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Abstract 

A steel frame structure of a few storey building is considered in European project FRAMEUP. 

Each column of the building is constructed from steel profiles connected by column-to-

column connection, called column splice. In FRAMEUP project new type of column splice 

connection is designed to facilitate assembly. This connection consists of a plate, called finger 

plate with characteristic shape of holes, called long open slotted holes. A column splice 

with long open holes is a type of friction connection, where finger plate transfer load between 

bottom of one column and top of a second part and  preloaded bolts are used to clamp 

segments together.  

In this work, the behaviour of the connection  is investigated. Moreover, general information 

about column splices, friction connection and loss of pretension are introduced in literature 

review. A recommendations, for the preloaded bolts are investigated in accordance with 

European standard EN  1993-1-8.  

An experimental static compression tests are performed  in order to observe the real behaviour 

of the column splice with long open slotted holes. Several number of numerical tests are 

performed to predict behaviour of the connection by use of Abaqus software. The Numerical 

model is validated against experimental results.  Further tests are performed in order to check 

an influence of other important factors on the behaviour of connection system. An influence 

of connection geometry i.e. filler plate thickness, characteristic of the surface and the material 

properties  are analyzed.  The variation of bolt forces as well as slip factor and reduction 

factor ks  are investigated. Finally, experimental test and finite element method analysis are 

discussed and conclusion are given. 
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Nomenclature 

Latin capital letters 

A   Area        [mm
2
] 

As   Bolt stress area      [mm
2
] 

E   Modulus of elasticity      [MPa] 

F   Force        [kN] 

Fp,C   Characteristic pretension     [kN] 

FS,Rd   Design slip resistance      [kN] 

 

Latin small letters 

d   Nominal bolt diameter     [mm] 

dH   Bolt hole diameter      [mm] 

dw   Washer diameter      [mm] 

fub   Bolt ultimate strength      [MPa] 

fyd   Design yield strength      [MPa] 

ks   Correction factor or reduction factor    [-] 

n   number of bolts      [-] 

nbolts   Total number of bolts      [-] 

nrows   Number of rows      [-] 

 

Greek capital letters: 

      Bolt force variation      [kN] 

 

Greek small letters: 

ε   Strain        [μm/m] 

σ   Stress        [Pa] 

      Equivalent safety factor     [-] 

    Slip factor       [-] 
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Terms and abbreviations 

Calibration of bolts – procedure which allows associate strains measured by stain gauges 

in bolts to actual force in each bolt.  

FEM - Finite Element Method 

FEA – Finite Element Analysis 

Gauge factor – parameter of strain gauge, which depends on strain gauge element material; 

It is described as change of resistance per unit of  applied strain: 

   
    

     
 

    

  
  

HV- Hexagon bolt and nut assemblies,  system of bolts  [1] 

Loading – process when a specimen was exposed on constant increase of external axial 

compression in a test machine. 

LVDT- (linear variable differential transformer) – is an electrical tool used for measuring 

linear displacement. 

Preloaded bolt – a tightened bolt, which reached a specified minimum stress level. 

Strain gauge - an electrical instrument installed on the surface of the specimen. Special 

techniques convert the electrical resistance changes into proportional voltage changes of strain 

gauge. It allows to observe changes of extensional strain of the surface of the specimen. 
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1. Introduction 

There are two research projects led by Department of Steel Structures Luleå University 

of Technology. The connection with long open slotted holes is studied in both projects 

but in different configurations. In case of first project, this connection tends to be used 

in wind tower. The idea is to preinstall bolts in one segment of the connection and then slide 

it into a second segment by help of long slotted holes. This project is called “High Strength 

Steel Tower for Wind Turbine (HISTWIN)”. 

Second project is called “Optimization of Frame for Effective Assembling (FRAMEUP)”. 

The  connection with long open slotted holes studied in this project, can be applied in frame-

structures by help of execution technique for skeletal system developed for purpose of this 

project. The new technique will be used to erect houses with prefabricated 3D modules. [2] 

Connection of column with long open slotted holes form the FRAMEUP project is analyzed 

in the thesis. 

