated. 

1.1 Towers for wind turbines 

The optimum tower height is a function of the tower price, local variations of wind speed with 
height and energy costs. Larger rotors yield more energy and economies of scale make them 
relatively cheaper. To fit greater diameters, higher towers are obviously needed; generally the 
height is equivalent to the diameter, which is aesthetically pleasant. Another reason to 
increase the height is the wind speed profile: higher and more uniform speeds are found with 
increasing height. This in turn means higher energy outputs and more favourable loading on 
the turbine. 
 
Most modern turbines installed onshore are multi-megawatt machines with nominal outputs 
between 1.5MW and 3MW [2]. Their rotor diameters range between 70m and 100m [3-7]. 
 
Four main types of towers exist to support these turbines: lattice towers, concrete towers, 
hybrid steel-concrete towers and tubular steel towers. 
Lattice towers require about only half as much material as an equivalent tubular tower with a 
similar stiffness and are thus the cheapest. But, for aesthetic reasons, they are not well 
perceived and, in harsh environments, they do not offer the same protection during operation 
and maintenance. 
Hybrid and concrete towers can be constructed on site from smaller elements which simplifies 
transportation issues. It thus makes them particularly attractive for high hub heights, typically 
above 100m, where great diameters are required. Although these types of towers have been 
used successfully in Europe substantial design and development efforts are still needed for 
them to become competitive enough [8, 9]. 
Therefore tubular steel towers stand out as the best compromise between economical, 
aesthetical and safety considerations. And they are the most towers for wind turbines. 
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a)               b)  
 

c)    d)  

Figure 1.1-1. Different types of towers; a) 160m-high lattice tower from SeeBA [10]; b) 
100m-high prototype of hybrid steel-concrete tower from GE Energy [4, 9]; c) 
Precast concrete tower from Enercon [3], up to 138m-high; d) 80m-high 
tubular steel tower from Martifer. 
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1.1.1 Tubular steel towers 

Tubular steel towers are currently available for the multi-megawatt turbines with hub height 
up to about 100m [3-7]. They have a slightly conical shape with increased diameter and plate 
thickness at the base. 
The towers are made of different sections manufactured in the workshop and finally 
assembled on site. Transportation constraints impose limits on the diameter and length of the 
elements. Typically the diameter should be lower than about 4.3m to pass under bridges [11] 
and the elements length is comprised between 20m and 30m. 
The tubes are made of rolled steel plates previously cut to shape with laser cutting tools. The 
plates are then powder welded with a single seam lengthwise and a circular seam between 
sections. The plate thickness can vary from less than 10mm for the upper sections [12] to 
40mm for the lower sections [11]. 
The tubular sections are then assembled on site by mean of bolted ring flange connections. 

1.1.2 Bolted ring flange connections 

The most common connection between towers segments is the bolted L-flange connection 
where pairs of heavy steel flanges are welded on the inside of the tubes and bolted together 
with pretensioned high strength bolts. 
 

 

Figure 1.1-2. Bolted L-flange connection [13]. 

Most flanges for onshore turbines have diameters between about 3m and 4.3m. The width is 
determined by the bolt size and varies between 100mm and 300mm. The thickness depends 
on the required stiffness and is typically more than 100mm for a bottom flange. The bolts 
diameters are typically M36 to M42 but can go up to M48 [11, 13]. 
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Fabrication 
The fabrication process is laborious and costly. Contact imperfections have a negative 
influence on the resistance and restricting tolerances are necessary. For instance the maximal 
flatness deviation for a 3m-diameter flange is 0.8mm [13]. 
The flanges can be forged or more economically rolled from flat profiles and welded. They 
are then machined to the required dimensions and welded to the tubes. Welding may 
introduce additional geometrical imperfections and if the tolerances are not met for the 
welded flange a second machining operation is necessary. 
To ensure perfect alignment of paired flanges the bolts holes are drilled using CNC machines. 
 
Resistance
The applied loads are eccentric and the relationship between load in the shell and bolt force is 
not linear as can be seen on Figure 1.1-3. In range 1 the bolt force remains constant and 
equivalent to the pretension while the contact pressure between the flanges decreases 
progressively. But at the beginning of range 2 the joint opens, i.e. the contact zone decreases 
and progresses outwards until edge bearing at the beginning of range 3. Disadvantageous 
prying effect then leads to bolt forces greater than the forces in the shell. Their ratio is 
function of the flange geometry which determines the lever arm acting on the bolt. The 
connection may also fail due to the development of plastic hinges in the shell or in the flange. 
Fatigue failure is governed by the resistance of the bolts which is intrinsically low due to the 
stress concentrations introduced at the thread foot. Depending on the fabrication process and 
method used to derive the fatigue loads they are ranked in detail categories 36*, 50 or 71 [14]. 
Therefore the design of the connection is often governed by the fatigue resistance. And since 
the size and number of bolts are limited it can impair the whole structure efficiency. 
 

 

Figure 1.1-3. Relationship between bolt force and applied load [15]. 
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1.2 A new type of connection 

High Strength Friction Grip connections were shown to have a fatigue resistance similar or 
better than that of good but welds [16, 17]. These joints also have higher stiffness [18] and 
good energy dissipation properties [19]. Their implementation in towers could thus shift the 
design limitations from joint to shell resistance and improve the overall structure efficiency. 
The friction connections in standard steelwork typically make use of High Strength Bolts of 
grade 10.9 placed in normal holes, i.e. with relatively low clearance. This conventional 
solution is not applicable as it is for the erection of tubular steel towers where particular 
requirements arise: for practical and safety reasons the fasteners shall be tightened from 
within the tower only, and the holes shape and clearance shall be adapted to facilitate 
alignment of the sections and installation of the fasteners. 
The principle of the considered solution is presented on Figure 1.2-1. Tension Control Bolts 
are used in long slotted holes. 
 

Upper segment

Support for assembly

Lower segment

TCB

Slotted hole

Cover plate

Assembly

Cut view
 

Figure 1.2-1. Principle of the proposed friction connection. 
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1.2.1 Open slotted holes 

To facilitate assembly one of the tubular sections, say the lower one, has open slotted holes. 
The fasteners can be preinstalled in the normal holes of the other section and they can then be 
used for the angular alignment of the upper section while it is slid down in position. Support 
must then be provided to hold the sections during tightening. But the slots offer important 
longitudinal tolerances. And as the shell bending stiffness is locally reduced good 
conformation between the tubes should be achieved without significantly affecting the contact 
pressure. 
Using standard washers it was found experimentally that double lap joints had relatively 
lower resistance with oversized holes [20] or slotted holes [21] as with normal holes. This 
effect was related to the different contact distribution involving higher contact pressure in the 
case of slotted holes [22]. 
The static behaviour and resistance as well as the long term behaviour thus need to be 
investigated for the new connection type. 

1.2.2 Tension Control Bolts 

Tension Control Bolts (TCBs) are a special type of high strength fasteners initially developed 
in Japan. Their tightening is carried out entirely at the nut end (See Figure 1.2-3) with a 
special electric wrench. The spline is held by the inner socket while the outer socket rotates 
and turns the nut (a). An increasing tightening torque develops between inner and outer 
socket. When the resistance of the calibrated break-neck is reached it shears off, allowing the 
inner socket to rotate (b). 
 
This type of fasteners was chosen because it was available on the market and for its simple 
installation. The producer claims that tightening procedure can be up to two times quicker and 
require four times less man hours than compared to normal bolts [23]. It might also be 
advantageous to rely on electrical power rather than pneumatic or hydraulic power which are 
more difficult to provide during assembly of a wind tower. 
Moreover the mechanical properties are equivalent to those of High Strength Bolts; grade 
S10T may be considered as bolt grade 10.9 [24, 25]. 
Since tightening is performed at the nut end only, no torsion is introduced in the shank [23]. 
This property is believed to reduce the risk of self loosening. 
The bolts from Tension Control Bolts Ltd. are also protected from corrosion with an 
environmental friendly Zn-Al polymetallic coating (Greenkote) that performs better than 
conventional coatings [23]. 
 

 
Figure 1.2-2. Tension Control Bolt, Grade S10T (Prior to pretensioning) [24]. 
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a)   b)  

Figure 1.2-3. Tightening procedure; a) The outer socket turns the nut while the spline is held 
by the stationary inner socket; b) The tightening torque is sufficient to shear off 
the spline, allowing the inner socket to rotate. [24] 

However TCBs are engineered products which shall be handled and tightened with care. 
Achieving a satisfying pretension is dependent on the accurate evaluation of the friction 
properties of bolt, nut and washer. A study of different products available on the North 
American market in 1998 showed that exposure and aging of bolts may have a significant 
impact on bolt pretension [26]. 
The bolts used in this work had a different type of corrosion protection, Greenkote coating, 
which shall yield better results. To test this assumption and ensure that a sufficient and safe 
pretension can be achieved a number of tightening tests were performed. The effects of 
parameters including tightening sequence, exposure to weather, chemicals and heat, and aging 
were investigated. 

1.3 Objectives and outline of the thesis 

The main objectives of this thesis are to provide guidance for the design of friction 
connections with slotted holes and cover plates, and to assess the potential benefits from 
implementing them in wind towers. 
 
In chapter 2, the results of static segment tests are presented. The behaviour of connections 
with slotted holes and cover plates is analyzed. Attention is given to the variations of bolt 
forces and the slip resistance. Differences with connections with normal holes are identified. 
 
In chapter 3, Finite Element Models are developed. They are used to provide a further 
understanding of the mechanisms of load transfer. Parameters that could not be measured 
experimentally such as contact pressure and shear stress are estimated. 
 
In chapter 4, the long term behaviour of the connection is analyzed. Relaxation of the bolts 
and remaining resistance are determined experimentally. 
 
In chapter 5, the effects of environmental parameters and workmanship on the initial 
pretension of Tension Control Bolts are studied. Recommendations are given for the handling 
and determination of design values. 
 
In chapter 6, a design function for friction connections is proposed and analyzed statistically 
according to Annex D of EN1990. 
 
In chapter 7, a method is proposed for the design of friction connections for wind towers. It is 
compared to the design of L flange connections and illustrated by a design example. 





 

 

 
 
 
 
 
 
 
 
 
 
 
 

PART 1:

EXPERIMENTS AND NUMERICAL ANALYSIS
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2 STATIC TESTS 

2.1 Testing programme 

This chapter presents the testing programme and main characteristics of the different test 
series, faying surfaces and measurements. More specific information on the testing procedures 
is given for each test series in chapter 2.2. 
The proposed testing programme can be divided into three main parts: preliminary tests, 
friction tests and main tests. 
The preliminary tests included a total of 9 specimens with three different faying surfaces. The 
information collected with these tests was first needed to validate the test setup for the main 
tests. It also gave interesting results which are relevant for this work. 
Friction tests were also performed in order to determine the friction coefficients of the two 
faying surfaces used in the main tests. They were based on standard tests from EN1090-2 [27] 
and do not belong in this chapter but a description of the procedure and analysis of the results 
can be found in Appendix A. 
The main tests, with a total of 19 specimens, were the core of the testing programme. Plate 
thickness, material properties and bolts were identical whereas other parameters such as bolts’ 
arrangement, holes’ geometry and faying surfaces were varied to investigate their respective 
influences on the segment capacity and behaviour. 

2.1.1 Preliminary tests 

The clamping force was provided by one row of three M20 TCBs of grade S10T (equivalent 
to grade 10.9 [24]) produced by TCB Limited in England [23]. One plate had normal holes 
with a diameter of 22mm on the side of the bolt head. According to the producer’s installation 
instruction no washer was used under the head. The other plate had an open slotted hole of the 
same dimension. A single cover plate was used in place of the usual washers under the nuts. It 
had a thickness of 8mm. In order to avoid the washer digging into the material and thus keep 
friction low the plate material was selected so that it provides a similar hardness to that of 
standard washers. Hardened steel of type Raex400 produced by Ruukki was used. It has a 
hardness of HBW 360-420, equivalent to that of the standard washers, HRC 35-45. The holes 
had a diameter of 21mm. 
 
The geometry was identical for all specimens. It is shown on Figure 2.1-1. 
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80
80

50
50

 

Figure 2.1-1. Specimen dimensions for series P-1x3, PWS-1x3 and PZ-1x3. 

A summary with the main properties can be found below in Table 2.1-1. 

Table 2.1-1.Summary of preliminary tests programme 

 Preliminary tests 
Reference P-1x3 PZ-1x3 PWS-1x3 
Nb. of Specimens 3 3 3 
Bolt type TCB S10T M20-55mm 
Plate thickness 8mm 
Surface type* a b c 
Nb. of rows 1 
Bolts per row 3 
Hole type Open slot, 22mm 
* a: weathering steel / b: ethyl silicate zinc rich paint / c: corroded 
weathering steel (see 2.1.3 for detailed information) 
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2.1.2 Resistance tests 

A total of 19 specimens were tested. The clamping force was always provided by M30 TCBs 
of grade S10T (equivalent to grade 10.9 [24]) produced by TCB Limited in England [23] and 
all tested plates had a thickness of 25mm. 
In most of the tests one plate had normal holes with a diameter of 33mm on the side of the 
bolt head while the other plate had one or two open slotted holes of the same dimension. As in 
preliminary tests single cover plates were used in place of the usual washers under the nuts. 
Its properties are described in 2.1.1. The holes had a diameter of 31mm. 
First two series of 5 tests (WS-1x3 and Z-1x3) were performed to evaluate the two different 
faying surfaces. The geometry is shown below on Figure 2.1-2. 
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Figure 2.1-2. Specimens dimensions for series WS-1x3 and Z-1x3. 
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Then two new series (Z-2x3 and Z-1x6) with the double amount of bolts were designed to 
study the group effect and influence of the bolt arrangement on the behaviour and resistance 
of the lap connection. Only the surface coated with ethyl silicate zinc rich paint was 
considered. 
Series Z-2x3 had two rows of three bolts. Three specimens were tested. The geometry is 
shown below on Figure 2.1-3. 
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Figure 2.1-3. Specimens dimensions for series Z-2x3. 
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Series Z-1x6 had one row of six bolts. Three specimens were tested. The geometry is shown 
below on Figure 2.1-4. 
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Figure 2.1-4. Specimens dimensions for series Z-1x6. 
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Finally a series (Z-1x3n) of three specimens with normal holes on both plates dealt as 
reference to estimate experimentally the effect of the slotted hole. Except for the holes, the 
geometry was identical to that of series Z-1x3. It is shown below on Figure 2.1-5. 
 

 

Figure 2.1-5. Specimen’s dimensions for series Z-1x3n. 

The main tests’ programme is summarized in Table 2.1-2 below. 

Table 2.1-2.Summary of resistance tests programme 

 Resistance tests 
Reference WS-1x3 Z-1x3 Z-2x3 Z-1x6 Z-1x3n 
Nb. of Specimens 5 5 3 3 3 
Bolt type TCB M30-110mm 
Plate thickness 25mm 
Surface type* a b 
Nb. of rows 1 2 1 1 
Bolts per row 3 3 6 3 
Hole type Open slot, 33mm hole, 33mm 
* a: corroded weathering steel / b: ethyl silicate zinc rich paint (see 2.1.3 for detailed 
information on the faying surfaces) 
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2.1.3 Faying surfaces 

Two types of faying surfaces were considered: an ethyl silicate zinc rich paint that is already 
widely used as a primer for wind towers and weathering steel which provides a relatively high 
friction coefficient. 
 
Ethyl silicate zinc rich paint 
The plates were made of construction steel with grade S355 produced by Ruukki. They were 
first grit-blasted with steel grit of size G70 to a quality Sa2.5 according to ISO-8501-1[28] 
and then coated with the two component ethyl silicate zinc rich paint called TEMASIL 90 
produced by Tikkurila Coatings. According to the producer this coating has an excellent 
abrasion resistance and can be used as single coat or as primer. The zinc content is between 
70 and 90%. A coat thickness of 50 to 80 m was requested. 
The coating presented a greenish grey appearance and seemed to be made of two layers; a 
pigmented outer layer and a layer of zinc adhering to the steel (See Figure 2.1-6). 
 

 

Figure 2.1-6. Ethyl silicate zinc coating appearance 

Weathering steel 
Weathering steel is an alloy that contains elements allowing it to form a protective coating 
patina when properly exposed to the atmosphere. Its use typically provides initial cost 
savings. Inspections of American bridges in service for 18 to 30 years show that it performs 
well in most environments [29]. 
Weathering steel also provides high friction coefficient which is an outstanding property for 
use in friction connections. Previous tests with weathering steel exposed to weather [30] 
showed friction coefficients in excess of 0.7. 
 
The selected material was COR-TEN B produced by Ruukki with material properties 
equivalent to a grade S355. The plates were first grit-blasted with steel grit of size G70 to a 
quality Sa2.5. 
Three preliminary tests (P-1x3) were performed with rust free surfaces directly after blasting 
but most specimens had corroded surfaces with higher friction coefficient. 
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The plates of three more preliminary tests (PWS-1x3) were left exposed to the weather in 
laying position for about three months during the summer. As a result of standing water the 
rust layer did not appear to be homogeneous (See Figure 2.1-7) and it was lightly brushed 
with a steel brush to obtain a more uniform aspect (See Figure 2.1-8). 
 

 

Figure 2.1-7. Visual aspect of COR-TEN B after exposition of 3 months 

   

Figure 2.1-8. Detail of the rust layer after light brushing 

To obtain more uniform surfaces and repeatable conditions as well as to speed up the 
corrosion process, the plates used in further tests (Z-1x3, Z-1x6, Z-2x3 and friction tests) were 
artificially corroded under controlled conditions. They were first sprayed with a mild solution 
of hydrochloric acid (HCl, about 2%) to initiate the corrosion process. Then they were 
sprayed twice a day with water for a period of 10 days. Enough time was provided between 
spraying for the surfaces to dry completely. The temperature was kept constant at about 10°C 
and the air humidity was very low. To facilitate runoff and avoid standing water the parts 
were kept somewhat upright. After artificial corroding the plates were stored indoors. It is 
therefore assumed that no further corrosion occurred. 
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2.1.4 Measurements 

Applied load 
The applied tensile load was accurately monitored by the testing machine load cell. 
 
Total elongation 
The displacement of the hydraulic pistons was recorded as an indication of the total 
elongation of the specimens. This measure included deformations of the load frames as well 
as those from the specimen. It is therefore purely indicative and can not be used to derive the 
stiffness of the samples. 
 
Bolt forces 
The bolt forces were continuously measured during tightening and throughout testing in order 
to obtain information on the initial level of pretension, load relaxation, and variation and 
distribution of the clamping forces during loading of the specimens. 
For this purpose strain gauges of type BTM-6C supplied by TML were installed in the bolts’ 
shanks to monitor axial strains. The gauges were glued in 2mm-diameter holes with the centre 
at a depth of about 18.5mm and 28mm below the head for M20 and M30 bolts respectively 
(See Figure 2.1-9). 
 

 

Figure 2.1-9. M20 Tension Control Bolt equipped with BTM6-C strain gauge. 

The gages were then calibrated in tensile tests to obtain the relationship between measured 
axial strains and axial bolt forces. Description of the procedure and calibration data can be 
found in Appendix B. 
 
Relative displacements 
Relative displacements of points on different plates were measured to investigate the slip 
behaviour of the connection. This was recorded with Crack Opening Devices (CODs) 
measuring the relative displacements of knife-edges that were spot welded on the plates. The 
CODs were of the type EPSILON 3541-010M-150-ST calibrated for a total stroke of 4mm 
with an accuracy of about 1 m. 
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Figure 2.1-10. CODs measuring the relative slip of plates. 

Measurements were always taken symmetrically on both sides of the specimens and an 
average slip was derived in order to account for possible in plane rotation of the plates. 

2.2 Testing procedure 

2.2.1 P-1x3

Bolts’ installation 
The nut faces were smeared with lithium based molybdenum grease (Castrol MS3). The 
thread was not lubricated. Tightening occurred in following order: central bolt (B2) and then 
bottom (B1) and top bolt (B3) (See bolts’ number on Figure 2.1-1). The fasteners were fully 
pretensioned at once with a shear wrench until shearing of the spline. Then the specimens 
were left overnight before testing to allow approximately 12 hours for relaxation of the bolts. 
The bolt forces were recorded during this time. 
 
Slip measurements 
Relative slip was measured between the connected plates at three locations: S1 and S2 at the 
side, at the elevation of the central bolt (these values were then averaged) and S5 at the edge 
centre. Slip of the cover plate was measured at two locations: S3 and S4 at the side (these 
values were then averaged) (See measurement locations on Figure 2.1-1). 
Due to the design of the knife-edges the spot welds could not be at the same elevation and a 
component of the plates’ elongations was included in the slip measurements. 
 
The tests were performed in June 2007 at Complab in Luleå. An INSTRON load frame with 
600kN capacity and adjustable hydraulic grips was used (See Figure 2.2-1). The samples were 
loaded in stroke control at a constant rate of 5 m/s. The measurement frequency was 5Hz. 
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Figure 2.2-1. INSTRON load frame. 

2.2.2 PWS-1x3 and PZ-1x3

Bolts’ installation 
The procedure was similar as for series P-1x3 but tightening was done in two steps. 
 
Slip measurements 
The slip measurements were identical to those of series P-1x3. 
 
The tests were performed in September 2007 at Complab in Luleå, Sweden. An INSTRON 
load frame with 600kN capacity and adjustable hydraulic grips was used. The samples were 
loaded in stroke control at a constant rate of 5 m/s. The measurement frequency was 5Hz. 

2.2.3 Z-1x3

Bolts’ installation 
The nut faces were smeared with lithium based molybdenum grease (Castrol MS3). The 
thread was not lubricated. It is recommended in EN1090-2 [27] to tighten bolts from the 
stiffest part of the connection outwards. The clamping package was expected to be stiffer 
where the slotted hole ends. Therefore the tightening order was chosen as: B1 – B2 – B3 (See 
bolt numbers on Figure 2.1-2). The bolts were pretensioned in two steps. All were first 
tightened to about 2/3 of the targeted pretension. A shear wrench was used but tightening was 
not carried on until shearing of the bolt’s spline. The strain output was monitored and 
tensioning was suspended when the targeted bolt force of 400kN was reached. The specimens 
were then left overnight before testing to allow more than 12 hours for relaxation of the bolts. 
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Slip measurements 
The slip measurements (See Figure 2.1-2) were similar to those of series P-1x3, PWS-1x3 and 
PZ-1x3 but the knife-edges for the side measurements (S1 to S4) were designed so that the 
spot welds could be done at strictly the same elevation thus measuring slip of coincident 
points. 
The spot welds for the edge measurement (S5) had a spacing of about 35mm. 
 
The tests were performed in December 2007 at Complab in Luleå, Sweden. An INSTRON 
load frame with 600kN capacity and adjustable hydraulic grips was used. The samples were 
loaded in stroke control at a constant rate of 5 m/s. The measurement frequency was 5Hz. 

2.2.4 W-1x3

Bolts’ installation 
The bolts were prepared as in the previous series. The tightening order was identical but for 
lack of time the bolts were pretensioned at once and testing started shortly after. 
 
Slip measurements 
The slip measurements were identical to those of series Z-1x3. 
 
The tests were performed in February 2008 at Ruukki’s laboratory in Raahe, Finland. A 
WOLPERT load frame with 1000kN capacity and self-tightening grips was used (See Figure 
2.2-2). The samples were loaded in stroke control at a constant rate of 5 m/s. The 
measurement frequency was 5Hz. 
 

     

Figure 2.2-2. WOLPERT load frame. 
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2.2.5 Z-2x3

Bolts’ installation 
The bolts were prepared as in the previous series. As recommended in EN1090-2 tightening 
occurred from the stiffest part of the connection outwards, i.e. following increasing bolt 
numbers (See Figure 2.1-3). For lack of time the bolts were pretensioned at once and testing 
started shortly after. 
 
Slip measurements 
Relative slip was measured between the connected plates at five locations; S1 and S5 at the 
side, at the elevation of the central bolts (B3 and B4) (these values were then averaged), S2 
and S4 at the edge along the two slot axis (these values were then averaged), and S5 at the 
edge centre (See Figure 2.1-3). Slip of the cover plate was not measured. 
 
The tests were performed in March 2008 at Ruukki’s laboratory in Raahe, Finland. A 
WOLPERT load frame with 1000kN capacity and self-tightening grips was used. The samples 
were loaded in stroke control at a constant rate of 5 m/s. The measurement frequency was 
5Hz. 

2.2.6 Z-1x6

Bolts’ installation 
The bolts were prepared as in the previous series. As recommended in EN1090-2 tightening 
occurred from the stiffest part of the connection outwards, i.e. following increasing bolt 
numbers (See Figure 2.1-4). For lack of time the bolts were pretensioned at once and testing 
started shortly after. 
 