1.1. Objectives 

The objective is to get knowledge and understanding of the design and the performance 

of a friction connection  in general and of the one with long open slotted holes in particular. 

Furthermore, the objective is to investigate the behaviour of column splice with long open 

slotted holes. A literature review on connections with special focus on stability and friction is 

conducted. 

Further on the objectives is to pre-design the structure according to a standard. Finally, 

compare results from experimental test and finite element method.  

1.2. Research questions 

The general goal of this master thesis is to answer the question about the mechanical 

behaviour of designed connection with the specific concern about the following problems: 

a) How do the engaged bolts behave? 

b) What is the force contribution of each bolt row? 

c) How does a higher steel grade influence the behaviour of this friction connection? 

d) What is gap size influence on column splice bahavior? 
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2. State of the art 

2.1. A column splice 

Column to column connections in steel structures are usually called column splices.  In braced 

multi-storey buildings columns are subjected to both axial compression and bending 

 moments forces. In this case, column splices have to maintain both strength and stiffness 

about both axes of the column. The position of column splice affects the design procedure. the 

column splices are designed around 50 cm above the floor level [3] in order to avoid contact 

with column to beam connection and provide easier access during the assembly process. 

2.1.1. Classification of connections due to types of members connected 

a) Connection for hollow sections (tubes) 

An example of column splice with hollow section is shown on Figure 2-1. Connection 

consists plates welded to the ends of the lower and upper columns. The plates are bolted 

to each other.  

 

Figure 2-1. Column splice for hollow section [4] 

b) Connection for open walled sections 

Figure 2-2 shows an example of column splice for open walled section. On this figure one can 

see change in column profile, which require additional of filler plates and splice plates.  
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Figure 2-2. Column splice for open walled section [5] 

2.1.2. Classification of connections due to types of loads they transmit 

 One can distinguish two cases:  

a) simple case  - column splice designed for the axial load, if: 

- the column splice is located close to the point of lateral restraint 

- the column  is designed as pinned at this point 

b) column splice designed for axial load and  bending moment 

- the column slice is located in bigger distance from the point of lateral restraint than 

in the case of a) 

- effective length of the column is calculated with fixity or continuity at the end 

of the column 

- struts actions can cause additional moment which must be taken into account 

The assembled column should fulfil following criteria: 

- The connected profiles are hold in line by the column splice 

- the axis, which goes through the centre of gravity of the column splice coincides 

the axes which go through the centre of gravity of the both top and lower column. 

The conditions listed above are theoretical assumptions and are very hard to obtain 

in the reality, especially on construction site where assembling of the columns is difficult.  

2.1.3. Connections in terms of the type of connector 

a) Butt-welded splices: 

Two elements of column can be connected by full-penetration welds which is shown in 

Table 2-1.a). Another solution is partially penetrated welds. It is less expensive, but two 

elements of column need face each other Table 2-1.b).  Division plate have to be used 

where flange of upper column is located at the same plane as flange of lower column or 

there are two profiles with different size Table 2-1.d). For parts of column which lay on 

each other and their centre of gravity lies in the same line, plate can be located in the same 
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easy way as in the case a). Division plate have to be used, where there are two column 

profile, which have got different size and they have to be located at the same plane as 

flange surfaces (see Table 2-1.e) [6]. 

Table 2-1. Butt-welded column splice [6] 

a) b) c) d) e) 

  

   

b) Welded column splices using end-plates 

Column splice with narrow end-plate is efficient for connection, where low bending moment 

occurs. This solution doesn’t take too much space, so it is very esthetical as can be seen in 

Table 2-2.a. If higher bending moment than in case a) is expected, wide end-plate need to be 

used, see Table 2-2.b. For splice, in which two different sections need to be connected and 

high moment stiffening can be applied as it is shown in Table 2-2.c. 