Slip measurements 
Relative slip was measured between the connected plates at five locations; S1 and S2 at the 
side, at the elevation of the second bolts (B2)(these values were then averaged), S3 and S4 at 
the side, at the connection centre (Between B3 and B4)(these values were then averaged), and 
S5 at the edge centre (See Figure 2.1-4). Slip of the cover plate was not measured. 
 
The tests were performed in March 2008 at Ruukki’s laboratory in Raahe, Finland. A 
WOLPERT load frame with 1000kN capacity and self-tightening grips was used. The samples 
were loaded in stroke control at a constant rate of 5 m/s. The measurement frequency was 
5Hz. 
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2.2.7 Z-1x3n

Bolts’ installation 
The bolts were prepared as in the previous series. As recommended in EN1090-2 tightening 
occurred from the stiffest part of the connection outwards, i.e. from the centre outwards in the 
order B2-B1-B3 (See Figure 2.1-4).  
 
Slip measurements 
Relative slip was measured between the connected plates at five locations; S1 and S2 at the 
side, at the elevation of the second bolts (B2)(these values were then averaged), S3 and S4 at 
the side, at the elevation of the first bolts (B1)(these values were then averaged), and S5 at the 
edge centre (See Figure 2.1-4). 
Different knife edges were used than in previous series and the spot welds for the edge 
measurement (S5) had a spacing of about 50mm. 
 
 
The tests were performed in October 2008 at Complab in Luleå, Sweden. An INSTRON load 
frame with 600kN capacity and adjustable hydraulic grips was used. The samples were loaded 
in stroke control at a constant rate of 5 m/s. The measurement frequency was 5Hz. 
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2.3 Results 

2.3.1 Residual Bolts pretensions 

The residual pretension is defined as the pretension remaining at test start. It is lower than the 
initial pretension defined as the bolt force present directly after tightening. Two phenomena 
are responsible for the pretension losses. 
 
Elastic interaction 
The bolt forces tend to decrease when consecutive bolts are tightened. This effect was more 
important when the bolts were tightened in one single step. 
The tightening sequence was the same for series P-1x3, PWS-1x3 and PZ-1x3 but it was 
performed in one step for the first and two steps for the second and third specimen 
respectively. In the first case the pretension of the central bolt decreased by about 5% (See 
example on Figure 2.3-1). If the bolts were first all tightened to about 80% of their expected 
pretension the drop could be neglected (See example on Figure 2.3-2). 
The variations were negligible for the specimens with thicker plates, as the tightening was 
performed in two steps, from the stiffest location outwards. 
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Figure 2.3-1. Bolt forces during tightening, series P-1x3, Specimen 2. 
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Figure 2.3-2. Bolt forces during tightening, series PWS-1x3, Specimen 2. 

Short term relaxation 
The bolt forces presented a peak during tightening. Once the maximum was reached the 
forces decrease asymptotically. 
The magnitude of the pretension loss depends on the surface and plate thickness as well as on 
the geometry (See Table 2.3-1). 
The specimens from series P-1x3 and PWS-1x3, which have similar properties, show very 
similar losses. The small differences may be related to the tightening procedure (See previous 
chapter). The bolts of series PZ-1x3 see greater losses although the geometry and bolt size are 
identical. The discrepancies must therefore be related to the surface properties. It indeed is 
likely that a coated surface will creep more thus leading to higher force decrease. 
Series PZ-1x3 and Z-1x3 have identical surface properties but different plate thickness and 
bolt size. The pretension losses are more important in the case of thin plates where creeping of 
the coating has a relatively greater influence. 
Series Z-1x3 and Z-1x3n have identical surface properties, plate thickness and bolt size but the 
hole’s geometry changes. The losses are 1% higher when using slotted holes. 

Table 2.3-1. Evolution with time of the average loss of pretension of all bolts in % of the 
maximum. 

Time after Max. P-1x3 PWS-1x3 PZ-1x3 Z-1x3 Z-1x3n 
10s 3.0 2.5 3.4 2.7 2.1 

10min 5.8 4.6 8.4 5.7 5.0 
12hrs 7.2 6.9 12.1 8.9 7.7 
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Table 2.3-2 to Table 2.3-4 show the evolution of bolt pretension for all three bolts’ positions. 
With a slotted hole, independently of the surface or specimen geometry the greatest losses are 
found at the central bolts (B2). This can however be reduced by tightening in two steps. The 
decreases are very similar for the leading bolts (B1 and B3) although there is a tendency for 
higher losses close to the slot opening (B3). With normal holes on both plates, the variations 
are very similar at all three locations. 

Table 2.3-2. Evolution with time of the average loss of pretension of B1 in % of the maximum 
pretension. 

Time after Max. P-1x3 PWS-1x3 PZ-1x3 Z-1x3 Z-1x3n 
10s 2.8 2.1 3.2 2.6 2.2 

10min 4.4 3.9 7.5 5.2 5.2 
12hrs 5.6 6.2 10.9 8.3 8.3 

 

Table 2.3-3. Evolution with time of the average loss of pretension of B2 in % of the maximum 
pretension. 

Time after Max. P-1x3 PWS-1x3 PZ-1x3 Z-1x3 Z-1x3n 
10s 2.9 3.0 3.5 2.8 1.8 

10min 8.6 5.9 9.2 6.1 4.7 
12hrs 10.3 8.1 13.4 9.4 7.2 

 

Table 2.3-4. Evolution with time of the average loss of pretension of B3 in % of the maximum 
pretension. 

Time after Max. P-1x3 PWS-1x3 PZ-1x3 Z-1x3 Z-1x3n 
10s 3.2 2.7 3.5 2.7 2.3 

10min 4.4 4.5 8.8 5.8 5.0 
12hrs 5.9 6.6 12.4 8.9 7.6 
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2.3.2 Behaviour of the lap joint in tension 

Different geometries, bolts and faying surfaces lead to different responses of the specimens in 
terms of stiffness, resistance, etc. A qualitatively similar behaviour can be found for all. It is 
best described with an example. Particularities will then be described in further sections. 
Figure 2.3-3 shows the behaviour of specimen 2 from series P-1x3 which is representative. 
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Figure 2.3-3. Load-displacement behaviour, example of specimen 2 from series P-1x3. 

It appears that the behaviour is first linear but shows some nonlinearity at relatively low loads, 
already before the ultimate load (1) is reached. It should be noticed that the measurement of 
elongation is not accurate enough to derive the stiffness of the specimen and it should be 
regarded as indication only. It is unlikely that yielding of the plates occurs and if nonlinear 
deformations appear in the specimen they are certainly due to small relative slip (microslip) at 
locations away from the fasteners where the contact pressure is too low to transfer load by 
friction. At the ultimate load (1) friction is overcome over the whole contact area and the two 
plates slide relatively to each other (macroslip). At this point a sudden load drop is noticeable. 
It can be explained by a change from static to lower kinetic friction which may already be 
noticeable at low velocity [31].The post failure behaviour is then characterized by an increase 
of the transferred load after a certain amount of slip (2). At this point the cover plate still 
happens to “stick” to the underlying plate and the increase can be interpreted as the bolts 
bearing on the cover plate holes. As a result extra load can be transferred by friction between 
cover plate and underlying plate on one side, and between bolt heads and underlying plate on 
the other side. If the friction is lower below the bolt heads, which is the case here, the load can 
increase until a second drop (3) takes place as the heads start slipping. When they come in 
bearing (4) a last load increase can happen up to the point where the cover plates slips (5). If 
the friction below the cover plate is lower than between the heads only one load increase may 
happen before the cover plate slips. The behaviour is schematized on Figure 2.3-4 below. 
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Figure 2.3-4. Schema of the post-slip behaviour. 

2.3.3 Bolts forces variations in service 

The bolts forces decreased when a tensile load was applied on the specimens. A correlation 
could be found between the variations of bolt force and the tensile load until major slip. At 
that point a sudden drop occurred. The losses were not recovered after unloading. 
 
Figure 2.3-5 to Figure 2.3-7 show examples of bolts forces variations as a function of the 
applied load for series Z-1x3, WS-1x3 and Z-1x3n respectively. With the painted surfaces the 
achieved loads are relatively lower and the behaviour is quasi-linear. With corroded 
weathering steel nonlinearity develops at about half the specimen’s resistance. It is more 
striking for the leading bolts. 
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Figure 2.3-5. Bolts forces variations vs. applied load, example of specimen B from series 
Z-1x3. 
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Figure 2.3-6. Bolts forces variations vs. applied load, example of specimen D from series 
WS-1x3. 
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Figure 2.3-7. Bolts forces variations vs. applied load, example of specimen 2 from series 
Z-1x3n. 
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Figure 2.3-8 to Figure 2.3-10 offer a better comparison between series Z-1x3 and WS-1x3 for 
each bolt location. It can be seen that, already at low loads, the initial decrease rate is lower 
with zinc coating. This is moreover independent from the bolt location. 

-150

-125

-100

-75

-50

-25

0

0 100 200 300 400 500 600 700 800
Load [kN]

V
ar

ia
tio

n 
of

 b
ol

t f
or

ce
 [k

N
]

Z-1x3
WS-1x3

 

Figure 2.3-8. Comparison of bolts forces variations vs. applied load at location B1 of Z-1x3 
and WS-1x3. 
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Figure 2.3-9. Comparison of bolts forces variations vs. applied load at location B2 of Z-1x3 
and WS-1x3. 
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Figure 2.3-10. Comparison of bolts forces variations vs. applied load at location B3 of Z-1x3 
and WS-1x3. 

Figure 2.3-11 to Figure 2.3-13 compare the results between series Z-1x3 and Z-1x3n for each 
bolt location. The leading bolt at the close end of the long slotted hole (B1) behaves in a 
similar way as the equivalent bolt installed in a normal hole. The central bolts see the lower 
decreases of both series with roughly the same magnitude. Whereas the leading bolt at the 
open end of the slot (B3) looses the most force, the specimen with normal holes is 
symmetrical and both leading bolts have similar behaviours, i.e. the total decrease is slightly 
less important. 
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Figure 2.3-11. Comparison of bolts forces variations vs. applied load at location B1 of Z-1x3 

and Z-1x3n. 
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Figure 2.3-12. Comparison of bolts forces variations vs. applied load at location B2 of Z-1x3 
and Z-1x3n. 
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Figure 2.3-13. Comparison of bolts forces variations vs. applied load at location B3 of Z-1x3 
and Z-1x3n. 
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The variations of bolts forces of series Z-1x3 and Z-2x3 compare well as it is illustrated in 
Figure 2.3-14 for the leading bolts closer to the slots’ closed ends. 
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Figure 2.3-14. Comparison of bolts forces variations vs. applied load, at locations B1 and, B1 
and B2, of Z-1x3 and Z-2x3 respectively. 
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Figure 2.3-15 shows the bolts forces variations of specimen D1 from series Z-1x6. The 
discontinuity at about 70kN corresponds to a change in the loading rate. After that the 
behaviour of the central bolts (B2 to B5) is very similar until slip. The two leading bolts (B1 
and B6) loose force quasi linearly as the load increases. Their loss rates are identical. They are 
higher than for specimens with three bolts only. 
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Figure 2.3-15. Bolts forces variations vs. applied load, example of specimen D1 from series 
Z-1x6. 

Table D- 1 to Table D- 8 in Appendix D show the total loss of bolt force up to major slip. It is 
also given as a percentage of the initial pretension. 
Qualitatively the leading bolts always loose more force than the central bolts. And the bolts 
closer to the slot’s opening have higher losses than those close to the slot’s closed end. In the 
long specimens (Z-1x6) the four central bolts loose the same amount of force. Some 
asymmetry is noticeable in the wide specimens (Z-2x3); higher losses are found in the row 
subject to additional tension from in plane rotation. 
With comparable geometry and bolts the total clamping loss is more important for weathering 
steel specimens and the difference increases for thick plates with bigger bolts. The clamping 
loss is around 23% with corroded weathering steel, independently of the plate thickness and 
bolt diameter. For painted plates the loss was about 16% and 3 % for 8mm-thick plates with 
M20 bolts, and 25mm-thick plates with M30 bolts respectively. 
The total loss of the wide specimens (Z-2x3) was very similar to that of the specimens with 
three bolts (Z-1x3). But the long specimens (Z-1x6) saw a decrease more than twice as high 
(about 8%). 
The total losses are very similar between specimens with normal holes and slots. However the 
initial clamping forces and ultimate loads were higher with normal holes so that this 
configuration in fact leads to lower losses. The difference is noticeable at the slot end where 
higher losses were recorded. 
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2.3.4 Slip behaviour 

The load-slip curves of specimens from series Z-1x3 and WS-1x3 are compared on Figure 
2.3-16 and Figure 2.3-17. The initial behaviours are quasi-linear with similar slopes but 
nonlinearity is introduced at relatively low loads (about 60% of the resistance). 
At the failure load the average slip at the connection’s side is about 50μm and 300μm with 
zinc rich paint and weathering steel respectively. 
The measurements at the connection’s edge include a component of plate elongation and the 
behaviour appears almost linear with zinc rich paint whereas the nonlinearity remains obvious 
with weathering steel. 
 
At low loads the load-slip curves of series Z-1x3 and Z-2x3 compare well (See Figure 2.3-18) 
except for specimen B2 which had a peculiar behaviour with much higher slip than the two 
other specimens of its series. 
For the specimens of series Z-2x3 there was no significant difference between the 
measurements at the connection’s edge along the bolts rows (S2 and S4) and along the 
connection’s centre line (S3). Therefore, only the average was plotted on Figure 2.3-19. The 
specimens with 2 rows of bolts appear to have twice as high stiffness. 
 
The load-slip curves of the short specimens (Z-1x3) are compared to those of the long 
specimens (Z-1x6) on Figure 2.3-20 and Figure 2.3-21. 
At the connection’s side the initial stiffness compare well between the two series. Within the 
long specimens the behaviour varies with the position along the height; the stiffness increases 
closer to the connection centre and the nonlinearity is less striking there. The nonlinear part of 
the curve is relatively wider for the long specimens and the ultimate slip more than twice as 
big. 
At the connection’s edge the initial stiffness are similar but the longer specimens appear 
stiffer when the shorter ones develop nonlinear slip. 
 
The load-slip curves of the specimens with long slotted holes (Z-1x3) are compared to those 
of the specimens with normal holes (Z-1x3n) on Figure 2.3-22 and Figure 2.3-23. 
At the connection’s edge the behaviours compare very well before failure. But since the 
measuring points are spaced slightly differently with a longer interval for Z-1x3n it seems that 
it is a little stiffer. 
As expected the stiffness increases towards the connection centre. But at the same elevation 
the specimens with normal holes show lower relative slips. 
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Figure 2.3-16. Comparison of load-slip curves at the connection’s sides (S1 and S2) between 
series Z-1x3 and WS-1x3. 
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Figure 2.3-17. Comparison of load-slip curves at the connection’s edge (S5) between series Z-
1x3 and WS-1x3. 
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Figure 2.3-18. Comparison of load-slip curves at the connection’s sides between series Z-1x3 
and Z-2x3. 
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Figure 2.3-19. Comparison of load-slip curves at the connection’s edge between series Z-1x3 
and Z-2x3. 
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Figure 2.3-20. Comparison of load-slip curves at the connection’s sides between series Z-1x3 
and Z-1x6. 
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Figure 2.3-21. Comparison of load-slip curves at the connection’s edge (S5) between series Z-
1x3 and Z-1x6. 
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Figure 2.3-22. Comparison of load-slip curves at the connection’s sides between series Z-1x3 
and Z-1x3n. 
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Figure 2.3-23. Comparison of load-slip curves at the connection’s edge (S5) between series Z-
1x3 and Z-1x3n. 
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2.3.5 Static resistance 

The failure criterion for High Strength Friction Grip connections is often related to a certain 
amount of displacement in the connection. In publication no.37 of ECCS Technical 
Committee 10 [32], dating from 1987, it is explained that this displacement was defined as 
equivalent to the typical displacement of a riveted connection which was experimentally 
found to be about 300μm. More recently, a displacement of 150μm is used in EN1090-2 [27]. 
As mentioned in [32] the amount of displacement does not play any part in the determination 
of the slip load for stiff connections between steel plates which are tested in load control. 
Indeed, once the friction is overcome, slip proceeds in one continuous movement with the 
applied load being equal to the slip load. 
If the tests are performed in stroke control the velocity remains constant and the applied load 
is free to take any value. At major slip the amount of displacement in the connections 
significantly varies with specimen geometry, bolt size and surface type. It is thus impossible 
to determine a generic displacement criterion that fits all test series and allows for 
comparison. 
Therefore the ultimate load at major slip was taken as the slip resistance of the connection. 
 
Table 2.3-5 shows the average slip factors and apparent friction coefficients for all series. 
More comprehensive results can be found in Table D- 9 to Table D- 16. 
The slip factor was defined as the ratio between slip resistance and initial clamping force. 
Note that the slip resistance has a different definition as given in EN1993-1-8 [33] and 
EN1090-2 [27]. Therefore the values given in the tables should not be compared directly to 
those available in the literature. 
The apparent friction coefficient is defined as the ratio between the slip resistance and the sum 
of bolts forces at major slip. It allows a better comparison of the friction properties without 
accounting for the different variations of clamping forces. 

Table 2.3-5. Slip factors and apparent friction coefficients. 

Series P-1x3 PZ-1x3 PWS-1x3 Z-1x3 WS-1x3 Z-2x3 Z-1x6 Z-1x3n 
Slip factor 0.591 0.311 0.629 0.320 0.611 0.264 0.310 0.338 

Apparent friction 
coefficient 0.792 0.430 0.856 0.356 0.795 0.288 0.337 0.370 

 
Corroded weathering steel surfaces gave the best results. The slip factor was about 6% higher 
than with new weathering steel surfaces and about two times higher than with ethyl silicate 
zinc rich paint. 
Comparing the test series with 25mm-thick plates and 5 specimens each the scattering is less 
important with corroded weathering steel. The variation is then about 1% compared to about 
8% for the painted plates. 
The specimens with thinner plates and smaller bolts had higher apparent friction coefficients 
by about 20% and 8% for zinc rich paint and corroded weathering steel respectively. The slip 
factors were however very similar due to higher pretension losses. 
The slip factors from the specimens with a higher amount of bolts cannot be compared as the 
bolts did not have time to relax before test start. The apparent friction coefficients however 
show some differences. The specimens with one row of six bolts have an apparent friction 
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coefficient lower by only 5%. The loss is much more important, about 20%, with two rows of 
three bolts. 
These results may be attributed for one point to the small amount of specimens. Other reasons 
may be related to testing conditions. Indeed it could be noticed that in plane rotation occurred. 
The direction of rotation was identical for all specimens tested in each load frame. It is thus 
reasonably assumed that it was introduced by misalignments in the tensile machines. It was 
greater for the WOLPERT load frame used for series WS-1x3, Z-2x3 and Z-1x6. And while 
the influence can be neglected for narrow specimens, the associated strains grow with the 
specimen width and may have an influence on the behaviour of the wider specimens of series 
Z-2x3. The load-displacement curves of all three specimens are shown on Figure 2.3-24. It 
can be seen that whereas specimens B1 and B3 have a clear ultimate load followed by a drop, 
the ultimate load taken for B2 (See point on Figure 2.3-24) and the followed drop may be 
interpreted as some readjustment due to in plane rotation. The actual ultimate load may be 
chosen as the point marked with the triangle on Figure 2.3-24. Doing so the average slip 
factor is only less than 13% below that achieved by the specimens with one single row, and 
the variation drops to about 9%, which is more realistic for this type of surface. 
At major slip the average in plane rotation was about 1.6.10-3 radians. For the smaller 
specimens that were tested in the other load frame the average rotation was about half as high. 
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Figure 2.3-24. Load-displacement curves for series Z-2x3. 

The resistance of specimens with normal holes was relatively about 4% higher than that of 
equivalent specimens with long slotted holes. The results variation also was lower. Due to the 
small amount of specimens the confidence interval is however small. More tests would be 
required to obtain statistically relevant results. 
 
Load drop at slip 
Following the ultimate load, all specimens presented a load drop. Its magnitude determines 
how much load can still be transferred after the joint has failed. 
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Table D- 17 to Table D- 24 show the drop magnitude and its proportion of the slip resistance. 
The specimens made of corroded weathering steel had higher drops than the equivalent 
specimens with zinc rich paint. However their ratios to the ultimate loads were comparable, 
ranging between 20% and 40% for specimens with 3 bolts. Weathering steel had a “stick-slip” 
behaviour with sudden changes between sticking and slipping mode accompanied by 
characteristic noises and vibrations (See example on Figure 2.3-25). The transition was 
smoother for coated plates (See example on Figure 2.3-26). 
The average force drops were comparable for the two series with 6 bolts. They were relatively 
smaller than with less bolts but the variations were more important. 
The force drop was relatively about 50% higher when normal holes were used and the 
transition was very sudden (See example on Figure 2.3-27). 
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Figure 2.3-25. Load-displacement curve, series WS-1x3, specimen D. 
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Figure 2.3-26. Load-displacement curve, series Z-1x3, specimen B. 

 

0

50

100

150

200

250

300

350

400

450

500

550

0 1 2 3 4 5
Total displacement [mm]

Lo
ad

 [k
N

]

 

Figure 2.3-27. Load-displacement curve, series Z-1x3n, specimen 1. 
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2.4 Analysis 

It is often considered that friction joints act as solid parts with smooth stress transfer [34] until 
major slip occurrence. The resistance is mostly derived using a Coulomb friction model and a 
normal force defined as the initial bolt pretension. 
The performed tests highlighted the influence of other parameters on both the bolt forces, and 
thus the clamping force, and the frictional behaviour of the surfaces. It is important to 
carefully analyze these effects and to account for them to achieve optimum design to the 
ultimate limit state. 

2.4.1 Behaviour of the connection with open slotted hole 

Compared to normal holes the contact surface present under the bolts is much reduced when 
slotted holes are used. This locally affects the stiffness and contact pressure which in turn 
affect both the bolt force and the friction properties of the faying surfaces. 
 
Bolts forces 
It was found that reduced stiffness would require more stretch and that galling of the washers 
may add to the resistive torque, both effects resulting in lower initial pretension [22, 35]. For 
this application however Tension Control Bolts are tightened by a kind of torque method for 
which the joint stiffness has no significant effect. Furthermore, it was possible to distribute 
the clamping force more uniformly, using large cover plates made of hardened steel. No 
significant deformation was noticeable. 
 
The slip resistance is however determined by the residual pretension and the variation of bolt 
forces in service, both of which are affected by open slotted holes. 
 
The residual pretension can be defined as the bolt force that remains after all fasteners have 
been tightened and some time has elapsed [34]. Elastic interaction, sometimes also called 
“cross-talk”, between the different bolts and short term relaxation lead to residual pretensions 
lower than the initial pretension. 
The fasteners in a group interact so that when consequent bolts are tightened the load in 
already tightened bolts will typically decrease. That behaviour is hardly predictable and it 
seems that it can only be improved by tightening in more steps [34]. For some specimens it 
was found that tightening in two steps could reduce the influence of elastic interaction and 
yield residual pretensions up to 5% higher at the central bolt. It should be noticed however 
that, in this case, tightening was not performed, as recommended [27], from the most rigid 
part of the connection. Tightening from the slot’s closed end (expected to be the stiffest 
location), towards the opening may then alone improve the results. Furthermore it was found 
that tightening in more steps could reduce the initial pretension (See Chapter 6). Therefore 
more tests should be performed to determine the best compromise between higher initial 
pretension and lower elastic interaction. 
At the micro level, physical contact does not happen between plane and smooth surfaces but 
rather between asperities. The real contact surfaces are thus much smaller than the apparent 
contact zone. The local pressure can easily exceed the material yield strength. Creep thus 
happens as the asperities yield in highly stressed zones such as the threads and contact areas. 
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The consequent decrease of grip length leads to lower bolt forces. The creep magnitude 
depends on the bolts, surface roughness and coating but also on the geometry of the hole via 
the different pressure distribution. The bolt stiffness as well as initial grip length also have an 
important effect on the relative loss. 
Short term relaxation phenomena vary greatly and prediction is at best very difficult. 
However the tests results allow identifying some generic pattern for the particular specimens. 
The bolts installed in normal holes show similar variations since contact properties are likely 
to be identical. In slotted holes the variations are more important for the central bolts (B2) and 
the bolts at the slots’ open ends (B3) where contact pressure is the highest. The difference 
between central and leading bolts may be due to different lateral stiffness, i.e. the plates may 
have greater ability to elastically conform to the clamping load at the slot’s ends thus reducing 
creep for these bolts (B3). 
As expected the coated plates underwent higher creep and reduced grip length increased the 
losses. 
It is often considered that most of the short term relaxation takes place within 12 hours after 
tightening [36]. Results confirmed that the bolts forces decreased asymptotically. After about 
one hour the force-log time curves were linear with a decrease rate of about 9kN.log(s)-1.The 
total loss after twelve hours represented between 7% and 12% of the initial pretension which 
is in accordance with former observations reported in the literature for normal holes and 
structural steel [34]. The difference in losses between specimens with slotted holes and 
normal holes exists with a confidence level of 95%. However, as reported by Allan and Fisher 
[21], it is not great and represents about 1% of the initial pretension. 
 
In service, i.e. when a load is transferred by the connection, the bolts forces are affected by 
two phenomena [36]. 
First, in plane stresses are accompanied by transversal strains which tend to decrease or 
increase the grip length under tensile or compressive stresses respectively. These 
deformations are elastic and the loss is thus recovered upon release of the external load. 
Second, the tangential shear force is resisted by the deformation and yielding of opposite 
asperities that define contact. These deformations are accompanied by an inward normal 
plastic displacement that reduces the grip length. 
Both modes could be noticed in the experiments; the bolts forces first decreased linearly and 
showed sign of “yielding” closer to the slip load. Once major slip occurred the surface 
damages were too important to notice any load recovery after unloading of the specimens. 
Generally the importance of loss could be related to the expected stress distribution in the 
plates. The leading bolts suffered higher losses already at early stages. This tends to show that 
they are responsible for most of the shear transfer. Such observations were already made by 
Nishimura et al. [37] on double lap joints. The central bolts were less affected, and similar 
results were obtained with more bolts in a row and with normal holes. 
Weathering steel surfaces were responsible for higher initial loss rates which may be caused 
by a different Poisson’s coefficient of the material but more likely by a higher surface 
roughness. The friction coefficient being higher, higher stresses could develop before failure 
which led to higher strains and more important yielding of the asperities. The total loss at slip 
was thus much higher with values of 23% and 3% of the residual pretension for corroded 
weathering steel and zinc rich paint respectively. 
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Stiffness 
The contact area between the connected plates is localized around the bolts. And the contact 
pressure is not constant but rapidly varies from a maximum at the hole’s edge to zero at a 
distance of typically two times the bolt diameter [36]. 
The tangential constraints induced by friction are thus not uniform in the joint and complex 
deformations occur when external loads are applied. 
Although the overall stiffness could not be accurately determined by the experiments, 
measurements of local slip showed that the overall response will be different from that of an 
equivalent “solid block”. 
The amount of relative motion is dependent on the location due to different level of 
constraints. It is higher at the connection’s edge along the slot’s axis where stresses are 
concentrated. At the connection’s side the amount of slip gradually decreases towards the 
centre. 
At the same elevation, geometrically equivalent specimens have equivalent initial stiffness. 
The friction properties have almost no influence. Specimens with slotted holes appear slightly 
more flexible than when normal holes are used. 
Different friction properties influence the nonlinear behaviour that develops closer to the 
static resistance. As higher shear stresses are transferred the tangential resistance is locally 
overcome in zones of low contact pressure. Coincident points are thus able to move relatively 
to each other without the plates undergoing large relative motion. This phenomenon is known 
as microslip [19]. With increasing loads the sticking zone progresses towards the centre until 
the global shear resistance is reached and macroslip, i.e. solid body movement of the plates, 
occurs. 
 
Slip resistance 
The slip resistance is determined by the clamping force and friction properties at the instant 
when major slip occurs. The friction properties are often described by a single constant: the 
friction coefficient. 
In reality the friction coefficient can be more or less dependent on numerous other parameters 
such as contact pressure, temperature, contact time, sliding velocity, etc [31, 38]. The 
dependency towards contact pressure and time are here of significance as they may be the 
explanation for discrepancies between specimens with slotted and normal holes. 
The friction coefficient of steel decreases with increasing contact pressure. This phenomenon 
can be linked to increased flattening of the surfaces asperities [22] and the relationship is 
typically of the exponential type [38]. 
The friction coefficient is also increasing with the contact time under quasi logarithmic 
relationship. It is thus likely that the friction coefficient will be lower in the microslip zone 
where contact is changing as in the sticking zone where it is established for much longer time. 
Both phenomena lead to different apparent friction coefficients for the different 
configurations and it is thus impossible to strictly define a standard friction coefficient for a 
particular surface type. 
As the contact pressure increases with the use of slotted holes, the apparent friction coefficient 
decreases. A loss of about 4% was observed. 
It should also be noticed that a significant difference of more than 20% was observed between 
the apparent friction coefficient of static tests with normal holes and that of standard friction 
tests performed with smaller bolts. 
The resistance of friction connections should therefore ideally be determined by testing the 
actual configuration. If this is not feasible the phenomena mentioned above should be 
carefully accounted for by application of an adequate reduction of the resistance. 
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2.4.2 Group effect 

Bolts forces 
The variations followed the same pattern as already observed for specimens with less bolts. 
With a single row of six bolts, all four central bolts had very similar behaviours. 
It is difficult to compare the results quantitatively since the bolts of larger groups were 
installed just before testing and no time was left for relaxation. At the same load the losses are 
generally more important with larger groups which cannot be explained by higher stresses. 
 
Stiffness 
The behaviour of larger specimen was as expected: with two bolts rows the relative motion at 
the side was identical whereas, due to the doubled width, the local tangential stiffness at the 
connections edge was double. With a longer row of six bolts the tangential stiffness was only 
slightly increased at both locations. 
 
Slip resistance 
The apparent friction coefficients of specimens with six bolts were lower than with three bolts 
only. The differences were about 5% and 20% for longer and larger specimens respectively. 
Different explanations can be put forward. 
First, as already mentioned, the testing conditions were slightly different and increased in 
plane rotation may have had an adverse effect for the wider specimens. Assuming that the 
maximum displacement of the connection is about 300μm, the average in plane rotation in a 
tower with 3m diameter would be about 2.10-4 radians, i.e. eight times less than in the tests. It 
is thus concluded that the specimens of series Z-2x3 do not reflect the behaviour of the 
connection in a tower. 
Second, as the contact duration influences the friction coefficient it is possible that tightening 
the bolts directly before the tests would lead to different results than after half a day. 

 
Figure 2.4-1. Example of static friction coefficient variations with the contact time for steel 

interfaces [39]. 

Finally, geometrical imperfections such as warping or out of flatness of the plates may 
degrade the relationship between bolts pretension and clamping force. Specimens with one 
bolts row are less prone to unfavourable imperfections about the in plane normal to the slot 
axis. 
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2.4.3 Effects of eccentricity 

All tests were performed on single lap joints and the load was thus introduced eccentrically 
creating some out of plane bending. In a wind tower application the plate curvature would 
create some three dimensional restraint and the behaviour may thus be different from that of 
the unrestrained segment joint [22]. 
It was not possible within this framework to investigate these effects experimentally. 
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3 NUMERICAL ANALYSIS 

3.1 Introduction 

Important test parameters such as the contact pressure or the stresses in the plates are 
inconvenient or impossible to obtain experimentally. Advanced numerical models were thus 
used to estimate these quantities and allow a more thorough analysis of the test results. 
The modelling technique is presented first, followed by comparison between numerical and 
experimental results. The discrepancies are analyzed and explanations are proposed based on 
the model limitations. Finally the contact conditions, load transfer mechanisms and stresses in 
the specimens are presented. 

3.2 Finite Element Models 

Three dimensional finite element models of the test specimens were created using the 
commercial software Abaqus 6.7.1. 

3.2.1 Modelling contact with Abaqus

The interaction at the interface between parts in contact is solved in Abaqus with a pure 
master/slave algorithm, i.e. the nodes on one surface (slave) cannot penetrate the segments 
that make up the other surface (master). 
 
The normal contact is defined by the type of contact discretization, tracking approach, 
mechanical behaviour and constraint method. 
 
Contact discretization 
Two contact discretization methods are available in Abaqus: a traditional “node-to-
surface”discretization and a true “surface-to-surface” discretization. 
With “node-to-surface” discretization each slave node interacts with its interpolated 
projection on the master surface. The contact direction is normal to the master surface and 
while the slave nodes cannot penetrate the master surface, a master node may penetrate the 
slave surface. 
With “surface-to-surface” discretization the contact conditions are discrete but an average of 
the “slave” surface is considered. Large penetration of master nodes is thus impossible. 
For a given mesh the “surface-to-surface” discretization provides smoother and more accurate 
pressure distribution. Although it may require more computational resources this method was 
chosen as accurate contact pressure was of main importance. 
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Tracking approach 
Tracking approach is the way potential contact pairs are determined. Two methods are 
available in Abaqus: “finite sliding” and “small sliding”. The first method is used by default 
and the contact pairs are redefined after each iteration. When relative motion is small, 
typically less than an element length, the “small sliding” method may give similar results, 
particularly for flat surfaces, with less computational effort; the contact pairs are defined once 
for all at the beginning of the step. Both methods were used. 
 
Mechanical behaviour 
Abaqus provides different types of mechanical behaviours defined by contact pressure-
clearance relationships. The most common is the so called “hard” contact relationship where 
no pressure is transmitted while clearance is positive and any pressure can be transmitted once 
the surfaces are in contact. Different “softened” contact relationships are also available to 
model particular physical behaviours or overcome numerical problems arising from the 
discontinuities introduced by “hard” contact. 
In addition to “hard” contact a “softened” exponential formulation was used in this work. This 
type of relationship is defined by two parameters; the pressure at contact and the zero pressure 
clearance. An exponential line is then fitted between these two points, i.e. a certain amount of 
pressure can be transmitted already before “real” contact and penetration may be required to 
transfer high pressure. 
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Figure 3.2-1. Contact pressure-clearance relationship. 

Constraint method 
Different methods exist to numerically enforce the constraints corresponding to the 
mechanical behaviour. Three are available in Abaqus: the direct method, the penalty method 
and the augmented Lagrange method. 
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The direct method strictly enforces the mechanical behaviour. In case of hard contact 
Lagrange multipliers are used; for each contact a reaction force is introduced as the 
penetration distance multiplied by a coefficient, the Lagrange multiplier, which becomes a 
new unknown. 
The penalty method only approximates “hard” contact. The reaction force is then set 
proportional to the penetration distance, i.e. overclosure will occur. Linear and nonlinear 
relationships are available. Only the first was used in this work. By default the penalty 
parameter, i.e. the contact stiffness, was set to 10 times the stiffness of the underlying 
element. This method introduces numerical softening which helps overcoming overconstraints 
and since no Lagrange multiplier is used, the solution is more efficient. 
The augmented Lagrange method is a combination of both previous methods: a first 
converged solution is obtained using the penalty method and if the penetration distances don’t 
satisfy the prescribed tolerances Lagrange multipliers are applied and a new solution is 
iterated. 
 
Frictional behaviour 
Furthermore the tangential or frictional behaviour can be introduced using an isotropic 
Coulomb model. The maximum shear force that can be transmitted by a contact pair is given 
as Pmax . This value defines the boundary between “sticking” and “slipping” states 
(See Figure 3.2-2). 
 

 

Figure 3.2-2. Stick region for the Coulomb friction model [40]. 

The friction coefficient can be function of other parameters such as contact pressure, 
temperature, velocity, etc. It was here taken as a constant value. 
As for the normal contact, different methods exist to enforce the tangential constraints from 
friction. By default a penalty method is used in Abaqus, i.e. for “sticking” contact the shear 
stress is set proportional to the relative motion (see Figure 3.2-3). This slip behaviour can be 
seen as an elastoplastic material behaviour with the maximum shear strength equivalent to the 
yielding resistance and tangential stiffness equivalent to the modulus of elasticity. The 
tangential stiffness is defined by the allowable elastic displacement. It generally is defined as 
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a small proportion of the typical element length and is thus mesh dependent. It is however 
possible to define an absolute value, which was the method used in this work. 
A direct method, using Lagrange multipliers is also available. It strictly enforces the 
“sticking” regions, i.e. the tangential stiffness is infinite, and therefore produces more 
accurate results but higher computational time is needed and overconstraints may occur that 
will prevent convergence. 
 

 
Figure 3.2-3. Frictional behaviour with the penalty enforcement method [40]. 

Elements
In general, second-order elements provide higher accuracy than first-order elements. They are 
more accurate for bending problems and capture stress concentrations more accurately. 
However if they are submitted to face pressure the equivalent nodal forces are inconsistent in 
direction and magnitude which is a problem for the contact solver. First-order elements 
should thus be used to define slave surfaces. 
With equivalent accuracy hexahedral elements are less costly than tetrahedral elements. The 
parts were therefore partitioned and meshed with first-order-8 nodes hexahedral (brick 
shaped) solid elements. 
Different formulations are available for this type of node. Reduced integration is the most 
economic since only one integration point is used (instead of 8). But the stress interpolation is 
consequently less accurate and hourglassing may occur, i.e. the elements may be too flexible 
and distort in a way that will produce no strain at the integration point (See Figure 3.2-4). 
Methods are however available to reduce these effects. 

 

 
Figure 3.2-4. Deformation of linear element with reduced integration subjected to pure 

bending [41]. 

First-order fully integrated elements do not hourglass. But in bending they may be subject to 
so called “shear locking”, i.e. they introduce parasitic shear stresses (See Figure 3.2-5) that do 
not really exist. They may thus behave too stiff in bending. 
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To solve this problem incompatible mode elements are available. In addition to the 
displacement degrees of freedom, incompatible deformation modes are present internally. 
These elements are thus a bit more expensive. There performances are also highly dependent 
on the initial shape; they shall have approximately a rectangular shape. 
 

 
Figure 3.2-5. Deformation of linear element with full integration subjected to pure bending 

[41]. 

Reduced integration elements (C3D8R) and incompatible mode elements (C3D8I) were used 
and compared. 
 
Algorithm
The algorithm used by Abaqus to solve contact problems is based on the Newton-Raphson 
method (See Figure 3.2-6). In addition to the equilibrium iterations used to solve nonlinear 
problems contact iterations (also called severe discontinuity iterations) are implemented to 
ensure the correct contact status. 
 

 

Figure 3.2-6. Flow chart of the contact algorithm used by Abaqus. 
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3.2.2 Simulation procedure 

The parts were meshed with 8 nodes hexahedral (brick shaped) solid elements. Taking 
advantage of the symmetry only one half of the specimens was modelled. The plates were 
modelled with their nominal geometries. They were assembled with aligned holes and 
coincident mesh when possible. Illustrations of the mesh can be found in Appendix E. 
 
The simulations were performed in three distinct steps; 

1. a small strain was applied to the bolts in order to initiate contact, 
2. the bolts were then pretensioned, and, 
3. a vertical displacement was applied on one plate while the other was griped. 

 
The bolt pretension was achieved by defining an internal section of the shank and applying 
compressive strains to the underlying layer of elements. This induced tensile stresses in the 
other shank sections and, maintaining the initial strains throughout further steps, the bolt force 
could vary with external solicitations thus realistically modelling the fastener’s behaviour. 
The internal section was defined at the middle of the shank. 
 
One plate was maintained (See Figure 3.2-7, a) throughout the whole simulation with fully 
constrained surfaces. These were defined to approximately match the griped zones but for 
convenience they were rectangular whereas the grips were circular. The other plate was 
assigned a reference point together with a kinematic coupling constraint (See Figure 3.2-7, b). 
In the second step the vertical displacement was assigned to the reference point. With this 
method reaction forces and moments were easily obtained. 
 

a)          b)  

Figure 3.2-7. Boundary conditions; a) fixed lower plate with normal holes, b) moving upper 
plate with slotted hole. 
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3.2.3 Bolt model 

The bolts of the FE-model should introduce the clamping forces between the plates. It is 
important that the contact pressure and overall stiffness be modelled realistically but the bolts 
are complex elements and simplifications must be used to keep the calculation expenses 
within acceptable limits. 
Head and nut geometries were simplified and taken as cylinders with height of 20mm and 
diameters of 48mm and 53mm respectively. This approach affects the contact geometry and 
thus the pressure distribution directly under the heads and nuts. However the influence on the 
contact pressure distribution between the connected plates, which is of interest here, is 
minimal. 
The bolts were modelled as continuous bodies including the nut. The shank was a cylinder 
with a diameter of 30mm. 
For the model to simulate accurately the variation of bolt forces it was necessary that the 
stiffness be right. Therefore five elongation tests were performed (See Figure 3.2-8) and the 
average stiffness for the considered clamping length and load level was derived. It was about 
1.094kN/ m. The shank modulus of elasticity was then taken as E=89.8GPa to fit the 
experimental stiffness. While the axial stiffness is correctly modelled the lower elasticity 
modulus leads to unrealistic bending stiffness. But this type of loading is marginal for this 
application. 
Head and nut material was perfectly elastic with the following properties: E=210GPa and 
=0.3. 

 

 

Figure 3.2-8. Test setup for stiffness measurements. 
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The bolt geometry and mesh are presented on Figure 3.2-9. 
 

  

Figure 3.2-9. Bolt geometry and mesh. 

3.2.4 Solution robustness 

Due to the complexity of the contact problem definition it appeared necessary to assess the 
robustness of the solution towards changes of model properties such as tracking method, 
normal contact behaviour, constraint method, frictional behaviour , element type and mesh 
density. 
Results in terms of relative slip, contact stresses and bolt forces variations were compared for 
different combinations of these properties (See Table 3.2-1). 
 
Element type 
Stiffness and maximum load are the same but the contact stresses are more evenly distributed 
with C3D8I elements. 
 
Normal contact behaviour 
When the penalty method is used to apply the contact constraints, different mechanical 
behaviours had only little influence, less than 1% variation, on the results. No significant gain 
in computational time was achieved with exponential formulations and since no numerical 
problems arose, “hard” contact should be privileged. 
 
Tracking method 
The changes induced by a different tracking method were marginal. Thus small sliding shall 
be used since the computational time was reduced by about 12%. 
 
Constraint method 
With a “hard” contact formulation, no significant difference could be found between the 
results obtained with the penalty and direct methods. The penalty method however reduced 
the number of iterations and thus offered an interesting gain of computational time of about 
35%. It was thus chosen for further simulations. 
 
Mesh density 
First a coarser mesh with 35031 elements was used. It was then refined in the interesting areas 
where contact occurs to obtain a second mesh with 69779 elements, i.e. twice as many. The 
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computational time was increased by a factor 4 with C3D8I elements and the output files were 
too huge to be used. 
As the differences were marginal the solution could be considered as converged and the 
coarser mesh was found more appropriate. 
 
Elastic slip 
Different values of the allowed elastic slip had no influence on the slip load. The stiffness of 
the specimens decreased linearly with increasing elastic slip. Extrapolating this trend, it was 
found that the error was less than 1% with an elastic slip of 1μm. This value was considered 
appropriate. 

Table 3.2-1. Properties combinations considered for the assessment of the solution 
robustness. 

Model reference 01 02 03 04 05 06 07 08 09 
Element type C3D8R C3D8I 

Contact formulation “hard” Exp.1 Exp.2 “hard” 
Tracking method 

(F: finite sliding, S: small sliding) F S F 

Constraint method 
(D: direct, P: penalty) D P D 

Mesh density* 
(C: coarse, F: fine) C F 

Elastic slip [μm] 1 5 10 1 
Running time [min] 211 134 135 149 118 344 - 321 700 

Exp.1: P0=500MPa and c0=1μm / Exp.2: P0=250MPa and c0=5μm / * See Appendix F  
 
In conclusion the optimal set of properties that was used in all models further analyzed in this 
thesis is presented in Table 3.2-2. 

Table 3.2-2. Properties combination used in further analyses. 

Element type C3D8I 
Contact formulation “hard” 
Tracking method Small sliding 
Constraint method Linear penalty 
Mesh density Coarse* 
Elastic slip 1μm 
* See Appendix F 

 



  NUMERICAL ANALYSIS 
 

 
60 

3.3 Comparison with experimental results 

3.3.1 Slip load 

Numerical models were first developed with a uniform friction coefficient equal to the 
apparent coefficient obtained from the friction tests. The slip loads were defined in the 
numerical analyses as the maximum loads. They were then about 30% higher than the 
experimental resistances. 
With identical bolt forces and friction coefficients, the difference in resistance between 
specimens with slotted hole and normal holes was less than 3%. It could be related to slightly 
different behaviours of the bolts forces. The experimental difference was almost twice as high 
and must be due to altered frictional behaviour which is not directly accounted for in the 
model. 
The friction coefficients were thus changed for lower values that corresponded to the 
experimental slip factors. The obtained resistances were closer to the experimental results 
(See Table 3.3-1) and the models could be used to analyze the specimens’ behaviours. This 
approach however is less relevant for design since it still requires testing to calibrate the 
models. 

Table 3.3-1. Comparison of slip loads from tests and numerical models. 

Slip load [kN] Series Experimental Initial model Calibrated model 
Difference 

[%] 
Z-1x3 381.6 509.4 402.3 +5.3 

WS-1x3 728.8 942.6 716.7 -1.7 
Z-1x3n 453.0 594.8 492.6 +8.4 

3.3.2 Relative motion 

Relatively important discrepancy was found between the relative motion of the plates 
according to the numerical models and experimental measurements. The local stiffness (slope 
of the load-slip curves) did not match. 
The numerical specimens were invariably stiffer at the connection’s edge (along the axis of 
the slot’s or holes’ line) and more flexible at the connection’s sides at the elevation of the 
central bolt (See Table 3.3-2). 
Measurements and calculations are however in good accordance at the elevation of the 
leading bolt (B1) for the specimens with normal holes. 
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Table 3.3-2. Comparison of initial local stiffness (for loads below 250kN) from tests and 
numerical models at different locations [kN.mm-1]. 

Location Edge (s5) Side (s3 and s4) Side (s1 and s2) 
Series Exp. FEM ratio Exp. FEM ratio Exp. FEM ratio 
Z-1x3 2582 4871 1.89 - - - 24185 8374 0.35 
WS-1x3 2288 5693 2.49 - - - 23744 10495 0.44 
Z-1x3n 2243 4793 2.14 11368 10256 0.90 52327 7223 0.14 
 
Neither the experiments nor the numerical models are fully reliable. Both introduce errors that 
can explain the discrepancies between results. 
The slip measurements are considered to give information on the relative motion of the plates 
along the load direction. Other displacement components may however be measured as well. 
In plane rotation was observed. It was considered uniform and corrected by averaging the 
results from both sides. This assumption may be incorrect and introduce some error. 
Moreover, at the connections’ edges, small local rotations due to bending may be amplified 
by the knife-edges leading to excessive measurements. The total displacements are fractions 
of a millimetre and already small errors have an important influence. 
The friction model used in the numerical analyses is a simple Coulomb model. The friction 
coefficient is defined as a constant which is independent of the other contact properties. This 
empirical law is very robust and provides good estimates for most general problems. 
However, other phenomena occur and two may be of importance when determining the local 
stiffness of a friction joint. 
As already mentioned, the friction coefficient varies with the local contact pressure. This 
influences the distribution of the maximum contact shear stress and leads to other constraints 
for the plates. The qualitative effects are best illustrated on a simple example (note: the taken 
values are imaginary and should be regarded as such). Assuming a constant pressure 
distribution with a maximum of 100MPa at the hole’s edge and zero pressure 45mm away, the 
maximum contact shear stresses are plotted on Figure 3.3-1 for two friction coefficient 
relationships: constant (μ=0.34) and linearly decreasing (μ(100MPa)=0.52 and μ(0)=0.25). 
The maximum shear force is a function of the area below the curves. It is identical in both 
cases and so will be the slip resistance. However the distribution of shear stresses on the 
interface will be slightly different; if friction decreases with increasing pressure, the tangential 
constraints are more important away from the bolts’ holes and the joint can appear stiffer at its 
sides. 
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Figure 3.3-1. Influence of friction pressure dependency on the maximum contact shear stress 
distribution (qualitative example). 

When a tangential load is transferred microslip initiates at the periphery of the clamped area 
where the contact pressure is low. It then proceeds towards the centre with increasing load. As 
friction is dependent on the sliding velocity and previous contact time the friction coefficient 
of the regions undergoing microslip is lower than the friction of the “sticking” regions. This 
leads to another state of equilibrium where the “sticking” region is reduced and sees higher 
contact shear stresses. This again is best illustrated on a simple qualitative example and shown 
on Figure 3.3-2. Considering the same contact pressure distribution as previously and a 
constant friction coefficient (μ=0.34), the maximum contact shear stress is shown as the plain 
black line with constant slope. For a given load below the slip resistance the actual contact 
shear stress distribution is represented by the dotted black line; the stresses correspond to the 
maximum in the microslip zone and are constant in the “sticking” zone. The transferred shear 
force is proportional to the area below the shear stress curve (dotted line). 
If the friction coefficient decreases when slip occurs, the curve representing the maximum 
shear stress must have different slopes for each of the two contact zones (in reality the 
transition is smooth though). This is shown by the plain grey line for μStatic=0.34 and 
μKinetic=0.25. The shear force transferred by the microslip zone decreases and the latter must 
thus increase. Consequently the contact shear stress increases in the “sticking” zone. The 
actual contact shear stress distribution at new equilibrium state is represented by the dotted 
grey line. 
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Figure 3.3-2. Influence of variations between static and kinetic friction on the contact shear 
stress distribution (qualitative example). 