Table 2-2. Column splice with end-plate [6]. 

a) b) c) 

   

 

c) Bolted splices plate connection. (Described in detail in 2.1.4 and 2.1.5) 

2.1.4. Bolted column splices with ends not prepared for contact in bearing 

In this case, all internal forces are transferred by the cover plate. No axial force and bending 

moment are transferred by bearing. Figure 2-3 shows an example of column splice with ends 

not prepared for contact in bearing. On the both pictures below, two profiles with almost the 

same size are connected to each other. On the left side of Figure 2-3, the top profile has a 

thicker flange than the lower profile. The column profiles are connected by using an external 

flange cover. Packs fill the gap created due to the different thickness of the flanges in this 

case. Using of packs causes, that it takes a lot of space, so it is not esthetical. On the right, the 

column profiles are connected by using internal flange cover, so the packs are not used. 
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Figure 2-3. Column splice with ends not prepared for contact bearing [3] 

2.1.5. Bolted column splices with ends not prepared for contact in bearing 

This type of column splice is designed to withstand axial load and bending moment. Different 

serial size require use of packs as it is shown in 2.4. 

 

Figure 2-4. Column splice with ends prepared for bearing. Use of packs (left), dame serial 

size (middle), different serial size, division plate (right) [3] 

 

2.2. Friction connection 

Friction connection are applied to prevent the slip, which would expose the serviceability 

of the structure. Fulfilment of the conditions of the serviceability limit state is a reason 

of a usage of the friction connection. “A slip-resistant joint (also called a friction-type joint) is 

one that has a low probability of slip at any time during the life of the structure” [7].  Friction 

connection has to be able to carry out an external load which is usually located parallel to the 

connected elements. The connected elements are subjected to a compressive stress from the 

preloaded bolts. The load is transferred between parts by friction forces on the surfaces of the 

plates tied by the bolts, as shown in Figure 2-5. If the value of applied load is higher than the 

friction forces, the elements will slip relative to each other. Friction connections are used in 

structures exposed to fatigue loading, because they protect against reduction of stiffness due 

to slip in the joint [7]. Figure 2-5 shows an example of preloaded bolted connection. 
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Figure 2-5. Preloaded bolted connection [4].  

2.3. Loss of pretension 

In friction connection bolts are tightened, as long as preload force is reached. Preload force is 

sometimes called bolt pretension or clamping force. “Oversized and slotted holes shall only 

be used in slip-resistant connections” [8]. Following tightening methods are provided by [9]: 

a) Torque control method 

b) Turn of the nut method 

c) Torque and turn method (combined method) 

d) Direct tension indicator method 

e) Special devices/bolts 

 Loss of pretension is the rheological phenomena where bolt preload force decrease with the 

time. 

 

Figure 2-6. Relation between bolt tension and time. Pretension force decrease in the few first 

seconds or minutes after tightening and continues with lower rate [10] . 

Christine Heistermann proves in her thesis, that loss of pretension in bolts depends on few 

parameters: tightening process, the type of  bolt, the clamping length of bolt and finally the 

coating of the clamping package [11]. Influence of each factor is independent and can occur 

with different intensity. Regarding to different time period three types of loss of pretension 

can be distinguished: an initial loss of pretension, the short term relaxation and long term 



 

 

18 

 

relaxation.  Initial loss of pretension are caused by tightening process. The short term 

relaxation occurs within the first twelve hours after tightening process. Loss of pretension 

over a longer period of time is caused by rheological effect as stress relaxation [10]. 

Blackford et. all state, that lose of  preload force in bolt decreases more, when the stress level 

exceed yield stress in bolt or when the bolts in a shorter time.  The higher value of preloading 

force is reached, the bigger loss of pretension in the short time after tightening can be 

expected [12]. If there is a group of bolts, tightening of one bolt decrease the preload force in 

ambient bolts.  An influence between bolts in this case, can be decreased by tightening in 

more than one attempt [12].  

Preload loss is proportional to the change in bolt length [13]. Initial preload force causes 

the same total relaxation regardless different length bolts. However, the ratio between unit 

length change to the total length change increases with respect to bolt’s initial length. One can 

take advantage of this fact by adding a bushings above and below flange surfaces and apply 

longer bolt on a joint as shows Figure 2-7. 

 

Figure 2-7. Bushing use to increase bolt length.  