These phenomena provide potential explanations for discrepancies in local stiffness between 
numerical analyses and experimental measurements. To improve the numerical models their 
quantitative effects should be further studied, but the problem would become significantly 
more complex. In particular it is hard to implement a kinetic friction in static analyses. To 
obtain relevant parameters for the models’ calibration additional testing would also be 
required. It was unfortunately not possible to conduct this work within the frame of this thesis. 

3.3.3 Bolt forces 

Two cases occurred when comparing the bolt forces from experiments and numerical 
analyses. Good agreement was obtained when modelling specimens with zinc rich paint but 
significant differences were found for the specimens with corroded weathering steel. 
This can be related to the relative importance of the two phenomena leading to bolts forces 
variations: transversal strains and deformations of the surfaces’ asperities. 
The numerical models don’t account for closer fit due to normal deformation of the contact 
asperities and the only sources of bolt force variation are the transversal strains induced by 
Poisson’s coefficient =0.3. 
The good agreement with the results from coated specimens indicates that strains are the main 
source of clamping loss for this type of coating. This can be traced back to lower roughness as 
the coating will fill the surface asperities and give a smoother finish and/or to lower shear 
stresses for which the deformations are kept smaller. Remaining differences can come from 
measurements uncertainties and slightly different stress distributions. 
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To render the actual behaviour of bolt forces in weathering steel specimens the interface 
properties should be studied more carefully and could be implemented in the models as 
membrane elements. 

3.3.4 Validity of the model 

Although important discrepancies could be noticed, in particular as local stiffness is 
concerned, the numerical models provide improvements over the perfectly plastic model 
usually considered and they give thus valuable estimations of the connection’s behaviour. 
In particular the distribution of contact stresses can be obtained. Although imperfect, this tool 
is relevant to analyze the experimental results and get a better understanding of the force 
transfer mechanisms. Information on the stress distributions in the plates are also important 
outputs for the estimation of fatigue resistance among others. 

3.4 Analysis 

3.4.1 Evaluation of the contact pressure distribution 

The contact pressure distributions with slotted and normal holes are shown on Figure 3.4-2 
and Figure 3.4-3 respectively. The contact zones and wear patterns are in good agreement. 
The spread of the contact zone is very similar, independently of the hole’s type. Contact zones 
of bolted joints are often determined using the pressure cone approach which is described by 
the half apex angle,  (See Figure 3.4-1). Measured on a line at each bolt elevation this angle 
was about 25°. The value is a bit lower than what could be found in the literature  [42] but 
most information on the subject comes from the field of mechanical engineering where 
dimensions and loads have other magnitudes. 
 

 

Figure 3.4-1. Pressure cone approach (from [42]). 
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Figure 3.4-2. Comparison of contact pressure distribution and wear pattern of the plate with 
slotted hole (Z-1x3). 
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Figure 3.4-3. Comparison of contact pressure distribution and wear pattern of the plate with 
normal holes (Z-1x3n). 
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Figure 3.4-4 and Figure 3.4-5 show the contact pressure distribution at the three bolt 
elevations with normal holes and slotted hole respectively. The pressure decreases from a 
maximum at the hole’s edge to about zero at the edge of the contact area. The contact zone is 
identical for all. The maximum pressures and the decrease rates are different. 
With normal holes there is no difference between the pressure distributions under the different 
bolts. The maximum pressure is about 220MPa, i.e. about 72% of a uniform pressure under 
the bolt head. It decreases first slowly and then more rapidly and linearly. These results 
compare well with experimental results found in the literature [42]. 
With a slotted hole, as the lateral contact spread is identical, the contact area necessarily is 
smaller and the pressure is then higher to resist the same clamping force. It is lower for the 
bolt at the closed end (B1) for which the contact area is closer to that with normal holes. The 
pressure distribution is very similar under the two other bolts. The maximum are about 
260MPa and 360Mpa, i.e. about 95% and more than 120% of a uniform pressure under the 
bolt head, for B1 and, B2 and B3, respectively. The decrease appears more linear. 
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Figure 3.4-4. Contact pressure distribution at bolt elevations for the plate with normal holes 
(Z-1x3n). 
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Figure 3.4-5. Contact pressure distribution at bolt elevations for the plate with slotted hole 
(Z-1x3). 

The contact pressure distribution (See Figure 3.4-6) on the centre plate of the double lap joints 
used in friction tests to determine the slip factor of the faying surfaces has a similar pattern as 
for the single lap joint with normal holes. 
The half apex angle was about =35° and the maximum pressure (See Figure 3.4-7) was 
about 90MPa. That is less than half the maximum pressure for normal holes with M30 bolts 
and almost one quarter only of the maximum pressure reached with slotted holes. 
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Figure 3.4-6. Contact pressure distribution on the centre plate from the double lap joint used 
to determine the slip factor. 
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Figure 3.4-7. Contact pressure distribution at bolt elevations for the centre plate of the 
double lap joint. 

3.4.2 Mechanism of load transfer 

Figure 3.4-8 shows the evolution of the contact shear stress distribution with the transferred 
load at the three bolt elevations for the numerical model of series Z-1x3. For loads well below 
the static resistance of the connection two zones are observed which correspond to microslip 
and “sticking” conditions. In the first the shear stress is equal to the product of the contact 
pressure and the friction coefficient. Its magnitude increases linearly and reaches a maximum 
at the boundary between slipping and sticking regions. In the sticking area the contact shear 
stresses decrease towards the hole edge where constraints are maximal. 
Before the static resistance is reached the behaviour is similar at both leading bolts. The force 
transfer proceeds from the joint edge towards the centre. 
First the shear stresses increase at the leading bolts while they remain lower and quasi 
constant at the central bolt. Once the whole contact area under the leading bolts is in 
microslip, deformations of the plates lead to an increase of the shear stresses transferred under 
the central bolt until major slip of the connection. 
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Figure 3.4-8. Evolution of contact shear stress distribution with transferred load at the three 
bolt elevations: a) B1; b) B2; c)B3. 
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With increasing loads the bending moment induced by the joint eccentricity introduces out-of-
plane deformations (See Figure 3.4-9). This three dimensional bending of the plates slightly 
modifies the contact pressure distribution: the contact area decreases and the maximum 
pressure increases. The phenomenon is more noticeable towards the slot opening. It explains 
the increased shear stresses at the highest load under bolts B2 and B3. 
 

 

Figure 3.4-9. Plates deformations at the ultimate load of 402kN (magnification factor across 
the plate thickness: 100). 
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3.4.3 Evaluation of the plate stress distribution 

Figure 3.4-10 shows the Von Mises stress distribution at the ultimate load for series Z-1x3 
(test-25mm-slot-11). The stresses in the plates are not uniform. In the compressed zones the 
elastic model produces local stresses that actually exceed the yield strength of the plate 
material. Due to eccentricity bending stresses are observed in the plates. But the linear 
concentrations are artificially introduced by the boundary conditions modelling the grips. 
These remarks are also valid for the other series (See Figure F- 19 and Figure F- 20).  
On Figure 3.4-11 the tensile stress component (about the y-axis) for different transferred loads 
is plotted at different elevations across the contact face of series Z-1x3 (test-25mm-slot-11). 
For loads well below the slip load the stresses are higher at the edge of the sticking zone and 
decrease towards the hole’s edge. 
In general they increase from the third to the first bolt as more shear force is introduced under 
the consecutive fasteners. A zone of higher magnitude is found around the closed end of the 
slot (See also Figure 3.4-12). After that the stresses are more evenly distributed and as the net 
cross-section increases the magnitude decreases. These remarks are also valid for the other 
series (See Figure F- 23 and Figure F- 24). 
The tensile stress concentration around the leading bolt is consequent with fatigue failure 
modes reported in the literature [43] where fatigue cracks originated from a zone in front of 
the leading hole. 
The normal surface stresses at the connection’s edge are slightly concentrated around the 
slot’s axis. The maximum ratio between average and maximum stress is about 1.17. 
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Figure 3.4-10. Von Mises stress distribution at the ultimate load for series Z-1x3 (test-25mm-
slot-11)(magnification factor across the plate thickness: 50). 
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Figure 3.4-11. Evolution of tensile stress component distribution with transferred load at four 
elevations for series Z-1x3 (test-25mm-normal-11): a) joint edge; b) B1; c) 
B2; d)B3. 
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Figure 3.4-12. Tensile stress component distribution at the ultimate load for series Z-1x3 
(test-25mm-slot-11). 
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4 LONG TERM TESTS 

4.1 Testing programme 

The long term behaviour of the specimens was investigated in a series of tests to determine 
the variations of bolt forces and creep of the plates with time. 
Six specimens were loaded for a period of four months, three at 80% and three at 60% of the 
expected static resistance. The tests were divided in four steps: loading, creep, unloading and 
resistance 

Table 4.1-1. Long term testing programme. 

Reference LT-80% LT-60% 
NB. of Specimens 3 3 
Load [kN] 300 225 

4.2 Testing procedure 

The specimens had the same properties as those of series Z-1x3. The locations of the relative 
displacement measurements however were slightly different and are presented on Figure 
4.2-2. 

4.2.1 Measurements 

The bolt forces were constantly recorded with help of strain gauges inserted in the shank as 
for other test series. Each bolt was specifically calibrated (See Appendix B). 
The relative displacements were measured with help of Crack Opening Devices during 
loading, unloading and final testing. During long term testing the displacements were 
measured with a Staeger device: steel balls were glued on the knife-edges and their spacing 
was measured manually with a device as pictured on Figure 4.2-1. Each measurement was 
taken as the average of three readings. The accuracy was then about 2μm. Readings are 
slightly operator dependent. This was considered in the results analysis as two operators were 
involved. 
The displacement measurements are relative variations between knife-edges or steel balls for 
each test step. Absolute values were defined setting the initial distance at the beginning of the 
loading step as zero. The different steps were then combined by interpolation. 
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Figure 4.2-1. Staeger device and reference steel balls. 

 

Figure 4.2-2. Specimen dimensions and measurement locations. 
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4.2.2 Test setup 

Special rigs were designed for the long term testing (See Figure 4.2-3). The frames had two 
webs with openings to fit three specimens. 
The load could be applied on each specimen independently through bolts and threaded bars 
connected to nuts welded on the plates. The lower bolts were equipped with calibrated strain 
gauges to record the applied load. To avoid introducing torsion the load was applied by 
pulling the upper threaded bars with a hydraulic jack. The nut was then snug tightened by 
hand and retained the load when the pressure in the jack was released. 
To reduce the stiffness of the assembly and thus ensure a relatively constant load three spring 
washers were used. The equivalent stiffness was about 30kN.mm-1, i.e. for a relative slip or 
settlement of 1mm the load would decrease by 30kN. 
 

 

Figure 4.2-3. Test rig for long term testing. 
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Figure 4.2-4 shows two test rigs and the loading setup with the hydraulic jack and controlling 
load cell installed. 
 

 

Figure 4.2-4. Loading setup. 

The test setup performed as expected. The applied load decreased by about 7% when the force 
in the jack was released. Elongations due to settlements and creep induced only small load 
changes with an average variation of 1.2% and a maximum of 2% after four months. The 
applied load could thus reasonably be considered as constant. 

4.3 Results 

4.3.1 Bolt forces 

Elastic interaction 
The bolts were tightened in two steps starting from the one closest to the slot closed end. The 
effects of elastic interaction were negligible. 
 
Short term relaxation 
The variations of bolt forces in the 12 hours after tightening and before loading of the 
specimens are shown in Table 4.3-1. They are similar to those obtained for series with the 
same properties. 
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Table 4.3-1. Evolution with time of the average loss of pretension in % of the maximum. 

Time after Max. B1 B2 B3 All 
10s 2.9 3.0 2.8 2.9 

10min 6.5 7.0 5.6 6.4 
12hrs 9.4 9.7 9.8 9.6 

 
Losses in service 
The variations of bolt forces in service, i.e. under external loads acting on the specimens, were 
discussed in detail in 2.3.3. The specific results for the long term specimens are shown in 
Table 4.3-2 and present similar pattern. The maximum loss was about 2.5%. 

Table 4.3-2. Bolt force losses in service in % of the residual pretension. 

Applied load 300kN 225kN 
Bolt B1 B2 B3 B1 B2 B3 

Force loss  1.7 1.0 2.5 1.6 0.7 2.0 
 
Long term relaxation 
After the specimens were loaded the bolt forces kept decreasing. No significant difference 
was observed between the specimens with different loads. The losses appeared asymptotical 
and reached about 4% after 15 weeks. Assuming an average logarithmic decrease rate of 
about 15kN.log(s)-1 the additional clamping loss over a 20 years period was extrapolated to 
about 30kN, i.e. about 3% of the initial preload.  

Table 4.3-3. Evolution with time of the average loss of pretension in % of the bolt force after 
loading. 

Applied load 300kN 225kN 
Time after loading B1 B2 B3 B1 B2 B3 

2hrs 0.4 0.2 0.4 0.3 0.1 0.3 
24hrs 1.0 0.8 1.1 1.0 0.5 1.0 

1 week 1.9 1.6 2.0 1.7 1.2 1.8 
15 weeks 3.8 3.5 3.8 3.5 3.7 3.7 

 
The maximum bolt force decrease after 15 weeks under 80% of the estimated resistance was 
about 16.5% of the initial pretension: 10% from short term relaxation, 2.5% from service 
loads and 4% from long term relaxation. An additional loss of 3% was estimated to happen 
over a lifetime of 20 years. 
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4.3.2 Plate creep 

Under constant loading the plates underwent relative slip with time. Its magnitude was higher 
closer to the joint extremities, i.e. at the leading bolts elevations. Creep was more important 
for the higher load. 
The evolutions of relative displacements with time are plotted on Figure G- 1 to Figure G- 3. 
Most creep happens during the first hours and seems to stop after one to two weeks. Table 
4.3-4 shows creep values at particular times. The values after one week were measured by 
another operator and are thus relatively different. 

Table 4.3-4. Relative displacements of the plates after loading (reference is set as the slip at 
attainment of the service load). 

 300kN 225kN 
Time after loading S1 & S2 S3 & S4 S5 & S6 S1 & S2 S3 & S4 S5 & S6 

2hrs 0.006 0.003 0.006 - 0.003 - 
24hrs 0.011 0.011 0.013 - 0.007 - 

1 week 0.019 0.015 0.019 - 0.014 - 
15 weeks 0.017 0.014 0.020 - 0.010 - 

 
Delayed slip after three hours exceeded the value of 2μm and extended creep tests should be 
performed according to EN1090-2. “Displacement – log time” curves were derived and the 
delayed slip for a lifetime of 30 years was extrapolated. The numerical results can be found in 
Table G- 1. None of the delayed slip exceeded 100μm which is well below the accepted limit 
of 300μm. 
Although the service load was 80% and not 90% of the expected resistance the delayed slip is 
so small that it is not likely to be design driving and a reduction of the slip factor is not 
necessary 
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4.3.3 Slip behaviour 

Figure G- 4 to Figure G- 6 show the load-slip curves at the three locations of specimen A. 
They are representative of the behaviour of all specimens. 
It can be observed that the joint hardens; i.e. the unloading and reloading parts follow similar 
linear path without nonlinear inflexion as noticeable during the initial loading. 
Figure 4.3-1 illustrates the different behaviours between specimens that were tested directly 
and those which were first loaded for 15 weeks. The latter present a wider elastic range. The 
magnitude of the prior loading does not have any significant influence. 
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Figure 4.3-1. Comparison of load-slip curves between static specimens and long term 
specimens after a first loading cycle. 
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4.3.4 Remaining static resistance 

The remaining resistance of the specimens subject to long term loading was lower than that of 
equivalent new specimens by about 10% in average. Part of the loss can be related to long 
term relaxation of the bolts. But this accounts only for about 4%. The rest is thus related to the 
faying surfaces which is also recognizable by the lower apparent friction coefficient. 
The specimens subject to the lowest loads contradictorily showed the highest difference. The 
statistical relevance of the results is thus questioned. And more tests would be required to 
confirm this trend. 
 

Table 4.3-5. Remaining slip resistances of specimens loaded with 300kN. 

Specimen A B C Avg. Variation [%] 
Slip resistance [kN] 393.6 378.7 378.5 383.6 2.3 
Initial pretension [kN] 1251.2 1269.4 1242.6 1254.4 1.1 
Residual pretension [kN] 1160.2 1163.3 1360.0 1227.8 9.3 
Slip factor [-] 0.339 0.326 0.278 0.314 10.2 
Bolt forces at slip [kN] 1117.2 1088.5 1299.3 1168.4 9.8 
Apparent friction coefficient 
[-] 0.352 0.348 0.291 0.331 10.3 

Table 4.3-6. Remaining slip resistances of specimens loaded with 225kN. 

Specimen D E F Avg. Variation [%] 
Slip resistance [kN] 364.3 349.7 356.2 356.8 2.1 
Initial pretension [kN] 1307.5 1234.3 1268.9 1270.2 2.9 
Residual pretension [kN] 1202.0 1131.1 1182.5 1171.9 3.1 
Slip factor [-] 0.303 0.309 0.301 0.305 1.4 
Bolt forces at slip [kN] - 1056.3 1133.0 1094.6 5.0 
Apparent friction coefficient 
[-] - 0.331 0.314 0.323 3.7 
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5 DESIGN STATIC RESISTANCE 

5.1 Resistance models 

The design resistance of EN1993-1-8 [33] for High Strength Friction Grip connections with a 
single friction surface is given by: 

bolts
Cp

M

S
RdS F

k
F ,

3
, (5.1) 

Where, Sk  is a correction factor, 

 3M  is a partial factor taken as 1.25 , 
  is the slip factor obtained from predefined categories or from standardized 

tests according to EN1090-2, and, 

 CpF ,  is the bolt characteristic pretension. 
 
The value of the correction factor varies with the hole’s geometry as described in Table 5.1-1. 
The terms definitions are given in Table 5.1-2. 

Table 5.1-1. Values of kS [33]. 

Hole’s geometry kS
Normal hole 1.00 
Oversized hole or slotted hole with axis perpendicular to load transfer 0.85 
Long slotted hole with axis perpendicular to load transfer 0.70 
Short slotted hole with axis parallel to load transfer 0.76 
Long slotted hole with axis parallel to load transfer 0.63 
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Table 5.1-2. Nominal clearances for bolts according to Eurocode [27]. 

Nominal bolt diameter (a) M12 M14 M16 M18 M20 M22 M24 
M27 
and 
over 

Normal round holes 1 2 3 
Oversize round holes 3 4 6 8 

Short slotted holes (length) (d) 4 6 8 10 
Long slotted holes (length) (d) 1.5 d 
a) This applies also to pin not intended to act in fitted conditions 
b) For coated fasteners, 1 mm nominal clearance can be increased by the coating thickness 
of the fastener 
c) Under conditions as specified in EN 1993-1-8, M12 and M14 bolts may also be used in 2 
mm clearance holes 
d) For bolts in slotted holes the nominal clearances across the width shall be the same as the 
clearances on diameter specified for normal round holes 

 
The design resistance at the service load level developed by the Research Council on 
Structural Connections for the American Institute of Steel Construction [44] is similarly given 
by: 
 

bolts
mS TDR (5.2) 

Where,  is a correction factor, 
  is the friction coefficient, 
 D  is a slip probability factor taken as 0.80 , 
 mT  is the specified minimum bolt pretension. 

Table 5.1-3. Values of  [44]. 

Hole’s geometry 
Normal hole 1.00 
Oversized or short slotted hole 0.85 
Long slotted hole with axis perpendicular to load transfer 0.70 
Long slotted hole with axis parallel to load transfer 0.60 
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Table 5.1-4. Nominal clearances for bolts according to the American code [44]. 

 
 
Both design resistances are based on the same concept. The American probability factor is 
identical to the inverse of the European partial factor. And the effects of hole geometry are 
accounted for by similar correction factors. 
For M30 and bigger bolts the normal clearance allowed by the American code is almost half 
that of Eurocode. Oversized holes however have approximately the same definition. The 
width of slotted holes is always defined as the diameter of normal holes, i.e. lower for the 
American code. Short slotted holes have the same length. But longer slotted holes are 
tolerated in America. 
The reduction for oversized holes is identical. In the American code no distinction is made for 
the orientation of short slotted holes and they are considered as oversized holes. That leads to 
more advantageous design when the slots are parallel to the direction of load transfer. For 
long slotted holes with their axis parallel to the direction of load transfer the American code is 
a little more conservative than Eurocode with correction factors of =0.60 and kS=0.63 
respectively. 
 
The correction factors are empirical and obviously have their roots in the same investigations 
led in the late ‘60s by Allan and Fisher [21], and, Shoukry and Haisch [20]. It should be 
noticed that the specified initial pretension is used in the resistance formulae. The correction 
factors therefore account for different residual pretensions, bolt forces behaviours and 
apparent friction coefficients. All of these are influenced by numerous parameters and it 
appears hardly possible to provide a general set of correction factors that will give efficient 
design for all configurations. More advantageous correction may thus be derived for specific 
applications. 
It should also be kept in mind that the given slip factor (which is different from the apparent 
friction coefficient) is in its turn strongly dependent on the friction test setup. It is therefore 
only reasonable to use results obtained from strictly identical test procedures. 
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5.2 Determination of the correction factors 

The standard procedure for statistical determination of resistance models described in 
Annex D of EN1990 [45] was used to derive specific reduction factors for the tested 
specimens. A detailed description of the calculations can be found in the norm and only the 
main assumptions and results will be presented here. 

5.2.1 Deviations from the proposed method 

The method is primarily aimed at determining a satisfactory partial factor for a particular 
resistance function. In our case however the standard partial factor given in Eurocode for slip 
resistant joints shall be used and the correction factor determined. It would be possible to 
proceed by iteration; the correction factor would be taken as that which would lead to the 
desired partial factor. 
This would be tedious and a more convenient approach was selected: the resistance function 
was built with a correction factor equal to unity and the equivalent partial factor, eq, was 
derived.  

bolts
Cp

eq
RdS FF ,,

1
(5.3) 

The actual correction factor was then obtained as the ratio of the actual partial factor on the 
equivalent partial factor: 

eq

M
Sk 3

(5.4) 

The parameters used to derive the theoretical resistance should be the actual parameters of 
each test specimen. It was however impossible to determine the slip factor of each specimen 
without deteriorating the faying surfaces. The average value obtained from friction tests was 
used instead. 
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5.2.2 Compatibility of the test series 

To determine if the same resistance function, i.e. the same correction factor, can be used for 
all test series, a compatibility test is performed. The average ratios of the experimental 
resistance on the derived resistance are plotted on the same diagram. If the series are 
compatible the ratios should form a horizontal line. 
The results of the compatibility tests are shown on Figure 5.2-1 and Figure 5.2-2 for the static 
test series and the long term test series respectively. The differences between series are 
significant. The specimens made of weathering steel have higher ratios than those coated with 
zinc rich primer. The testing conditions of the specimens with six bolts were different. 
Therefore it is not appropriate to consider them in the same group as those with three bolts. 
Finally, the specimens with normal holes have a higher ratio and should also be considered 
independently. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

PW
S-

1x
3

W
S-

1x
3

PZ
-1

x3

Z-
1x

3

Z-
1x

6

Z-
2x

3

Z-
1x

3n

R
e/

R
t [

-] Avg.
min.
Max.

kS,WS kS,Zinc kS,2x3 kS,norm.kS,1x6

 

Figure 5.2-1. Compatibility test of static test series. 

The specimens which were previously loaded for a period of 15 weeks showed lower 
remaining resistances. While the reduction factors of the different static test series provide a 
good mean of comparison, the factor used for design purposes should be that obtained from 
the long term test series. 
 



 DESIGN STATIC RESISTANCE 
 

 
92 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

LT
-8

0%

LT
-6

0% Zi
nc

R
e/

R
t [

-]

Avg.
min.
Max.

kS,LT kS,zinc

 

Figure 5.2-2. Compatibility test of long term test series. 

5.2.3 Assumptions 

The coefficients of variation of the basic variables (  and Fp,C) are needed for the calculations. 
The coefficients of variation of the friction coefficients are estimated from the friction tests 
and taken as 12% and 5% for zinc rich paint and corroded weathering steel respectively. 
The coefficient of variation of the initial pretension of a single bolt is taken as 7%, based on 
the worst case from the test requirements for TCBs (See Table 6.5-1). As the total initial 
pretension is the sum of the individual pretensions, its variation is given as: 

n
V

V individual
group (5.5) 

Where, individualV  is the variation of a single bolt, and, 
 n  is the amount of bolts in the group. 
 
Thus the variation of total initial pretension was taken as 4% and 3% for the groups with three 
bolts and six bolts respectively. 
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5.3 Results 

The correction factors obtained for the different groups are presented in Table 5.3-1. The 
statistical analysis was performed once more for each group in order to verify that the derived 
correction factors can indeed be used with a partial factor of 1.25. 
An example is shown on Figure 5.3-1. The dotted line represents the ideal case when 
experimental and theoretical resistance are identical. The plain black line represents the 
regression of the statistical data. For a safe design the regression line should lie above the 
tangent. That is the case here. To account for statistical distribution, a partial factor is applied 
which can be seen as an extension of the “safe zone” as represented by the greyed area. 

Table 5.3-1. Correction factors for the static test series. 

       
kS,ws kS,Zinc kS,norm. 
0,810 0,693 0,742 

 
 

0

100

200

300

400

500

0 100 200 300 400 500
Rt [kN]

R
e 

[k
N

]

Z-1x3
PZ-1x3

 

 Figure 5.3-1. Re-Rt diagram for series Z-1x3 and PZ-1x3 taking kS,Zinc=0.69. 
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It is interesting to notice that the specimens with normal holes need to be corrected by a factor 
lower than one. This correction stresses the effects of geometry, bolt type, clamping force and 
contact time on the slip factor. If the friction tests had been performed with similar bolts and 
initial pretension as the tested specimens it is likely that the correction would be closer to one. 
In this case the corrections for other groups would also be higher and even more 
advantageous. Indeed the correction factor, and thus the slip resistance, of the specimens with 
slotted holes and cover plates are only 7% lower than for the equivalent specimens with 
normal holes. Note however that only a small number of tests were performed with normal 
holes. This is considered in the statistical analysis and leads to more conservative results. 
Therefore the difference may actually be a little more important. 
The difference between the long term test series and the equivalent static test series is about 
8%.  

Table 5.3-2. Correction factors for the long term test series. 

80% 60%

 
   

kS,LT kS,Zinc 
0.640 0.693 

 
According to EN1090-2, components coated with zinc rich paint have surfaces of category B, 
i.e. μ=0.4. For long slotted holes with their axis parallel to load transfer kS=0.63. According to 
EN1993-1-8 the slip resistance achieved for a pretension of 1kN is thus: 

kNkS 252.063.04.0.  
 
From friction tests, the experimental slip factor was found to be μ=0.45 and the correction 
factor was derived as kS=0.64. The slip resistance achieved for a pretension of 1kN is thus: 

kNkS 288.064.045.0.  
The design slip resistance could be improved by about 14%. 
 
For the specimens with normal holes the experimental design resistance is 17% lower than the 
design resistance according to EN1993-1-8. It appears that the slip factor given in EN1090-2 
for zinc rich paint is too high when bolts with large diameters are used  
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5.4 Recommendations 

For a given pretension the design resistance of a friction connection is determined by the 
product of the slip factor, μ, by the correction factor, kS. General values are given in the 
norms. However these parameters vary with the specimens properties and better design could 
be achieved when they were specifically determined for the considered application. 

5.4.1 Correction factor, kS

According to the American Research Council on Structural Connections the design slip 
resistance of connections with oversized and slotted holes should be reduced “because of the 
greater likelihood that significant deformation can occur in the joint” [44]. It was found that 
the deformations of friction joints were only slightly increased by using slotted holes. And if 
they are designed as slip resistant at the ultimate limit state the amount of deformation will be 
lower than that for other connection types. The safety of the assembly should be ensured by 
the partial safety factor, in accordance with the principles of Eurocode. It does not seem 
necessary to reduce the characteristic resistance. 
The correction factors also account for lower initial pretension induced by higher 
deformability of the joint during tightening by the turn-of-the nut method. This effect can be 
significantly reduced by using other tightening methods such as tension control and/or 
adequate washers such as the cover plates. 

5.4.2 Adequate determination of the slip factor 

As already mentioned the correction factor is directly related to the friction test setup used to 
determine the slip factor. It was shown that the resistance is dependent on the geometry of the 
specimens and magnitude of bolts forces. Thus a single correction factor cannot provide 
effective design for all cases but must set a safe lower bound. 
If a correction factor is derived from test and associated to a specific friction test setup, it is 
possible to obtain a better estimation of the resistance and thus a better design without 
necessarily increasing the actual resistance of the connection. 
For increased reliability it is necessary to perform friction tests under conditions close to the 
final solution. Clamping force and plate thickness are parameters of primary importance. 
They should be identical to those of the considered application. 

5.4.3 Specific recommendations 

For the specific application considered here it is recommended to use a correction factor of 
kS=0.64 together with the slip factors given in Appendix A. 
In absence of long term tests it can be assumed that the clamping force will decrease by about 
15% over a period of 20 years. The correction factor obtained from static tests should be 
adapted accordingly. 
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6 INITIAL PRETENSION OF TCBS 

6.1 Introduction 

It is essential that fasteners used in friction grip connections achieve the expected level of 
pretension. Many tests were successfully performed on whole connections to validate design 
with TCBs but only a few focused on the bolts pretension and for those the installation was 
controlled and in strict accordance with requirements [46, 47]. 
A former study [26] of different products available on the North American market in 1998 
stressed the influence of exposure, aging and workmanship on the actual pretension achieved 
by TCBs. The new coating technology used by Tension Control Bolts Ltd (Greenkote) should 
be less sensitive than other anti corrosion systems but no quantitative evidence could be 
found. 
It was therefore decided to perform series of tightening tests to investigate the effects of 
installation parameters on the pretension. 

6.2 Testing programme 

A single batch was divided in series submitted to different treatments. First a series of bolts 
were tightened in one step, as delivered, 4 days after delivery, to be used as reference. 
For this application it is important that the bolt forces are evenly distributed. This is best 
achieved by tightening the bolts in two steps in order to reduce the force decreases when 
consequent bolts are tightened. The effects of this procedure were evaluated in a series where 
the bolts were first tightened to about 80% of their estimated pretension, left for one minute 
and finally tightened until shearing of the spline. 
To avoid the nut digging into the material standard washers shall be replaced by cover plates 
with similar mechanical properties (hardness) but most likely different friction properties. The 
effects of one possibility involving hardened steel (hardness HBW 360-420) lubricated with 
molybdenum grease (Castrol MS3) was investigated. 
It was reported by the producer and experienced in preliminary tests that installation of TML 
gages, due to the applied chemicals (cutting oil and degreasing chemicals such as acetone) 
and heat treatment, is not compatible with Greenkote system and thus affects the pretension. 
To quantify this effect one series was subject to a treatment similar to gage installation, i.e. 
the bolts were first sprayed with acetone and heated at 140°C for 3 hours. 
Finally the effects of exposure to weather and aging were investigated to compare the 
performances of bolts with Greenkote to those of earlier products tested by Kulak [26]. One 
series was subject to weather exposure for 3 weeks and another was kept indoors in an 
unsealed keg for 4 months. 
 
When possible, series of 10 specimens were tested to provide statistically relevant results in 
accordance with most national standards [27, 46]. 
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Table 6.2-1. Overview of testing programme. 

Series Nb. Tightening procedure Age* Washer type Exposure 

A 10 Single step 4 d. 

B 10 Two steps 
(80%-100%) 

Standard 

C 5 
9 d. 

Lubricated plate

As delivered 

D 10 16 d. Sprayed with acetone, 
3 hours at 140°C 

E 5 3 w. Weather exposure 

F 10 

Single step 

4 m. 

Standard 

Unsealed keg, indoors

*The bolts were delivered 7 days after shipment. The delivery date is used as reference to 
determine the bolts age. 

6.3 Testing procedure and results evaluation 

The bolts were tightened against a calibrated load cell (See Appendix C) placed between two 
steel plates machined to provide the same clamping length as in the static tests, i.e. 50mm. 
The lower plate was held in a vice and pegs avoided rotation of the upper part (See Figure 
6.3-1). A 220V-50Hz V301EZ wrench was used. 
The strains outputs from the two full bridges of the load cell were recorded with a frequency 
of 5Hz and then converted into load. The clamping force was measured during installation, 
tightening and until 10 minutes after spline shear off. 
All tightening curves presented a similar pattern as shown on Figure 6.3-2. After reaching a 
maximum the force dropped slightly but rapidly which can be related to shearing of spline. 
This was followed by a typical asymptotical decrease. The initial pretension was defined as 
the bolt force 10 seconds after reaching the maximum value. 
 

 

Figure 6.3-1. Test setup. 
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Figure 6.3-2. Typical tightening curve (bolt A1). 

6.4 Analysis 

The experimental results are presented in Table 6.4-1. Normal probability plots were 
constructed for each series and although some departure from linearity could be noticed it was 
not very severe (the Pearson product moment correlation coefficient was always higher than 
0.85 for series with 10 specimens) and, given the sample size, it could not be considered as a 
strong indication of nonnormality [48]. A normal distribution was thus assumed for further 
statistical analysis. 

Table 6.4-1. Experimental results. 

Bolts/Series A B C D E F 
01 436.0 430.9 437.5 419.3 434.9 428.5 
02 417.4 427.5 462.3 414.1 421.6 402.6 
03 452.8 424.4 458.3 430.5 401.6 413.2 
04 435.8 422.5 456.3 438.3 419.7 414.9 
05 437.4 418.8 464.9 438.0 435.7 395.1 
06 439.2 401.5 - 424.8 - 411.4 
07 436.2 431.6 - 423.1 - 398.9 
08 430.5 427.5 - 428.1 - 409.4 
09 427.3 424.7 - 420.8 - 422.9 
10 441.7 407.0 - 394.7 - 424.2 

Average [kN] 435.4 421.6 455.9 423.2 422.7 412.1 
Variance [kN] 9.3 10.0 10.8 12.7 13.9 11.1 
Variation [%] 2.1 2.4 2.4 3.0 3.3 2.7 
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Reference series 
The average and minimum pretension were less than those already reported for bolts with the 
same diameter [47] and the difference with test requirements was about 2%. The standard 
deviation however was much less than the accepted maximum (about one third). 
Based on the obtained results there was a strong evidence that the selected parameters 
influence the achieved pretension. 
 
Influence of tightening procedure (Series B) 
When tightening in two steps with the first pass at 80% of the expected pretension the average 
pretension will be lower with a confidence level of 98%. For the tested sample the difference 
in means was about 14kN, about 3% of the reference pretension.  
This difference may be explained by dynamic effects; when tightening in one step the electric 
wrench gains additional momentum that may add to the tightening torque. Also higher 
temperature may develop and enhance lubrication. 
A higher first pass seemed to limit the elastic interaction of the studied bolt pattern. The gains 
in pretension were in the range of about 5% for the central bolt but much less for the leading 
bolts. It thus seems that the benefits for the whole specimen will be in the same order as the 
decrease of initial pretension. 
 
Influence of cover plate and additional lubrication (Series C) 
Additional lubrication used with hard plates to avoid the nut digging into the material 
decreases friction and modifies the torque-tension relationship, i.e. at equivalent torque the 
bolt tension is higher. With molybdenum grease and cover plates with hardness HBW 360-
420, the average pretension will be higher with a confidence level of 98%. For the tested 
sample the difference in means was up to 20kN, almost 5% of the reference pretension. The 
results variation was similar to that of the reference series. 
It was already reported that the pretension of Tension Control Bolts could be increased by 
more than 20% without damage [46]. The type of cover plate and lubrication tested may thus 
successfully replace the standard washer, even increasing the pretension. 
 
Influence of gauges installation (Series D) 
Acetone and heat treatment have an adverse effect on the coating friction properties; the 
average pretension will be lower with a confidence level of 95%. For the tested sample the 
difference in means was about 12kN, slightly less than 3% of the reference pretension. 
 
Influence of exposure to weather (Series E) 
If bolt assemblies are exposed to weather for three weeks, the average pretension will be 
lower with a confidence level of 75%. For the tested sample the difference in means was 
about 12kN, slightly less than 3% of the reference pretension. This loss of pretension is 
relatively lower than that observed by Kulak [26] who reported a drop of more than 6% after 
two weeks of exposure. However, the 5% characteristic value fell slightly below the 
recommendations of EN1993-1-8 [33]. 
 
Influence of aging (Series F) 
After four months in an unsealed keg the average pretension will be lower with a confidence 
level of 99%. For the tested sample the difference in means was about 23kN, more than 5% of 
the reference pretension. This value is very similar to those obtained by Kulak [26]. And age 
seems to be the parameter affecting pretension the most. The 5% characteristic value fell was 
also lower than the recommendations of EN1993-1-8 [33]. 
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6.5 Recommendations 

6.5.1 Design value and quality assurance 

It is currently recommended that a minimum of five pretension tests by assembly lot should 
be performed [25, 49]. An assembly lot could reasonably be taken as a single batch with a 
particular bolt diameter, length and coating [24]. 
The minimum individual and mean values as well as the standard deviations should satisfy the 
test requirements presented in Table 6.5-1. The standard deviation criterion should always be 
met. Lower individual and mean values may be accepted with an adequate reduction of the 
design value. However no specific method was mentioned for the reduction. 

Table 6.5-1. Test requirements for TCB Grade S10T [24]. 

Bolt diameter M12 M16 M20 M22 M24 M27 M30 
Min. individual value [kN] 64.0 119.0 185.0 229.0 267.0 346.5 424.0 
Min. mean value [kN] 67.1 124.3 193.6 239.8 279.4 363.0 444.4 
Max. Standard deviation [kN] 4.05 8.34 12.75 15.69 18.63 24.38 29.80 
Design value [33] 59 110 172 212 247 321 393 

 
Alternatively the design pretension may be advantageously determined by testing in 
accordance with EN 1990 [45]. The 5% characteristic value is taken as: 

 

nmpCp kFF ,, (6.1) 

Where, mpF ,  is the mean pretension from tests, 
  is the standard deviation, and, 

 nk  is a characteristic fractile factor given in Table 6.5-2. 

Table 6.5-2. Values of kn for the 5% characteristic value with unknown variance [45]. 

Number of tests, n 3 4 5 6 8 10 20 30  
Fractile factor, kn 3.37 2.63 2.33 2.18 2.00 1.92 1.76 1.73 1.64 

 
For example the batch tested in this work did not satisfy the criteria of test requirements; both 
minimum value and mean were about 2% lower than accepted. Since the standard deviation 
was small enough the batch may have been used with a reduced design value. A possible 
method for the reduction is to use the ratio of the test mean value on the minimum mean. The 
design pretension would then be 385kN. On the other hand the 5% characteristic value 
defined as above was about 417kN, i.e. 8% higher and above the recommended value of 
EN1993-1-8 (See Table 6.5-1). 
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Generally, friction grip connections use many fasteners to provide the required clamping 
force. The variation of total clamping force is less than the variation for a single component 
and the confidence level is thus higher. 

6.5.2 Handling and installation 

Tension Control Bolts should be stored and handled with much care. It seems prudent to have 
them delivered shortly before installation and to store them in sealed kegs to prevent contact 
with humidity. 
The bolts should be first snug tightened with a manual wrench before tightening with the 
electric shear wrench. Although a first pass at higher torque would limit the elastic interaction 
of a bolt pattern the benefits may be counteracted by lower initial pretensions. 
Standard washers may be replaced by a cover plate of similar hardness. Adequate lubrication 
may be achieved by smearing the nut face with molybdenum grease. 
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7 IMPLEMENTATION IN WIND TOWERS 

7.1 Introduction 

The implementation of friction connections in wind towers is considered in this chapter. The 
design of wind towers is presented with focus on the connections. The design of L-flange 
connections is reviewed and a method is given to dimension friction connections and 
determine their resistance to static and fatigue loads. 
The design methods are illustrated in an example of a real wind tower which is also used as 
basis for a cost analysis of both solutions. 

7.2 Wind tower design 

The purpose of a wind tower is to support the wind turbine so that it will work optimally. The 
first aspect of the tower design is thus to provide enough stiffness to limit the deflection in 
service. 
Cyclic loads are created by the rotation of the blades and excite the tower. The natural 
frequencies of turbine and tower must thus be adjusted to avoid resonance. 
The other aspects of the design are similar to those encountered for other slender structures 
subject to static and dynamic loads: strength, stability and fatigue resistance. 
An overview of the design procedure with the main design checks is given on Figure 7.2-1. 
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Figure 7.2-1. Overview of the design procedure of a wind tower. 
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7.3 Design loads 

7.3.1 Static loads 

The main loads acting on a wind tower are: 
 the self weight of the different elements, including the rotor, the nacelle and all the 

machinery, 
 the actions of the wind (thrust and drag) on the blades, and, 
 the wind pressure on the tower. 

The main load is the action of the wind and the tower can generally be considered as a 
cantilever. 
The static design loads usually are derived from information on the wind speed and direction 
with help of simplified models including the geometrical properties of the tower. Many 
Design Load Cases (DLC) are simulated which include the relevant combinations of turbine 
configuration and wind. 

7.3.2 Fatigue loads 

Initially the loads are derived in the time domain by a simulation programme. The results are 
time series for different load cases and for all load components. These include information on 
the load range and its level as well as how often an event occurs and when it does, so that the 
time phase between different load components can be taken into account. The time series are 
therefore the most accurate source, but very complex to handle. 
To simplify the fatigue design a rainflow count is performed. The result is a rainflow matrix 
or a Marcov matrix which include information on the load range, mean and number of 
occurrence. 
For linear systems only the load range is required for the fatigue calculations and the matrices 
can be simplified into load spectra by removing the information on the mean. 
A final simplification is then the derivation of a Damage Equivalent Load (DEL). The DEL is 
defined as the single load range which will lead, at the considered number of cycles, to the 
same damage as the considered load spectrum. Its calculation is much simplified by 
considering a single Wöhler slope. The DEL is then given by: 

m

ref

i
m

i

N
NRange

DEL
/1

(7.1) 

The state of the art is to use a single slope with m=4. This approach is usually slightly 
conservative [50]. 
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7.4 Design of bolted ring flange connections 

For design purpose it is assumed that the resistance of the three dimensional bolted ring flange 
connection which is loaded mostly in bending can be described by the resistance of a segment 
with a single bolt and a connection width equivalent to the arc length between bolts holes, 
which is loaded in tension. With help of numerical analyses of the whole system Seidel 
proved the correctness of this assumption. 
The required design checks are the following: 

 Resistance at the Ultimate Limit State (ULS) 
 Fatigue strength 
 Resistance at the Serviceability Limit State (SLS): 

 Flange opening at the bolt axis 
 Flange yielding 
 Bolt yielding 

Only the Ultimate Limit State and fatigue strength will be considered here for comparison 
with the friction connection. 

7.4.1 Static resistance at ULS 

The static resistance of a flange connection at the ultimate limit state is determined by the 
failure of the bolts and/or of the flange. The design is usually performed using the plastic-
hinge method developed by Petersen and presented in [13]. 
The flange is considered as a beam and failure modes are defined with plastic hinges 
developing at different locations. Initially three failure modes were defined. They are 
illustrated in Figure 7.4-1. 
 

 
Figure 7.4-1. Design failure modes defined by Petersen for L-flange connections at the 

ultimate limit state (from [13]). 
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Seidel considered the distribution of bolt forces and proposed, based on experiments and 
numerical analysis, two new failure modes, D and E, instead of mode C. They are illustrated 
on Figure 7.4-2. 
In failure mode D, a plastic hinge develops at the bolt axis. The bending resistance of the 
flange is reduced by the bolt hole, which is accounted for by a reduced moment as in mode C 
by Petersen. However the added resistance from the bolt force eccentricity is considered. 
In failure mode E, a plastic hinge develops away from the bolt axis, at mid-washer. There the 
full bending capacity of the flange is used. 
 

Ft,Rd/2 Ft,Rd/2 Ft,Rd/2 Ft,Rd/2

Failure mode D Failure mode E

 dW + dHb - 4
 dW + dH

2

 

Figure 7.4-2. New design failure modes defined by Seidel for L-flange connections at the 
ultimate limit state (from [13]). 

The bolt resistance in tension can be derived according to EN1993-1-8 [33] as: 
 

2
,

..9,0

M

Sub
Rdt

Af
F (7.2) 

Where, ubf  is the bolt ultimate strength, 

 SA  is the stress area, and, 

 2M  is a partial safety factor taken as 1.25. 
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When the flange opens, the bolts are not loaded axially anymore. However experimental 
evidences [13] show that deformations up to about 13° don’t influence the resistance of the 
fasteners. When designing to the ultimate limit state, bending of the bolts is not accounted for 
since plastification of the whole stress area is considered. The torsional stresses induced 
during pretensioning are not considered. 
Thus, using the bolt resistance given in equation (7.2) the connection resistance is taken as the 
lowest resistance from the four failure modes. They are calculated as given in Table 7.4-1. 

Table 7.4-1. Resistances to the Ultimate Limit State of the four failure modes. 

Failure 
mode Resistance Conditions of validity 

A RdtU FF ,  

The bending resistance of the shell is not 
exceeded: 

3,PlU MbF  
 

B 
'

3,,

ba
MaF

F PlRdt
U  

The minimum bending resistance of the flange, 
at the bolt axis, is not exceeded: 

2,'. PlMaR  
 

D 
D

PlPlPl
U b

MMM
F

'
' 3,2,2,

 

The full bending moment of the flange is not 
exceeded at mid-washer: 

2,2,,
, '

42 PlPl
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DU
Rdt MM

dd
F

F
 

 

The reaction force, R, must act on the flange: 

a
FF
MM

r
URdt
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E 
E

PlPl
U b

MM
F

'
3,2,

 

The minimum bending moment of the flange is 
not exceeded at the bolt axis: 

2,2,,
, '

42 PlPl
HW
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Rdt MM
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F
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The reaction force, R, must act on the flange: 

4
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Where, 

ydPl ftcM
4
''

2

2,  
is the reduced bending resistance of the 
flange at the bolt axis, 

ydPl ftcM
4

2

2,  
is the full bending resistance of the 
flange, 

42
,

2,
BSRdt

Pl
ddF

M  
is the additional resistive moment 
introduced by the eccentricity of the bolt 
force, 

3,PlM  is the bending resistance of the shell or 
of the flange, considering the M-N and 
M-V interaction respectively. It is 
iteratively derived from: 
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R is the reaction force at the flange edge, 
a is the distance from the bolt axis to the flange edge,  
b is the distance from the bolt axis to the shell mid plane, 
t is the flange thickness, 
s is the shell thickness, 
c is the segment width, 

Bdcc'  is the segment width reduced by the bolt hole diameter, 

Hd  is the bolt hole diameter, 

Wd  is the washer diameter, 

Db'  is the distance between bolt axis and plastic hinge in the shell or 
flange, 

Eb'  is the distance between mid-washer and plastic hinge in the 
shell or flange, 

For L-flanges the plastic hinge can indeed develop alternatively in the shell or in the 
flange. Conservatively it can be considered in the shell and the distances become: 

bb D'  and 4
' HW
E

dd
bb  

 
In the presence of a fillet the distances may be reduced by 80% of the fillet radius 
according to Seidel [13]. 
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7.4.2 Fatigue resistance 

Introduction 
Fatigue failure of flange connections occurs by failure of the bolts. The resistance of the bolt 
as component is however not sufficient to determine alone the resistance of the connection. 
Indeed the solicitations are dependent on the geometry and pretension. 
The design verification is performed according to EN1993-1-9 [17] by ensuring that the 
Palmgren-Miner damage accumulation is lower than unity: 

1
i

i
d N

n
D (7.3) 

Due to pretension the relationship between tension in the shell and stress variations in the 
bolts is nonlinear. This behaviour is illustrated on Figure 1.1-3 where the service and fatigue 
loads are within range 1 to 3. 
 
This prevents the simplification of the fatigue load spectra to a Damage Equivalent Load that 
can be used for linear systems. Instead the fatigue loads must be defined as Rainflow or 
Marcov matrices which include information on the load range occurrence and amplitude but 
also on its average. 
Based on a model of the relationship between tensile load and bolt force the stress ranges can 
be derived and the corresponding damages are extracted from appropriate Wöhler curve. 
 
Different models have been developed to approximate the relationship between tensile load 
and bolt force. They are extensively described by Seidel [13] who also proposed an improved 
method which validity was confirmed by experiments and numerical analyses. The latter is 
considered here. 
 
Model for the relationship between shell and bolt load 
In the linear range (range 1 on Figure 1.1-3), Seidel’s model is based on the recommendations 
of VDI-Richtlinie 2230 [51]. In the nonlinear range a component from eccentric loading of 
the bolts is added. The general formulation of the load variation is thus: 

.,., eccentrBcentrBB FFF (7.4) 
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Component from centric loading 
The component from centric loading is given by VDI-Richtlinie as: 

ZnZF
BJ

J
centrB ., (7.5) 

Where,  is the load factor, 

J  is the joint resilience, 

B  is the bolt resilience, 
n  is the load introduction factor, and, 
Z is the tensile load in the shell. 

 
For wind tower flanges with thickness about twice as large as the bolt hole, the joint stiffness 
can be simplified and approximated by: 

2
2

10
2

24
.1

HW
J

dtd
t

E
(7.6) 

Neglecting the influences of nut and thread, the bolt stiffness becomes: 

t
AEk

B
B 2

1
(7.7) 

The load introduction factor is given in VDI-Richtlinie 2230 as:  

dwdharD kkknn 2 (7.8) 

Where, h
a

n k
D 703.052.02 , 

2

24,174.11
h
a

h
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ar , 

85.0dhk , and, 

00.1dwk . 
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The geometrical parameters are defined as: 

ka : Distance between the washer’s edge and the inner side of the shell, 

2
W

k
d

ba . 

ra : Distance between the washer’s edge and the segment’s edge, 

2
W

r
dc

a . 

h : Flange height, th . 
 
Component from eccentric loading 
The determination of the component from eccentric loading is more complex. Not all the 
derivations can be exposed in detail here. Only the main lines will be presented. A more 
complete description can be found in [13]. 
The bolt force is determined by an iterative process. An initial contact surface is selected 
which allows the derivation of the bolt force. Based on that new loading the contact state is 
redefined. It then follows new iterations until the desired tolerances are met. 
The bolt force is determined by the bolt stiffness and elongation. In turn the elongation can be 
derived from the opening angle of the flange. As rotations are small it is reasonable to 
consider that the bolt stiffness is constant. 
To determine the rotation angle, the contacting part of the flange is modelled as a beam fixed 
in the contact plane. Its rotation as the top is easily obtained after applying the bending 
moments from shell, bolt and reaction force. 
After obtaining the bolt force, the validity of the presumed contact zone must be verified. It is 
done by ensuring that the normal stress at the outer contact edge is zero. The normal stress is 
made of a bending component derived from the beam model and a pressure component 
derived from the bolt pressure distribution. The latter is defined by the pressure cone 
approach. The apex angle can be obtained from VDI-Richtlinie 2230 [51] or taken as 

4.0tan . 
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B*: outer contact edge
: rotation angle
lB: bolt elongation due to eccentric loading  

Figure 7.4-3. Beam model for the determination of bolt force under eccentric loading (from 
[13]). 

Fatigue verification under combined loading 
It was found experimentally that for the same stresses the fatigue resistance of bolts under 
pure bending is higher than for bolts under pure tension [52]. Experiments on bolts under 
combined loading were performed by Kampf [53] who defined an equivalent fatigue stress 
accounting for the interaction between bending and tension. It is given as: 

NCMCNCNMC ,,,/, (7.9) 

Where, NC ,  is the fatigue stress for pure tension, 

 MC ,  is the fatigue stress for pure bending, and, 

 
NM

M
 is the ratio of the bending stress on the total stress. 

 
Seidel [13] verified this approach with experimental results from Petersen and found it 
satisfactory. However, the increased fatigue stress for pure bending is until now not 
recognized in the design codes used for wind towers [14, 17]. If the bending stress is 
accounted for, a detail category 50 should be used according to EN1993-1-9 [17]. Following 
the recommendations of Germanischer Lloyd Guideline [14], no endurance limit is 
considered. 
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In order to simplify the calculations it is current practice to consider a single slope m=4. This 
yields slightly conservative results [54]. 
For bolts with nominal diameters larger than 30mm, which is the case in most flanges for 
wind towers, a reduction factor should be used. It is given by: 

25.030 dkS (7.10) 

A partial safety factor, M , must be applied to the calculated stress range. Its value is 
determined by the criteria given in Table 7.4-2. 

Table 7.4-2. Partial safety factor for the stress ranges. 

Inspection and
accessibility

Consequences of failure 

Periodic monitoring and 
maintenance: 

good accessibility 

Periodic monitoring and 
maintenance: 

poor accessibility 

Destruction of wind turbine or 
endangers people 1.15 1.25 

Wind turbine failure or consequential 
damage 1.00 1.15 

Interruption of operation 0.90 1.00 
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7.5 Design of friction connections 

To design a friction connection the same approach can be used as for the design of flange 
connections, i.e. a segment with a single row of bolts is considered. 
The required design checks are the following: 

 Resistance at the Ultimate Limit State (Slip resistance) 
 Fatigue strength 
 Resistance at the Serviceability Limit State (yield criterion) 

7.5.1 Static resistance at ULS 

The static resistance at the Ultimate Limit State can be defined as the slip resistance of 
friction connections. It is critical both in pressure and tension. 
As dead weight components add to the bending effect the highest design loads are found in 
the compressed zone. In tension the unfavourable effects of negative transversal strains were 
found to have only little effect on the resistance. By symmetry it can be assumed that the 
positive transversal strains will not have a significant influence either. Thus it is a slightly 
conservative but reasonable design assumption to consider loads from the compressed zone of 
the connection and resistance from the tensile zone. 
As for the flange connections, the effects of shear forces can be neglected. 
The uniform ultimate design stress in the segment’s shell is then given as: 

sc
F RdS

UN
,

, (7.11) 

With the slip resistance from one bolt given as: 

Cp
M

SS
RdS F

k
F ,

3
, (7.12) 

Where, subCp AfF 7.0,  is the characteristic pretension, 

 Sk  is the fatigue stress for pure bending, and, 

 S  is the slip factor, and, 

 3M  is a partial safety factor taken as 25.13M . 
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7.5.2 Fatigue 

Although a segment of the friction connection looks like a lap connection, it actually has three 
dimensional constraints from the shell curvature that will prevent out-of-plane bending. For 
fatigue calculation it can thus be regarded as a “one sided connection with pretensioned high 
strength bolts”. For this type of detail the category 90 is used according to EN1993-1-9 [17]. 
Following the recommendations of Germanischer Lloyd Guideline [14], the endurance limit 
at 108 cycles should be disregarded. 

Table 7.5-1. Properties of the Wöhler curve considered for the friction connection. 

C  (N=2.106) D  (N=5.106) 
90.0 66.3 

 
The damages can be derived with: 
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(7.13) 

The considered area for the derivation of the stresses is the gross area. 
 
Alternatively, a single Wöhler slope with m=4 may be used as it is current practice for wind 
towers. This significantly simplifies the fatigue calculations as DEL can be used. 
 
A partial safety factor, M , must be applied to the calculated stress range. Its value is 

determined by the criteria given in Table 7.4-2. It was taken as 25.1M  

7.5.3 Serviceability limit state 

Serviceability Limit States of structural systems are usually defined as yield criteria of 
constitutive elements or deformation criteria to ensure stability or function. 
The deformations of the tested specimens were well below the conventional deformation 
criteria. Thus they do not need to be considered for design. 
In friction connections, the constitutive elements, i.e. the bolts, are little sensitive to external 
loads. No additional load is applied on them with increasing external load and yielding is thus 
not a concern. 
A Serviceability Limit State can therefore be considered as the first yield in the shell material. 
Because of stress concentrations this will differ slightly from the yield strength of the base 
material. Based on the results from Finite Element Analyses the maximum stress in the plate 
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material can be taken as 20% higher than the average stress. Considering a uniform design 
stress the resistance at the Serviceability Limit State can thus be taken as: 
 

SC

Shellyd
SN k

f ,
, (7.14) 

Where, SCk  is a stress concentration factor taken as 20.1SCk . 

7.5.4 Dimensioning 

The resistance at the Ultimate Limit State is likely to be the design driving criterion. It is thus 
wise to dimension the connection for the Ultimate Limit State and then perform the remaining 
design checks. 
It can be shown that with the assumption of a uniform stress distribution in the connection 
segments, the minimum number of bolts required in the connection is given as: 

RdS

aUdN
Bolts F

sd
n

,

,
(7.15) 

So it becomes evident that the considered case is that of pure compression giving an 
equivalent maximum stress. In reality the connection is loaded mainly in bending and the 
segments closer to the neutral axis will support much lower stresses unless the plastic 
resistance of the sections can be developed. Redistribution of the loads will thus certainly lead 
to higher resistances and this assumption can be considered as safe. 
 
The maximum number of bolts rows is determined alternatively by the spacing defined in 
EN1993-1-8 or by the clearance necessary for the tightening tools. The electrical wrenches 
used to tighten Tension Control Bolts are relatively compact and with this type of fastener the 
spacing limits will be set by EN1993-1-8. The minimum distance between bolts rows is thus 

Hdp 4.22 . 
The maximum number of bolts rows becomes: 

H

a
rows d

d
n

4.2 (7.16) 

The minimum amount of bolts per segment is easily obtained. It should then be rounded to the 
next integer and with this number a new amount of rows can be calculated. It should satisfy 
(7.15). 
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7.6 Design example 

The tower considered in this example is of the type MM92 produced by REpower. Its hub 
height is 80m and it supports a three blade turbine with a diameter of 92.5m and a nominal 
output of 2MW. It was built in Marvila, Portugal, in 2007 (See Figure 1.1-1, d). It is designed 
for wind class II

A 
according to the international standard IEC 61400-1, second edition 

1999-02, and the German DIBt guideline, edition 2004. 

7.6.1 Tower geometry 

The tower is made of three sections assembled with two intermediate L-flange connections. 
The geometry is shown on Figure 7.6-1 to Figure 7.6-3. 
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Figure 7.6-1. Tower upper section. 
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Figure 7.6-2. Tower mid section. 
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Figure 7.6-3. Tower lower section. 
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7.6.2 Static design loads 

REpower provided the design loads as so called load tables. They include the results for the 
load cases that lead to the maxima of each load component. An example is shown on Table 
7.6-1 for the bottom section. 

Table 7.6-1.Design load table for the bottom section 

 
 
The associated coordinate system is shown on Figure 7.6-4.. 
 

 

Figure 7.6-4. Coordinate system for the design loads. 
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The given loads are design loads, i.e. they already include a safety factor which is given in the 
table. 
Due to the long lever arm for the sections of interest in the design of the connections, the 
extreme shear forces (in the x-y plane) usually correspond to the extreme bending moment. 
This load case is thus design driving. 
In the given load tables it corresponds to load case DLC 1.511 which is the simulation of the 
one-year-gust in combination with the loss of electrical connection. 
For a specific load case the design loads can be linearly interpolated between two given 
sections. 
The design loads for the two flange sections can thus be simplified as in Table 7.6-2. The 
safety factor is taken as 1.35. 

Table 7.6-2.Extreme design loads at the flange sections. 

Height Fx Fy Fz Fr Mx My Mz Mr  mm kN kN kN kN kN.m kN.m kN.m kN.m 
Flange2 48390 -864 7 -1846 864 1635 -25168 -1363 25221 
Flange1 21770 -886 27 -2443 886 1129 -48617 -1368 48631 

7.6.3 Fatigue design loads 

In a similar manner as for the static loads, the fatigue loads were provided by REpower in the 
form of load tables for different sections. The DEL is given for each load component for 
different Wöhler slopes but only m=4 is relevant for steel. The DEL for the two flange 
sections can thus be simplified. They are given in Table 7.6-3. 

Table 7.6-3. Damage Equivalent Loads at the flange sections (m=4 and Nref=2.108). 

Height Fx Fy Fz Mx My Mz  mm kN kN kN kN.m kN.m kN.m 
Flange1 21770 96 67 29 3342 4243 1229 
Flange2 48390 81 61 29 1707 2359 1229 

 
In general, consideration of the rotor thrust (Fx), tilting moment (My) and torsional moment 
(Mz) is sufficient. Tilting and torsional moment can be considered as orthogonal, so that the 
damages from tensile stresses (from My and Fx) can be derived separately from those from 
shear stresses (from Mz). 
As they usually are much smaller [54], the damages from shear stresses will be neglected. 
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7.6.4 Flange connections 

The static resistance to the Ultimate Limit State and the fatigue strength of the two 
intermediate flange connections are determined here using the methods described previously. 
 
Properties of the flanges 
The properties of both flanges are presented on Figure 7.6-5 and Figure 7.6-6. 
 

 

Figure 7.6-5. Properties of flange 1. 

 

Figure 7.6-6. Properties of flange 2. 



 
 

 
  127 

Resistance to the Ultimate Limit State 
The partial factor for material properties was taken as 10.1M . The plastic hinge was 
assumed to develop in the shell but the fillet radius was considered. 
The intermediate results of the resistance calculation are shown in Table 7.6-4 and Table 
7.6-5 for flange 1 and 2 respectively. 

Table 7.6-4. Intermediate results of the resistance calculation for flange 1. 

Flange 1 

2,'PlM  [kN.mm] 32648 

2,PlM  [kN.mm] 62057 

2,PlM  [kN.mm] 13620 

Failure mode FU 
[kN] 

3,PlM  
[kN.mm] 

Validity 

A 807 0 

The bending resistance of the shell is 
exceeded: 

3,068202 Plu MbF  
 

B 552 570 

The minimum bending resistance of the 
flange, at the bolt axis, is not exceeded: 

2,'3264823048 PlMaR  
 

D 606 69 No 
E 1452 0 No 
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Table 7.6-5. Intermediate results of the resistance calculation for flange 2. 

Flange 2 

2,'PlM  [kN.mm] 23156 

2,PlM  [kN.mm] 40856 

2,PlM  [kN.mm] 9985 

Failure mode FU 
[kN] 

3,PlM  
[kN.mm] 

Validity 

A 733 0 

The bending resistance of the shell is 
exceeded: 

3,045438 Plu MbF  
 

B 436 0 

The minimum bending resistance of the 
flange, at the bolt axis, is not exceeded: 

2,'2315617231 PlMaR  
 

D 614 0 No 
E 1527 0 No 

 
The design resistances of the two flanges are finally summarized in Table 7.6-6. 

Table 7.6-6. Design resistances of the flanges. 

 Failure mode FU [kN] N,U [MPa] 
Flange 1 Plastic hinge in the shell 552 290 
Flange 2 Full plastification of the shell 436 322 
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The effects of shear stresses on the resistance of the flanges are neglected and only the load 
components inducing longitudinal stresses in the shell are considered. 
The maximum design stress thus becomes: 

A
F

W
M Zr

UdN , (7.17) 

They are shown in Table 7.6-7. Both flanges have sufficient resistance. The smallest 
provision is for flange 1 with about 33%. 

Table 7.6-7. Design verification. 

 
UdN ,  [MPa] UNUdN ,,  

Flange 1 195 0.67 
Flange 2 171 0.53 

 
Fatigue strength 
Unfortunately the rainflow matrix of the fatigue loads for the tower was not available. Thus it 
is not possible to perform a real fatigue check of the flange connections. 
However, for the sake of comparison with the friction connection the single damage of load 
ranges will be determined. 
 
The determination of the relationship between shell and bolt force by hand is a tedious 
process. Fortunately it is relatively easy to create a computer programme that will 
automatically perform the task. Such a programme, created with MS Excel by Dr.-Ing. Marc 
Seidel [55], the author of the model, was used here  
 
The modulus of elasticity was set to 210GPa and the washers had diameters of 78mm and 
66mm for flange 1 and flange 2 respectively. 
The load introduction factor was calculated according to VDI-Richtlinie 2230. 
 
The bolt forces and moments are plotted as function of the load in the shell on Figure 7.6-7 
and Figure 7.6-8 respectively. 
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Figure 7.6-7. Bolt forces as function of the load in the shell. 
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Figure 7.6-8. Bolt moments as function of the load in the shell. 
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For the creation of Rainflow matrices it was decided to consider only the loads that will 
produce stresses up to about 80% of the bolts yield strength, i.e. Zmax=350kN for flange 1 and 
Zmax=250kN for flange 2. It is assumed that the probability of occurrence of higher loads is 
too small to be considered in fatigue calculations. 
The bolt force and moment functions were then converted in tabular format with load steps of 
50kN. Only tension was considered. The results are presented in Table 7.6-8. 

Table 7.6-8. Relationship between load in the shell and bolts solicitations in tabular form with 
50kN load steps. 

 Flange 1 Flange 2 
Z [kN] FB MB FB MB 

0 710.00 0.00 510.00 0.00 
50 711.14 4.25 511.34 7.75 

100 712.99 14.03 513.99 18.52 
150 716.12 26.45 520.83 38.08 
200 722.23 44.66 544.59 88.85 
250 736.39 77.65 610.59 204.62 
300 771.83 146.61   
350 815.59 199.98   

 
Using the discretization proposed in Table 7.6-8. Rainflow matrices including all possible 
load range combinations could be created. Normally the matrices should include information 
on the occurrence of these combinations. Without this information the damage produced by a 
single occurrence will be derived. 
The matrices are built as tables from which the columns represent the load range starting load 
and the rows represent the ending load. Due to symmetry only half of the matrix needs to be 
considered. 
The bending and tensile stress ranges are given for both flanges in Table 7.6-9 to Table 
7.6-12. 

Table 7.6-9. Rainflow matrix for the tensile stress ranges of flange 1 considering maximum 
loads of 350kN. 

N  [MPa] From Zmin [kN] 
To ZMax [kN] 0 50 100 150 200 250 300 350 

0         
50 1.4        

100 3.6 2.2       
150 7.4 6.0 3.8      
200 14.7 13.4 11.1 7.4     
250 31.8 30.4 28.2 24.4 17.1    
300 74.5 73.1 70.9 67.1 59.7 42.7   
350 127.2 125.8 123.6 119.8 112.4 95.4 52.7  
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Table 7.6-10. Rainflow matrix for the bending stress ranges of flange 1 considering maximum 
loads of 350kN. 

M  [MPa] From Zmin [kN] 
To ZMax [kN] 0 50 100 150 200 250 300 350 

0         
50 1.1        

100 3.6 2.5       
150 6.7 5.7 3.2      
200 11.4 10.3 7.8 4.6     
250 19.8 18.7 16.2 13.1 8.4    
300 37.4 36.3 33.8 30.6 26.0 17.6   
350 51.0 49.9 47.4 44.3 39.6 31.2 13.6  

Table 7.6-11. Rainflow matrix for the tensile stress ranges of flange 2 considering maximum 
loads of 250kN. 

N  [MPa] From Zmin [kN] 
To ZMax [kN] 0 50 100 150 200 250 300 350 

0         
50 1.6        

100 4.8 3.2       
150 13.0 11.4 8.2      
200 41.7 40.0 36.9 28.6     
250 121.1 119.5 116.3 108.1 79.5    
300         
350         

 

Table 7.6-12. Rainflow matrix for the bending stress ranges of flange 2 considering maximum 
loads of 250kN. 

M  [MPa] From Zmin [kN] 
To ZMax [kN] 0 50 100 150 200 250 300 350 

0         
50 2.0        

100 4.7 2.7       
150 9.7 7.7 5.0      
200 22.7 20.7 17.9 12.9     
250 52.2 50.2 47.5 42.5 29.5    
300         
350         
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As the model used to determine the bolt stresses accounts for bending, the Wöhler curves can 
be based on the detail category 50 according to EN1993-1-9. Due to the large bolt diameters 
the reduction factor from (7.10) should be used. 
Following the recommendations from Germanischer Lloyd Guideline, no endurance limit is 
considered. The properties of the Wöhler curves for the bolts are shown in Table 7.6-13. 

Table 7.6-13. Properties of the considered Wöhler curves. 

 Bolt kS C  (N=2.106) D  (N=5.106) 
Flange 1 M42 0.919 46.0 33.9 
Flange 2 M36 0.955 47.8 35.2 

 
Finally the single damages can be derived as: 

i
i N

D 1
(7.18) 

With, 

DMN
MN

D
D

CMN
MN

C
C

i

ifN

ifN
N 5

3

(7.19) 

The results are presented in Table 7.6-14 and Table 7.6-15. 
 

Table 7.6-14. Rainflow matrix for the damages of flange 1. 

Di [cycle-1] From Zmin [kN] 
To ZMax [kN] 0 50 100 150 200 250 300 350 

0         
50 3.98E-13        

100 8.54E-11 1.06E-11       
150 2.51E-09 9.68E-10 7.22E-11      
200 5.45E-08 3.33E-08 1.09E-08 1.12E-09     
250 7.07E-07 6.11E-07 4.51E-07 2.71E-07 4.81E-08    
300 7.20E-06 6.74E-06 5.90E-06 4.81E-06 3.24E-06 1.13E-06   
350 2.91E-05 2.79E-05 2.57E-05 2.27E-05 1.81E-05 1.04E-05 1.50E-06  
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Table 7.6-15. Rainflow matrix for the damages of flange 2. 

Di [cycle-1] From Zmin [kN] 
To ZMax [kN] 0 50 100 150 200 250 300 350 

0         
50 2.69E-12        

100 3.53E-10 3.31E-11       
150 2.74E-08 1.16E-08 1.81E-09      
200 1.37E-06 1.15E-06 8.47E-07 3.70E-07     
250 2.68E-05 2.52E-05 2.26E-05 1.76E-05 6.67E-06    
300         
350         

7.6.5 Friction connection 

The geometry of the tower and design loads remain the same but friction connections are 
designed to replace the two intermediate flange connections. 
 
Dimensioning and static resistance 
The friction connections are dimensioned to resist the tensile stresses induced by the design 
loads (See Table 7.6-2). The results are shown in Table 7.6-16. 

Table 7.6-16. Optimum dimensions and static resistances. 

 Connection 1 Connection 2 
Surface Zinc coating Weath. steel Zinc coating Weath. steel 
μS 0.45 0.79 0.45 0.79 
No. of bolts 588 336 351 201 
Bolts per row 4 3 3 3 
No. of rows 147 112 117 67 
Spacing [mm] 84 110 93 162 

N,U [MPa] 216 217 196 197 
N,Ud/ N,U 0.99 0.99 0.99 0.99 
N,S [MPa] 269 

 
In the considered configuration the friction connections have a sufficient strength to resist the 
ultimate design loads. If needed it would be possible to increase the number of bolts to obtain 
a resistance equivalent to the yield strength of the cross section (See Table 7.6-17). 
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Table 7.6-17. Dimensions for static resistances up to the cross-section yield strength. 

 Connection 1 Connection 2 
Surface Zinc coating Weath. steel Zinc coating Weath. steel 
μS 0.45 0.79 0.45 0.79 
No. of bolts 882 500 580 330 
Bolts per row 6 4 5 3 
No. of rows 147 125 116 110 
Spacing [mm] 84 98 93 98 

N,U [MPa] 324 323 323 323 
 
Fatigue strength 
The fatigue strength is first verified with help of the Damage Equivalent Loads provided for 
the considered tower. Then, for comparison of the single damages, rainflow matrices similar 
to those for the flange connections are created. 
 
First the fatigue stress at 2.108 cycles is calculated from the Wöhler curve with a slope m=4: 

MPaN 5.28
10.2
10.290

4/1

8

6

 

The damage equivalent tensile stresses in the gross cross-section are then derived considering 
only the tilting moment My: 

W
M y

MDELN , (7.20) 

The results are shown in Table 7.6-18. The damage equivalent stresses are compared to the 
fatigue strength. Both connections have sufficient strength and provision of more than 20%. 

Table 7.6-18. Fatigue strength. 

 Connection 1 Connection 2 

DELN ,  [MPa] 22.4 21.4 

NDELN ,  0.79 0.75 
 
To compare with the fatigue strength of the flange connections, rainflow matrices are built 
with tensile stresses identical to those considered for the flange connections. 
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Table 7.6-19. Rainflow matrix for the tensile stress ranges of connection 1. 

N  [MPa] From min [MPa] 
To Max [MPa] 0.0 26.3 52.6 78.9 105.3 131.6 157.9 184.2 

0.0         
26.3 26.3        
52.6 52.6 26.3       
78.9 78.9 52.6 26.3      
105.3 105.3 78.9 52.6 26.3     
131.6 131.6 105.3 78.9 52.6 26.3    
157.9 157.9 131.6 105.3 78.9 52.6 26.3   
184.2 184.2 157.9 131.6 105.3 78.9 52.6 26.3  

 

Table 7.6-20. Rainflow matrix for the tensile stress ranges of connection 2. 

N  [MPa] From min [MPa] 
To Max [MPa] 0.0 37.0 74.1 111.1 148.1 185.2 

0.0       
37.0 37.0      
74.1 74.1 37.0     
111.1 111.1 74.1 37.0    
148.1 148.1 111.1 74.1 37.0   
185.2 185.2 148.1 111.1 74.1 37.0  

 
Based on a Wöhler curve of detail category 90 from EN1993-1-9 without endurance limit, the 
unit damage matrices become: 

Table 7.6-21. Rainflow matrix for the damage of connection 1. 

Di [cycle-1] From min [MPa] 
To Max [MPa] 0.0 26.3 52.6 78.9 105.3 131.6 157.9 184.2 

0.0         
26.3 1.97E-09        
52.6 6.30E-08 1.97E-09       
78.9 3.37E-07 6.30E-08 1.97E-09      
105.3 8.00E-07 3.37E-07 6.30E-08 1.97E-09     
131.6 1.56E-06 8.00E-07 3.37E-07 6.30E-08 1.97E-09    
157.9 2.70E-06 1.56E-06 8.00E-07 3.37E-07 6.30E-08 1.97E-09   
184.2 4.29E-06 2.70E-06 1.56E-06 8.00E-07 3.37E-07 6.30E-08 1.97E-09  
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Table 7.6-22. Rainflow matrix for the damages of connection 2. 

Di [cycle-1] From min [MPa] 
To Max [MPa] 0.0 37.0 74.1 111.1 148.1 185.2 

0.0       
37.0 1.09E-08      
74.1 2.79E-07 1.09E-08     

111.1 9.41E-07 2.79E-07 1.09E-08    
148.1 2.23E-06 9.41E-07 2.79E-07 1.09E-08   
185.2 4.36E-06 2.23E-06 9.41E-07 2.79E-07 1.09E-08  

7.7 Comparison 

7.7.1 Resistance 

Static resistance 
For a given surface type the static resistance of the friction connection is determined by the 
total amount of bolts. Whereas the number of bolt rows is limited by a minimum spacing, it is 
possible to increase the number of bolts per row in order to achieve the desired resistance. The 
example showed that, with a realistic amount of relatively small bolts, connections could be 
designed with a resistance exceeding the yield strength of the base material.  
The flange connections actually used have sufficient resistances but the margin for 
improvement is more limited as even bigger bolts and thicker flanges would be necessary. 
Using friction connections, the tower resistance to static loading can thus be shifted to 
material strength or stability, both of which may be improved by using higher steel grades and 
carefully designed cross-sections. 
 
Fatigue resistance 
The friction connections designed in the example had, according to EN1993-1-9, sufficient 
fatigue strength. Unfortunately the rainflow matrices were unknown and it was not possible to 
directly compare the total damages for both alternatives. 
The single damages on friction connections are independent of the average stress. The 
influence of stress ranges with low average is thus higher and vice versa. 
The fatigue strength of the friction connection should be investigated experimentally to 
determine the detail category. Benefits may be gained over the current recommendations from 
EN1993-1-9. In any case the fatigue strength of friction connections can be improved by 
increasing the shell thickness while the fatigue strength of the flange connection is limited by 
bolt and flange size limits. 

7.7.2 Cost analysis 

The material costs for both solutions can be compared and other construction aspects are 
discussed qualitatively. 
Table 7.7-1 and Table 7.7-2 show the material costs for both flange connections. The price 
information was provided by REpower in December 2007.  
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Table 7.7-1. Material costs of flange connection 1. 

Component Unit price [€] Amount Total Price [€] 
Flange (da=3917mm) 6762.00 2 13524 
Bolt (M42x245 10.9) 20.32 124 2520 
  Total:  16044 

Table 7.7-2. Material costs of flange connection 2. 

Component Unit price [€] Amount Total Price [€] 
Flange (da=3448mm) 4395.00 2 8790 
Bolt (M36x205 10.9) 11.40 116 1322 
  Total:  10112 
 
Table 7.7-3 and Table 7.7-4 show the material costs for both friction connections with ethyl 
silicate zinc rich paint. The prices of Tension Control Bolts were based on a quote from 
TCB Ltd for 1000 pieces dated from August 2007. 

Table 7.7-3. Material costs for friction connection 1 with ethyl silicate zinc rich paint and 
optimum dimensions. 

Component Unit price [€] Amount Total Price [€] 
Bolt (M30x110 S10T) 5.45 588 3205 
  Total:  3205 

Table 7.7-4. Material costs for friction connection 2 with ethyl silicate zinc rich paint and 
optimum dimensions. 

Component Unit price [€] Amount Total Price [€] 
Bolt (M30x110 S10T) 5.45 351 1913 
  Total:  1913 
 
From these rough estimations, it appears that the material costs for the intermediate 
connections can be cut down by about 80%. The savings are here more than 20000€ per 
tower. 
When possible, using weathering steel would decrease the required amount of bolts by about 
40%. The additional costs for the steel plates could be compensated by the absence of coating. 
Connections designed with resistances equivalent to the cross section yield strength would 
require more bolts and cost between 50% and 70% more. However, it would still be about 
70% cheaper than an equivalent flange connection. 
 
The fabrication costs are not included in this estimation. However it is reasonable to think 
that, in serial production, they would be lower with friction connections. 
The machining and drilling operations on one flange require around five hours. In an 
American study [56] this operation was estimated to cost about 3000$ per piece. The flanges 
must then be welded and if tolerances are not met, additional machining is required. 
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On the other hand the friction connections only require cutting the holes in the plates. This 
could be done by lasers before rolling. To avoid distortion the slots could be cut as closed and 
opened afterwards by cutting the tubes manually. 
Another drawback of the flange connections which may be taken into account is the long 
delivery time, typically between three and four months. 
 
The installation costs should also be considered. Although the friction connections require 
about four times as many bolts these are smaller and the tightening tools are easier to handle. 
The tightening procedure of Tension Control Bolts is also an advantage; TCB Ltd. reports 
tightening two times faster than with conventional bolts and only one operator is needed. 
From personal experience it took about two minutes to fully tighten a three bolts connection 
in two steps, including driving the nuts by hand. By extrapolation the tightening of friction 
connection 1 would require less than seven man hours. Also the wrenches from TCB Ltd. are 
electrical devices. They do not rely on hydraulic pressure which is time consuming and 
laborious to provide. 

7.7.3 Conclusion 

Friction connections could be used to shift the design limitations to other aspects of the tower 
and thus enable higher efficiency of the structure. 
Used with the current tower geometry and material the cost analysis highlighted potential 
savings of about 80%, i.e. more than 20000€. It is thus strongly recommended to further 
investigate the feasibility of this solution. 
The fatigue behaviour and effect on stability should be studied to improve design and ensure 
its safety. In the same time the fabrication and installation processes should be analyzed. 
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8 CONCLUSIONS AND FUTURE WORK 

8.1 Conclusions 

The specimens with long slotted holes and cover plates had slip resistances in average 4% 
lower than those with normal holes. The variations of bolt forces were almost the same as 
with normal holes. With ethyl silicate zinc rich paint, 9% of the pretension was lost by short 
term relaxation during the twelve hours following tightening. An additional decrease of 3% 
was monitored due to transversal strains at slip. 
 
At the connection the maximal normal stresses were up to 17% higher than the average stress. 
 
In long term tests under tensile loads at 80% of the slip resistance, creeping of the plates was a 
logarithmic function of time. The total creep was estimated to remain lower than 100μm over 
a period of 20 years. 
Due to relaxation the bolt forces decreased by about 4% in 15 weeks. By extrapolation it was 
estimated that an additional loss of 3% would occur in the next 20 years. 
 
TCBs performed slightly better than products with different coatings. Aging and exposure to 
weather affected the characteristic pretension by about 5% and 3% respectively. Installation 
of TML gages also had an adverse effect. 
TCBs may be used with cover plates made of hardened steel if the nuts are lubricated with 
molybdenum grease. The pretension was then about 5% higher than the reference. 
Generally, the achieved pretension is higher than the requirements from EN1993-1-8. For 
optimal design the characteristic pretension of a batch should thus be determined by testing. 
 
The slip factor must be determined from friction tests with properties similar to those of the 
considered application. The bolt forces, coating and plate thickness must be identical. Under 
these prerequisites more advantageous reduction factors can be derived for particular hole’s 
geometries. The design resistance could be safely increased by about 14%. 
 
Friction connections with slotted holes have simple resistance models which can facilitate the 
design of wind towers; the static resistance at the Ultimate Limit State is given by the surface 
friction and total amount of bolts, and the fatigue resistance is given by the plate thickness. 
Their potential is also interesting as material cost savings of about 80%, i.e. about 20000€, 
could be achieved. 
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8.2 Future work 

The design models used for friction connections are very simple and based on limiting 
assumptions which do not explicitly account for all parameters involved. Therefore they rely 
on extensive tests to yield realistic and safe results. 
More versatile models may be developed with additional parameters that could be obtained 
from standardized tests and would remain valid for a wider range of applications. 
The surface properties should be defined with more advanced friction formulations, including 
the dependency on local pressure and velocity. The influence of surface roughness on the 
normal behaviour should also be studied. 
The effects of interaction and three dimensional constraints on the behaviour of cylindrical 
friction connections should be investigated for the different types of loading: tension, 
compression and bending. This could advantageously be done numerically if reliable models 
are developed. 
 
The potential of using friction connections in wind towers was highlighted by considering the 
resistance of segment specimens. To propose comprehensive design recommendations other 
aspects must be addressed, from the designer point of view: 

 fatigue resistance, 
 behaviour of a cylindrical connection, including effects of interactions and 

imperfections on the clamping force and resistance, 
 influence on shell stability, 
 behaviour in compression, 
 effects of load and temperature cycles on the bolt forces, and, 

from the manufacturer point of view: 
 optimum level of imperfections to ensure economical fabrication and easy 

assembly, 
 assembly procedure 
 stiffening for transportation, and, 
 cutting and rolling processes. 
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APPENDIX A – FRICTION TESTS 

Specimen geometry 
It is stated in EN1090-2 that the clamping force should be identical to that of the actual 
application. However specimen geometries are only described for use with M10 and M20 
bolts whereas the further tests will be performed with M30 bolts. Moreover the expected 
resistance of specimens with M30 bolts exceeded the available testing capacity. Therefore it 
was decided to use M20 bolts of grade 10.9. The specimen outer dimensions were taken 
according to EN1090-2. But the parts were cut out of the same base material as used in further 
tests, i.e. the thickness was 25mm and not 10mm. The specimens’ geometry is then presented 
on Figure A-1. 
 

 

Figure A-1. Specimen geometry. 
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Bolt forces measurement 
The bolt forces were measured by means of load-cells made of a steel cylinder (See 
dimensions on Figure A-2) equipped with 3 strain gauges at 120° interval. The gauges were of 
the type KYOWA KFG-5-120-C1-11. 
The devices were calibrated in compression tests were two cells were stacked on top of each 
other and pressed between heavy steel plates up to a load of 250kN and back at a constant rate 
of about 20 m/s. The procedure was repeated three times with the load cells turned 120°. 
The gauge responses were found to be slightly nonlinear at lower loads. They were therefore 
calibrated in their linear functioning range, between 100kN and 250kN, taking in account both 
loading and unloading of the cells. 
For each gauge a single regression function was obtained as an average of those obtained 
from each of the calibration tests. 

 

Figure A-2. Load cell geometry. 

 

Figure A-3. Pictures of a load cell. 
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Slip measurement 
The slip in the connection was recorded with Crack Opening Devices (CODs) measuring the 
relative displacements of knife-edges spot welded on the plate edges. The CODs were of the 
type EPSILON 3541-010M-150-ST calibrated for a total stroke of 4mm with an accuracy of 
about 1 m. 
For each connection the slip between the inner plate and one of the outer plates was measured 
on both sides in order to compensate for possible in plane rotation. The welds and thus the 
measuring points were placed half way between the two holes, at the plate centre. 
 

   

Figure A-4. Pictures of the test setup. 

Test procedure 
The specimens were assembled with the plates pushed in bearing position to offer the 
maximum holes clearance during test. The bolts were then tightened with a key wrench while 
reading the gauges outputs. The targeted pretension was about 170kN per bolt. 
The specimens were then pulled at a constant rate until both connections had failed. Tests 
were run in both load and stroke control. 
 
Slip criterion 
In EN1090-2 the slip load is defined as the load at which a relative slip of 150 m occurs. 
Other displacement criteria are also mentioned by ECCS-TC10 [32]. These are well adapted 
for tests performed under load control; once major slip occurs the machines control tries to 
increase the applied load thus producing a continuous movement with high velocity. It is then 
possible to specify a certain amount of displacement that will conveniently assess the slip 
load. 
If the tests are run in stroke control however –as it was the case here– the velocity of the 
movement after failure remains unchanged but the transferred load is free to vary. The amount 
of displacement at major slip being specimen dependent it appears impossible to propose a 
general displacement criterion that will coincide with actual slip failure for all cases. 
Therefore the slip load was here taken as the ultimate load at first major slip. 
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Results
The average clamping force was about 330kN per connection with a variation of about 6%. 
No significant difference could be noticed between the specimens tested in load or stroke 
control. The test rate didn’t seem to have any influence either. 
In EN1090-2 it is referred to a slip factor rather than a friction coefficient. The same term was 
defined by ECCS TC10 in 1984 [32] as the ratio of the slip load on the initial clamping force. 
Now implementing modern measuring techniques, continuous recording of the bolt forces 
showed a clear decrease of the clamping force with increasing tensile load. And it was 
possible to define a friction as the ratio of the slip load on the clamping force at slip. Both 
parameters are presented here. 

Ethyl silicate zinc rich paint 
The average friction coefficient was f,Z=0.45 with a variation of about 12% with 6 specimens 
(12 values). The slip factor s,Z did not differ significantly. 

Table A- 1.Results of friction tests with ethyl silicate zinc rich paint. 

test rate
connection A1 A2 M1-1 M1-2 M2-1 M2-2
friction coefficient 0.43 0.43 0.52 0.36 0.48 0.46
slip factor 0.42 0.42 0.51 0.35 0.47 0.45

stroke control
5 um/s

test rate
connection A1 A2 B1 B2 C1 C2
friction coefficient 0.46 0.45 0.55 0.43 0.38 0.46
slip factor 0.46 0.45 0.55 0.42 0.38 0.46

load control
0.5 kN/s1.5 kN/s

 
 
Corroded weathering steel 
The average friction coefficient was f,WS=0.84 with a variation of about 5% with 5 specimens 
(10 values). The slip factor s,WS=0.79 was about 6% lower. 

Table A- 2.Results of friction tests with corroded weathering steel. 

test rate
connection R1-1 R1-2 R2-1 R2-2
friction coefficient 0.86 0.84 0.77 0.89
slip factor 0.82 0.79 0.71 0.82

5 um/s
Stroke control

 

test rate
connection R1-1 R1-2 R2-1 R2-2 R3-1 R3-2
friction coefficient 0.84 0.86 0.90 0.79 0.86 0.84
slip factor 0.79 0.81 0.84 0.74 0.82 0.78

1.5 kN/s 0.5 kN/s
Load control

 
 
As expected the rust layer of weathering steel provided a higher friction and whereas the zinc 
coated specimens had a rather smooth behaviour the corroded specimens presented a “stick-
slip” behaviour with very distinctive noise and vibrations during testing. It can also be noticed 
that the spread of results is about two times greater when a coating is used.  
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APPENDIX B – BOLTS CALIBRATION 

Batch 1, S10T TCB M20-55mm
A series of five tensile tests was performed to calibrate the gauges. The bolt head was 
maintained and the load was introduced by a long nut welded on a steel rod (See Figure B- 1). 
The bolts were loaded in a cycle from 0 to 50kN and back, at the linear rate of 0.5kN/s. 
 

 

Figure B- 1.Test setup for gauge calibration 

The behaviour was found to be linear for loads above 10kN. In order to avoid damaging the 
thread the testing range didn’t extend up to the utilization range and it was therefore assumed 
that the behaviour could be extrapolated. Both loading and unloading were taken into account. 
The coefficient of variation for the first five tests (See Table B- 1) was about 0.9%, which is 
comparable to the uncertainty of the gauges (±1%). Therefore an average calibration factor of 
54.30N/μm/m was used for all the bolts of this batch. 

Table B- 1. Calibration factors, Batch 1. 

Bolt’s reference B01 B02 B03 B04 B12 
Calibration factor [N/μm/m] 54.85 54.85 54.06 53.95 53.81 

The bolts of this batch were used for the series P-1x3, PZ-1x3, and the first specimen of series 
PWS1x3 (See Table B- 2) 
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Table B- 2. Bolts’ assignment, Batch 1. 

Test series Specimen Bolt’s 
position 

Bolt’s 
reference 

B1 B01 
B2 B02 1 
B3 B03 
B1 B04 
B2 B05 2 
B3 B06 
B1 B07 
B2 B08 

P-1x3 

3 
B3 B09 
B1 B10 
B2 B11 1 
B3 B12 
B1 B13 
B2 B14 2 
B3 B15 
B1 B16 
B2 B17 

PZ-1x3 

3 
B3 B18 
B1 B19 
B2 B21 PWS-1x3 1 
B3 B20 

Batch 2, S10T TCB M20-55mm
A series of seven tensile tests was performed to calibrate the gauges. The setup was the same 
as for the first batch (See Figure B- 1). But the bolts were loaded in a cycle from 0 to 150kN 
and back, at the linear rate of 0.5kN/s. 
The behaviour was found to be linear. It was assumed that it could be extrapolated. Both 
loading and unloading were taken into account. The coefficient of variation for the seven tests 
was about 4% so all bolts were explicitly calibrated (See Table B- 3). 

Table B- 3. Calibration factors and bolts’ assignments, Batch 2. 

Test series Specimen Bolt’s 
position 

Bolt’s 
reference 

Calibration factor 
[N/μm/m] 

B1 B24 52.35 
B2 B25 51.69 2 
B3 B26 57.84 
B1 B27 53.79 
B2 B28 52.63 

PWS-1x3 

3 
B3 B29 56.16 
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Batch 3, S10T TCB M30-110mm
A total of 22 bolts were explicitly calibrated. The setup was similar to the one already 
described for batches 1 and 2. The bolts were loaded in a cycle from 0 to 300kN and back, at 
the linear rate of 2kN/s. 
The behaviour was found to be linear for loads above 50kN. Both loading and unloading were 
taken into account and it was assumed that it could be extrapolated. 
The calibration curves were linearly interpolated using the least square method. The equations 
included both the slope (a) and intersection with the load-axis (b). The results are presented in 
Table B- 5. 
The average slope of the 22 regression curves was about 143.7N/μm/m with a low variation 
of 1%. The intersection parameter remained relatively low and showed great scattering. 
Therefore the calibration curve of the non-tested bolts was defined only by the slope, fixing 
the intersection parameter to zero. Applying this parameter to the 22 calibrated bolts for a 
typical strain level of 2800μm/m the average error was less than 1% with a maximum of less 
than 3%. 

Batch 4, S10T TCB M30-110mm
60 bolts were equipped with strain gauges but the resin appeared to be expired and an 
important number of gauges did not have a satisfactory response. All used bolts had 
functioning gauges which were explicitly calibrated as described for those of batch 3. The 
results are presented in Table B- 6. 
 
Batch 5, S10T TCB M30-110mm
A total of 9 bolts were explicitly calibrated. The setup was similar to the one already 
described. The bolts were loaded in a cycle from 0 to 300kN with a plateau of about 100s at 
300kN, and back, at the linear rate of 3kN/s. 
The behaviour was found to be linear for loads above 100kN. Both loading and unloading 
were taken into account and it was assumed that it could be extrapolated. 
The calibration curves were linearly interpolated using the least square method. The equations 
included both the slope (a) and intersection with the load-axis (b). The results are presented in 
Table B- 4. 

Table B- 4. Calibration factors and bolts’ assignments, Batch 5. 

Calibration curve Test 
series Specimen Bolt’s 

position 
Bolt’s 

reference a [N/μm/m] b [kN] 
B1 B1 137.7 -2.4 
B2 B2 147.3 1.6 1 
B3 B3 140.4 22.6 
B1 B4 146.0 -3.9 
B2 B5 144.7 0.3 2 
B3 B6 140.2 -0.5 
B1 B7 145.8 -7.8 
B2 B8 138.1 14.3 

Z-1x3n 

3 
B3 B9 139.9 9.3 
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Table B- 5. Calibration factors and bolts’ assignments, Batch 3. 

Calibration curve Test 
series Specimen Bolt’s 

position 
Bolt’s 

reference a [N/μm/m] b [kN] 
B1 B01 141.0 3.8 
B2 - 143.7 - A 
B3 B02 144.2 2.8 
B1 B03 144.9 1.1 
B2 - 143.7 - B 
B3 B04 144.3 -4.1 
B1 B05 143.8 -1.1 
B2 - 143.7 - C 
B3 B06 142.0 -0.1 
B1 B07 142.0 -1.3 
B2 - 143.7 - D 
B3 B08 144.7 -0.5 
B1 B09 144.1 0.5 
B2 - 143.7 - 

Z-1x3 

E 
B3 B10 144.6 -1.4 
B1 B19 143.3 4.1 
B2 - 143.7 - A 
B3 B20 143.7 -1.2 
B1 B15 142.0 5.0 
B2 - 143.7 - B 
B3 B16 146.0 0.5 
B1 B13 143.7 -1.2 
B2 - 143.7 - C 
B3 B14 147.2 1.9 
B1 B11 143.5 -0.1 
B2 - 143.7 - D 
B3 B12 145.4 3.3 
B1 B17 142.1 -0.1 
B2 - 143.7 - 

WS-1x3 

E 
B3 B18 142.5 -1.1 
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Table B- 6. Calibration factors and bolts’ assignments, Batch 4. 

Calibration curve Test 
series Specimen Bolt’s 

position 
Bolt’s 

reference a [N/μm/m] b [kN] 
B1 B41 147.6 2.1 
B2 B36 142.9 -2.3 
B3 B44 147.6 0.5 
B4 B42 143.4 0.3 
B5 B49 134.2 -10.2 

B1 

B6 B45 144.7 4.8 
B1 B20 149.8 1.5 
B2 B19 143.3 4.1 
B3 B20 143.7 -1.2 
B4 -   
B5 -   

B2 

B6 B21 142.8 -0.7 
B1 B16 150.5 2.7 
B2 B51 146.0 -0.1 
B3 B13 144.2 2.1 
B4 B04 146.7 -1.6 
B5 B11 145.3 1.2 

Z-2x3 

B3 

B6 B01 143.4 -0.2 
B1 B24 144.2 4.8 
B2 B26 147.0 1.7 
B3 B27 152.3 5.1 
B4 B28 144.0 -0.5 
B5 B30 147.0 1.7 

D1 

B6 B35 150.3 6.3 
B1 B11 143.5 -0.1 
B2 B12 145.4 3.3 
B3 B13 143.7 -1.3 
B4 B14 147.2 1.9 
B5 -   

D2 

B6 -   
B1 -   
B2 -   
B3 B22 143.0 6.3 
B4 B17 142.1 -0.1 
B5 B16 146.0 0.5 

Z-1x6 

D3 

B6 B15 142.0 5.0 
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APPENDIX C – LOAD CELL CALIBRATION 

Load cell preparation 
The load cell was produced out of SS2541 steel with yield strength of 700MPa. It was lathed 
in form of a thick washer with dimensions shown on Figure C- 1. 
 

 

Figure C- 1. Load cell dimensions 

Four packages of strain gauges of type KYOWA KFG-5-120-D16-11N30C2 were used. They 
were glued on the outer side and placed at intervals of 90°. Each package consisted of two 
orthogonal gauges that were oriented to measure the axial and tangential strains. 
The gauges were connected in two full Wheatstone bridges so as to get two outputs, one for 
the longitudinal and one for the tangential strains. The full bridges had the advantages to offer 
temperature compensation and high output level. 
 
Calibration 
The load cell was placed between the test plates and the whole package was compressed in 
the 600kN load frame between heavy steel plates. Three tests were performed rotating the cell 
of a quarter turn between each. For each test a few cycles were run with loads varying from 0 
to 500kN and back. The cell responses, i.e. the averages of both outputs, are plotted against 
the applied load on Figure C- 2. 
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Figure C- 2. Cell load-response relationship. 

The curves presented some hysteresis between their loading and unloading parts. Also the 
loading curves were nonlinear for loads below 100kN. As the cell were intended to measure 
bolts’ pretensions around 400kN, only the loading curves for loads higher than 100kN were 
considered for calibration. 
The equation of a linear regression curve was derived using the least squares method. Its 
parameters are shown in Table C- 1. 

Table C- 1. Parameters of the calibration curve. 

Slope, a [kN/mV/V] Intersection, b [kN] Correlation coeff., r2 
-294.9 34.7 0.9992 
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APPENDIX D – STATIC TESTS RESULTS 

Table D- 1. Total loss of bolt force up to major slip in series P-1x3. 

Specimen 1 2 3 Avg. Variation [%] 
B1 34.0 36.2 39.7 36.6 7.9 
B2 18.5 21.8 40.4 26.9 43.7 
B3 49.4 51.4 67.8 56.2 18.0 

Force drop 
[kN] 

All 101.9 109.4 147.9 119.7 20.6
B1 18.3 18.9 20.3 19.2 5.4 
B2 10.5 12.7 23.0 15.4 43.6 
B3 26.6 27.7 34.4 29.6 14.2 

% of residual 
pretension 

All 18.6 19.9 26.0 21.5 18.4

Table D- 2. Total loss of bolt force up to major slip in series PZ-1x3. 

Specimen 1 2 3 Avg. Variation [%] 
B1 26.2 19.7 38.0 28.0 33.1 
B2 19.6 - 4.5 12.1 89.0 
B3 22.6 26.3 43.5 30.8 36.3 

Force drop 
[kN] 

All 68.4 46.0 86.0 66.8 30.0
B1 16.8 12.3 23.8 17.6 33.1 
B2 13.2 - 3.0 8.1 89.8 
B3 14.3 16.8 28.4 19.9 37.8 

% of residual 
pretension 

All 14.8 14.5 18.5 16.0 14.1

Table D- 3. Total loss of bolt force up to major slip in series PWS-1x3. 

Specimen 1 2 3 Avg. Variation [%] 
B1 52.1 44.7 32.6 43.1 22.9 
B2 33.3 20.2 27.2 26.9 24.5 
B3 37.5 49.8 48.0 45.1 14.8 

Force drop 
[kN] 

All 122.9 114.7 107.8 115.1 6.6
B1 31.9 26.6 18.6 25.7 25.9 
B2 21.2 12.9 16.5 16.9 24.8 
B3 21.0 29.2 27.2 25.8 16.5 

% of residual 
pretension 

All 24.6 23.2 20.9 22.9 8.3
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Table D- 4. Total loss of bolt force up to major slip in series Z-1x3. 

Specimen A B C D E Avg. Variation [%] 
B1 9.4 8.5 5.1 10.3 8.8 8.4 23.7 
B2 4.7 6.8 4.6 6.2 6.0 5.7 17.3 
B3 14.4 17.8 15.7 20.1 29.7 19.5 31.0 

Force drop 
[kN] 

All 28.6 33.2 25.3 36.5 44.5 33.6 22.1
B1 2.6 2.3 1.4 2.8 2.2 2.2 23.2 
B2 1.3 1.9 1.3 1.7 1.7 1.6 17.2 
B3 3.8 4.8 4.2 5.4 8.1 5.3 31.8 

% of 
residual 

pretension 
All 2.6 3.0 2.3 3.3 3.9 3.0 20.9

Table D- 5. Total loss of bolt force up to major slip in series WS-1x3. 

Specimen A B C D E Avg. Variation [%] 
B1 58.3 95.8 127.2 127.4 105.0 113.8 14.0 
B2 15.2 27.7 35.4 31.5 26.9 30.4 12.9 
B3 41.2 130.7 140.9 145.7 114.6 133.0 10.4 

Force drop 
[kN] 

All 114.7 254.2 303.5 304.5 246.5 277.2 11.2
B1 17.2 24.2 30.1 31.2 25.5 27.7 12.3 
B2 4.2 7.1 9.1 8.3 6.9 7.9 12.8 
B3 12.6 32.0 34.4 36.0 28.9 32.8 9.4 

% of 
residual 

pretension 
All 11.1 21.3 24.9 25.5 20.6 23.1 10.7

Table D- 6. Total loss of bolt force up to major slip in series Z-2x3. 

Specimen B1 B2 B3 Avg. Variation [%] 
B1 44.1 34.8 49.9 42.9 17.8 
B2 29.4 26.9 28.9 28.4 4.8 
B3 25.7 11.2 27.3 21.4 41.5 
B4 24.3 13.5 16.6 18.1 30.7 
B5 30.6 55.0 41.0 42.2 28.9 
B6 32.2 38.3 33.4 34.6 9.5 

Force drop 
[kN] 

All 186.3 179.6 197.1 187.7 4.7
B1 11.2 9.3 12.3 10.9 13.8 
B2 7.7 6.4 7.3 7.1 9.4 
B3 7.0 3.0 6.9 5.6 39.9 
B4 7.7 3.6 4.3 5.2 42.6 
B5 10.1 13.8 9.8 11.2 19.8 
B6 8.3 10.0 8.5 8.9 10.7 

% of residual 
pretension 

All 8.7 7.7 8.2 8.2 5.6
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Table D- 7. Total loss of bolt force up to major slip in series Z-1x6. 

Specimen D1 D2 D3 Avg. Variation [%] 
B1 42.8 31.3 54.0 42.7 26.5 
B2 21.9 19.6 29.4 23.6 21.7 
B3 31.6 19.3 21.2 24.1 27.6 
B4 22.3 20.6 25.8 22.9 11.4 
B5 32.9 18.6 35.2 28.9 31.1 
B6 52.6 45.5 47.6 48.6 7.5 

Force drop 
[kN] 

All 204.1 155.0 213.3 190.8 16.4
B1 11.0 7.6 14.2 11.0 30.0 
B2 5.5 4.9 7.6 6.0 23.5 
B3 8.2 5.0 5.5 6.2 28.1 
B4 5.8 5.4 6.7 6.0 10.9 
B5 8.4 4.8 8.7 7.3 30.2 
B6 13.4 11.6 12.0 12.3 7.8 

% of residual 
pretension 

All 8.7 6.6 9.1 8.1 16.7

Table D- 8. Total loss of bolt force up to major slip in series Z-1x3n. 

Specimen 1 2 3 Avg. Variation [%] 
B1 19.4 8.3 12.5 13.4 41.9
B2 6.0 10.1 7.5 7.8 26.4
B3 9.3 13.0 14.9 12.4 23.0

Force drop 
[kN] 

All 34.6 31.3 34.8 33.6 5.9
B1 4.7 2.0 3.0 3.3 41.6
B2 1.4 2.4 1.7 1.8 26.3
B3 2.2 3.1 3.6 3.0 25.1

% of residual 
pretension 

All 2.7 2.5 2.8 2.7 5.6
 

Table D- 9. Slip resistances of series P-1x3. 

Specimen 1 2 3 Avg. Variation [%] 
Slip resistance [kN] 337.1 342.8 352.5 344.1 2.3
Initial pretension [kN] 577.8 575.7 594.1 582.5 1.7 
Residual pretension [kN] 548.1 548.9 568.0 555.0 2.0 
Slip factor [-] 0.583 0.595 0.593 0.591 1.1
Bolt forces at slip [kN] 446.2 439.5 420.1 435.3 3.1 
Apparent friction coefficient 
[-] 0.755 0.780 0.839 0.792 5.4
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Table D- 10. Slip resistances of series PZ-1x3. 

Specimen 1 2 3 Avg. Variation [%] 
Slip resistance [kN] 163.4 171.7 168.3 167.8 2.5
Initial pretension [kN] 523.3 - 542.3 532.8 2.5 
Residual pretension [kN] 461.9 - 463.8 462.9 0.3 
Slip factor [-] 0.312 - 0.310 0.311 0.4
Bolt forces at slip [kN] 393.5 - 377.9 385.7 2.9 
Apparent friction coefficient 
[-] 0.415 - 0.445 0.430 5.0

 

Table D- 11. Slip resistances of series PWS-1x3. 

Specimen 1 2 3 Avg. Variation [%] 
Slip resistance [kN] 339.3 325.6 330.4 331.8 2.1
Initial pretension [kN] 527.3 515.6 539.6 527.5 2.3 
Residual pretension [kN] 498.7 495.0 515.9 503.2 2.2 
Slip factor [-] 0.643 0.631 0.612 0.629 2.5
Bolt forces at slip [kN] 375.8 380.3 408.1 388.1 4.5 
Apparent friction coefficient 
[-] 0.903 0.856 0.810 0.856 5.4

 
Table D- 12. Slip resistances of series Z-1x3. 

Specimen A B C D E Avg. Variation [%] 
Slip resistance [kN] 347.6 399.1 345.4 416.7 399.3 381.6 8.61
Initial pretension [kN] 1182.4 1183.5 1179.4 1186.1 1222.1 1190.7 1.49 
Residual pretension [kN] 1109.3 1097.8 1093.0 1104.5 1131.5 1107.2 1.35 
Slip factor [-] 0.294 0.337 0.293 0.351 0.327 0.320 8.17
Bolt forces at slip [kN] 1080.7 1064.7 1067.7 1068.0 1087.0 1073.6 0.90 
Apparent friction 
coefficient [-] 0.322 0.375 0.324 0.390 0.367 0.356 8.77

Table D- 13. Slip resistances of series WS-1x3. 

Specimen A B C D E Avg. Variation [%] 
Slip resistance [kN] 707.4 730.4 750.5 736.6 719.0 734.1 1.79
Initial pretension [kN] 1033.2 1192.5 1221.4 1194.6 1195.5 1201.0 1.14 
Residual pretension [kN] - - - - - - - 
Slip factor [-] 0.685 0.613 0.614 0.617 0.601 0.611 1.11
Bolt forces at slip [kN] 918.4 938.2 917.8 890.1 949.0 923.8 2.81 
Apparent friction 
coefficient [-] 0.770 0.778 0.818 0.828 0.758 0.795 4.14
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Table D- 14. Slip resistances of series Z-2x3. 

Specimen B1 B2 B3 Avg. Variation [%] 
Slip resistance [kN] 659.1 531.6 615.7 602.1 10.8
Initial pretension [kN] 2150.0 2319.8 2404.9 2291.6 5.7 
Residual pretension [kN] - - - - - 
Slip factor [-] 0.307 0.229 0.256 0.264 14.9
Bolt forces at slip [kN] 1963.8 2140.2 2207.8 2103.9 6.0 
Apparent friction coefficient 
[-] 0.336 0.248 0.279 0.288 15.4

Table D- 15. Slip resistances of series Z-1x6. 

Specimen D1 D2 D3 Avg. Variation [%] 
Slip resistance [kN] 748.2 722.2 712.0 727.5 2.6
Initial pretension [kN] 2342.8 2356.2 2341.7 2346.9 0.3 
Residual pretension [kN] - - - - - 
Slip factor [-] 0.319 0.307 0.304 0.310 2.6
Bolt forces at slip [kN] 2138.6 2201.2 2128.5 2156.1 1.8 
Apparent friction coefficient 
[-] 0.350 0.328 0.335 0.337 3.3

Table D- 16. Slip resistances of series Z-1x3n. 

Specimen 1 2 3 Avg. Variation [%] 
Slip resistance [kN] 451.5 465.6 442.1 453.0 2.62
Initial pretension [kN] 1337.0 1333.6 1350.3 1340.3 0.66 
Residual pretension [kN] 1265.5 1254.6 1258.7 1259.6 0.44 
Slip factor [-] 0.338 0.349 0.327 0.338 3.22
Bolt forces at slip [kN] 1230.9 1223.3 1223.8 1226.0 0.34 
Apparent friction coefficient 
[-] 0.367 0.381 0.361 0.370 2.70

 

Table D- 17. Load drop of series P-1x3. 

Specimen 1 2 3 Avg. Variation [%] 
Load drop [kN] 47.1 50.8 52.5 50.1 5.5 
% of Slip resistance 14.0 14.8 14.9 14.6 3.5 

 

Table D- 18. Load drop of series PZ-1x3. 

Specimen 1 2 3 Avg. Variation [%] 
Load drop [kN] 57.4 49.7 75.3 60.8 21.6 
% of Slip resistance 35.1 28.9 44.7 36.3 21.9 
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Table D- 19. Load drop of series PWS-1x3. 

Specimen 1 2 3 Avg. Variation [%] 
Load drop [kN] 90.3 97.6 38.4 75.4 42.8 
% of Slip resistance 26.6 30.0 11.6 22.7 43.0 

 

Table D- 20. Load drop of series Z-1x3. 

Specimen A B C D E Avg. Variation [%] 
Load drop [kN] 92.7 100.9 118.9 92.0 103.0 101.5 10.7 
% of slip resistance 26.7 25.3 34.4 22.1 25.8 26.8 17.1 

 

Table D- 21. Load drop of series WS-1x3. 

Specimen A B C D E Avg. Variation [%] 
Load drop [kN] 311.3 325.6 276.4 266.0 265.2 283.3 10.1 
% of slip resistance 44.0 44.6 36.8 36.1 36.9 38.6 10.4 

 

Table D- 22. Load drop of series Z-2x3. 

Specimen B1 B2 B3 Avg. Variation [%] 
Load drop [kN] 124.6 39.6 89.1 84.4 50.5 
% of Slip resistance 18.9 7.5 14.5 13.6 42.4 

 

Table D- 23. Load drop of series Z-1x6. 

Specimen D1 D2 D3 Avg. Variation [%] 
Load drop [kN] 55.8 155.8 115.6 109.1 46.1 
% of Slip resistance 7.5 21.6 16.2 15.1 47.2 

 

Table D- 24. Load drop of series Z-1x3n. 

Specimen 1 2 3 Avg. Variation [%] 
Load drop [kN] 156.7 248.5 160.7 188.6 27.5 
% of Slip resistance 34.7 53.4 36.3 41.5 24.9 
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APPENDIX E – NUMERICAL MODELS 

Three different meshes were used in the analysis. Their total amount of nodes and elements 
are given in . The main properties of the different models and the corresponding test series are 
presented in . 

Table E- 1. Mesh sizes. 

mesh Amount of nodes Amount of elements 
test-25mm-slot 43515 35031 

test-25mm-normal 39842 32573 
friction-test-new 14793 11516 

 

Table E- 2. Overview of the numerical models and their main properties 

Bolt forces [kN] 
Series mesh Nr. 

B1 B2 B3 
μ

10 0.45 
11 

373.6 362.2 371.4 
0.34 Z-1x3 

14 393.0 393.0 393.0 0.45 
12 0.84 

WS-1x3

test-25mm-slot 

13 
409.8 386.4 404.8 

0.61 
1 0.45 
2 

411.0 427.2 421.4 
0.36 Z-1x3n test-25mm-normal 

3 393.0 393.0 393.0 0.45 
Friction tests friction-test-new 1 174.0 174.0 - 0.45 
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Figure E- 1. Overview of the mesh and node paths across the contact surface (test-25mm-slot) 
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Table E- 3. Definition of node paths across the contact surface (test-25mm-slot, 
plate-slotted-1) 

Path Node numbers 
Edge 9, 138:128:-1, 5, 520, 31 
B1 40, 681:686:1, 3, 82:78:-1, 2, 738, 41 
B2 748, 4536:4611:15, 368, 2241:2181:-15, 348, 4815, 823 
B3 848, 4889:4894:1, 257, 1695:1627:-17, 233, 5418, 923 

Table E- 4. Definition of slip measurements (test-25mm-slot) 

Slip measurement Node 1 Node 2 
S1 & S2 Plate-slotted-1.4740 Plate-1.2615 

S5 Plate-slotted-1.562/563 Plate-1.1022 
 
 

 

Figure E- 2. Overview of the mesh and nodes used to determine the relative slip 
(test-25mm-slot) 
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Figure E- 3. Overview of the mesh and node paths across the contact surface 
(test-25mm-normal) 
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Table E- 5. Definition of node paths across the contact surface (test-25mm-normal, plate-2) 

Path Node numbers 
Edge 15, 254:244:-1, 9, 200, 11 
B1 571, 3203:3127:-19, 547, 6211, 6149, 6108, 463, 2709, 482 
B2 655, 3730:3654:-19, 631, 6649, 6699, 6756, 6711, 6664, 6626, 361, 2387, 377 
B3 835, 4447:4371:-19, 811, 5572, 5561, 5488, 5446, 930, 4913, 946 

Table E- 6. Definition of slip measurements (test-25mm-normal) 

Slip measurement Node 1 Node 2 
S1 & S2 Plate-2.2615 Plate-1.2615 
S3 & S4 Plate-2.2947 Plate-1.5160 

S5 Plate-2.259 Plate-1.1022 
 

S3 & S4

S1 & S2

S5

 

Figure E- 4. Overview of the mesh and nodes used to determine the relative slip 
(test-25mm-normal) 
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Table E- 7. Excerpts of an input file (test-25mm-slot-11) 

**------  Pretension cross-section 1 
*SURFACE, NAME=pretension-cs1, 

TYPE=ELEMENT 
bolt-1.819, S2 
… 
*NODE 
9991, 0., 0., 0. 
*PRE-TENSION SECTION, 

SURFACE=pretension-cs1, 
NODE=9991 

… 
*Nset, nset=pretension-nodes 
9991, 9992, 9993 
… 
**------  MATERIALS 
*Material, name=steel-bolts 
*Elastic 
89800., 0.3 
*Material, name=steel-s355 
*Elastic 
210000., 0.3 
**------  INTERACTION PROPERTIES 
… 
*Surface Interaction, name=zinc-zinc 
*Friction, elastic slip=0.001 
 0.34, 
*Surface Behavior, penalty=linear 
… 
**------  INTERACTIONS 
… 
*Contact Pair, interaction=zinc-zinc, small 

sliding, type=SURFACE TO 
SURFACE, supplementary 
constraints=NO, adjust=0. 

plate-slotted-1.p, plate-1.p 
… 
**------  STEP: initiate contact 
*Step, name=contact, nlgeom=YES 
*Static 
1., 1., 1e-05, 1. 
**------  initial displacement 
*Boundary 
9991, 1, 1, 0.01  
*Boundary 
9992, 1, 1, 0.01 

 *Boundary 
9993, 1, 1, 0.01 
… 
**------  STEP: pretension 
*Step, name=pretension, nlgeom=YES 
*Static 
0.1, 1., 1e-05, 1. 
… 
**------  Pretension forces 
*CLOAD 
9991, 1, 186800 
*CLOAD 
9992, 1, 181100 
*CLOAD 
9993, 1, 185700 
… 
**------  STEP: traction 
*Step, name=traction, nlgeom=YES 
*Static 
0.0625, 1., 1e-05, 0.0625 
… 
**------  "Lock" Pretensions 
*Boundary, op=NEW, fixed 
9991, 1, 1 
*Boundary, op=NEW, fixed 
9992, 1, 1 
*Boundary, op=NEW, fixed 
9993, 1, 1 
… 
*Node Output 
CF, RF, TF, U 
*Element Output, directions=YES 
LE, PE, PEEQ, PEMAG, S 
*Contact Output 
CDISP, CSTRESS 
*Node print, nset=_PickedSet113 
RF1, RF2, RF3, U2 
*Node print, nset=pretension-nodes 
TF1, U1 
… 
*End Step 
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APPENDIX F – RESULTS OF NUMERICAL ANALYSES 

Series Z-1x3: test-25mm-slot-10 (μ=0.45) and test-25mm-slot-11 (μ=0.34)
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Figure F- 1. Comparison of load-slip curves between experiments and numerical analyses at 

the connection’s side (S1 and S2) of series Z-1x3. 
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Figure F- 2. Comparison of load-slip curves between experiments and numerical analyses at 

the connection’s edge (S5) of series Z-1x3. 
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Figure F- 3. Comparison of bolt force variations between experiments and numerical 

analyses, series Z-1x3, B1. 
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Figure F- 4. Comparison of bolt force variations between experiments and numerical 

analyses, series Z-1x3, B2. 
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Figure F- 5. Comparison of bolt force variations between experiments and numerical 

analyses, series Z-1x3, B3. 
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Series WS-1x3: test-25mm-slot-12 (μ=0.84) and test-25mm-slot-13 (μ=0.61)
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Figure F- 6. Comparison of load-slip curves between experiments and numerical analyses at 

the connection’s side (S1 and S2) of series WS-1x3. 
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Figure F- 7. Comparison of load-slip curves between experiments and numerical analyses at 

the connection’s edge (S5) of series WS-1x3. 
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Figure F- 8. Comparison of bolt force variations between experiments and numerical 

analyses, series WS-1x3, B1. 
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Figure F- 9. Comparison of bolt force variations between experiments and numerical 

analyses, series WS-1x3, B2. 
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Figure F- 10. Comparison of bolt force variations between experiments and numerical 

analyses, series WS-1x3, B3. 
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Series Z-1x3n: test-25mm-normal-1 (μ=0.45) and test-25mm-normal-2 (μ=0.36)
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Figure F- 11. Comparison of load-slip curves between experiments and numerical analyses at 

the connection’s side (S1 and S2) of series Z-1x3n. 
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Figure F- 12. Comparison of load-slip curves between experiments and numerical analyses at 

the connection’s side (S3 and S4) of series Z-1x3n. 
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Figure F- 13. Comparison of load-slip curves between experiments and numerical analyses at 

the connection’s edge (S5) of series Z-1x3n. 
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Figure F- 14. Comparison of bolt force variations between experiments and numerical 

analyses, series Z-1x3n, B1. 
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Figure F- 15. Comparison of bolt force variations between experiments and numerical 

analyses, series Z-1x3n, B2. 
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Figure F- 16. Comparison of bolt force variations between experiments and numerical 

analyses, series Z-1x3n, B3. 
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Mechanism of load transfer 
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Figure F- 17. Evolution of contact shear stress distribution with transferred load at the three 
bolt elevations for series WS-1x3 (test-25mm-slot-13): a) B1; b) B2; c)B3. 
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Figure F- 18. Evolution of contact shear stress distribution with transferred load at the three 
bolt elevations for series Z-1x3n (test-25mm-normal-2): a) B1; b) B2; c)B3. 
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Von Mises stress distribution at the ultimate load 

Figure F- 19. Von Mises stress distribution at the ultimate load for series WS-1x3 (test-
25mm-slot-13)(magnification factor across the plate thickness: 50). 
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Figure F- 20. Von Mises stress distribution at the ultimate load for series Z-1x3n (test-25mm-
normal-2)(magnification factor across the plate thickness: 50). 
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Distribution of the tensile stress component 
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Figure F- 21. Evolution of tensile stress component distribution with transferred load at four 
elevations for series WS-1x3 (test-25mm-slot-13): a) joint edge; b) B1; c) B2; 
d) B3. 



 
 

 
  185 

 

  a)        

0

50

100

150

200

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Distance from plate centre [mm]

S
tre

ss
 [M

P
a]

 

  b)        

0

50

100

150

200

250

300

350

400

450

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Distance from plate centre [mm]

S
tre

ss
 [M

P
a]

89 kN
173 kN
254 kN
388 kN
493 kN

 

  c)        

0

50

100

150

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Distance from plate centre [mm]

S
tre

ss
 [M

Pa
]

 

  d)        

0

50

100

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Distance from plate centre [mm]

S
tre

ss
 [M

Pa
]

 

Figure F- 22. Evolution of tensile stress component distribution with transferred load at four 
elevations for series Z-1x3n (test-25mm-normal-2): a) joint edge; b) B1; c) 
B2; d) B3. 
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Tensile stress component distribution 
 

 
Figure F- 23. Tensile stress component distribution at the ultimate load for series WS-1x3 

(test-25mm-slot-13). 
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Figure F- 24. Tensile stress component distribution at the ultimate load for series Z-1x3n 

(test-25mm-normal-2). 
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APPENDIX G – LONG TERM TESTS RESULTS 
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Figure G- 1. Evolutions of the relative displacements with time (S1 & S2) 

0.000

0.010

0.020

0.030

0.040

0.050

0.060

0.070

0.080

0.090

0.100

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time [weeks]

R
el

at
iv

e 
di

sp
la

ce
m

en
t [

m
m

]

A
B
C
D
E
F

 

Figure G- 2. Evolutions of the relative displacements with time (S3 & S4) 
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Figure G- 3. Evolutions of the relative displacements with time (S5 & S6) 

 

Table G- 1. Equations of linear “displacement – log time” curves and extrapolation of the 
delayed slip after 30 years (measurements from a operator 1 were used). 

Spec. Location Slope 
[mm.log(s)-1] 

Intercept 
[mm] 

Correlation 
coefficient 

Extrapolated slip 
after 30 years [mm] 

S1 & S2 0.003 0.031 0.976 0.062 
S3 & S4 0.004 -0.001 0.983 0.035 A 
S5 & S6 0.005 0.048 0.983 0.091 
S1 & S2 0.003 0.033 0.975 0.057 
S3 & S4 0.003 0.011 0.987 0.036 B 
S5 & S6 0.004 0.053 0.972 0.086 
S1 & S2 0.005 0.032 0.921 0.074 
S3 & S4 0.003 0.014 0.967 0.043 C 
S5 & S6 0.004 0.050 0.979 0.089 
S1 & S2 - - - - 
S3 & S4 0.002 0.005 0.950 0.025 D 
S5 & S6 - - - - 
S1 & S2 - - - - 
S3 & S4 0.002 0.007 0.892 0.024 E 
S5 & S6 - - - - 
S1 & S2 - - - - 
S3 & S4 0.002 0.005 0.940 0.023 F 
S5 & S6 - - - - 
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Figure G- 4. Load-slip curves at elevation S1 & S2 of specimen A. 
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Figure G- 5. Load-slip curves at elevation S3 & S4 of specimen A. 
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Figure G- 6. Load-slip curves at elevation S5 & S6 of specimen A. 

 
 