Loss of pretension force in bolts in lap friction joint in fatigue test is estimated to be about 

20 % after 20 years [14]. 

The surfaces of nut, bolt head or connected plate are never completely flat. Number 

of surfaces in a joint is a factor, which can increase relaxation significantly. Adding surface 

creates more spots to embedded and settle down together a joint [12]. Mayer and Strelow 

describe that increase two times in the volume of surfaces will doubled the relaxation effects 

in many cases [15]. 

2.4. Previous research 

Willam Husson presented his thesis in 2008, where design of connection with slotted holes 

together with cover plates is studied. Author performs experimental test and use FEM 

to analyze slip resistance, slip behaviour and bolt force. Moreover, preloading force decrease 

asymptotical loss of preloading from 6 % to 12 % of maximum force in the bolt was observed 

in particular tests. In finite element model author tests models with different properties 

and finally he presents the best combination in his opinion which was as following: C3D8I 

Bushing 

Bushing 
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element type, “hand” contact formulation, small sliding tracking method, elastic slip 1μm. 

Bolt preload force is applied in the middle of the bolt. Author concludes, that in some cases 

reduction factor for slotted holes could be even 14 % higher, than this provided by Eurocode 

EN 1993-1-8. At the end, author advices to use cover plate instead of washers, because it 

protect against deformation of slotted holes and in effect lower loss of pretension [16]. 

Marouene Limam presented their thesis in 2011, where friction connections in tubular towers 

for wind turbines using finite element modelling is investigated. Author studies shear lap joint 

with long open slotted holes under tensile loading. Model consists upper and lower segment 

connected by tension controlled bolts and cover plates applied instead of washers to make the 

assembling process faster. Author analyzes connection in Abaqus software and distinguishes 

two steps: “Preload” and “Tensile load step”. Contact between surfaces is defined by “contact 

pairs” and “finite sliding” option. Author decides to use Columb’s friction model and “Hard 

contact” for normal behaviour. Limam concludes, that Eurocode formula is not applicable. 

Because lap joint is subjected not only to tension, but also “secondary bending” due to 

eccentricity caused by unsymmetrical cross section. Pretension force in bolts decreased and 

stiffness of the connection  is observed at the same time, when an external load is applied, in 

Limam’s model. Author shows, that longitudinal stress on the finger plate is the highest for 

the first bolt row and the lowest for the last bolt. Author finds, that assembly tolerances does 

not have big influence on the resistance of the connection, but increase of gap causes lower 

load at certain slip [17]. 

Christine Heistermann presented her thesis in 2011 in which two types of experiments are 

carried out to investigate what are the factors, which influence the loss of pretension i.e. long-

term stress and relaxation test. Authors first conclusion is that loss of pretension does not 

depend on load applied on connection. Secondly, higher number of coated friction surfaces 

causes higher loss of pretension during the time. Moreover, in case of connection analyzed 

in this thesis higher steel grade has an influence especially loss of pretension. The slip factor 

is calculated by external load corresponding to slip 0,15 mm by total clamping force in all 

bolts and number of friction surfaces. The loss pretension is calculated by extrapolation 

in longer time. Finite element model is created to check behaviour of different factors 

by using the Abaqus software. Author used “general contact” for contact formulation. 

Analysis is performed in three steps “Pretension”, “Fixing the bolt length”, External load”. 

Plate thickness decrease, thus loss of pretension is observed in bolts. Moreover, it was found 

that smaller assembling gap has positive result on the resistance of friction connection, than 

bigger assembling gap [11].  
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3. Theory 

3.1. Bolts and nut grade 

Bolts and nuts are divided into classes. High grade class bolts as listed in Table 3-1Table 3-1 

Bolts, nuts and washers used in preloaded bolt connections . should be used in connections 

with preloaded bolts according to [18]. 

Table 3-1 Bolts, nuts and washers used in preloaded bolt connections [18]. 

Connection 

type 

Bolts Nuts Washers 

class Standard Class Standard 
Hardness 

HV 
Standard 

Preloaded 

8.8 EN 14399-3 8 EN 14399-3 

300 

to 370 

EN 14399-3 

EN 14399-6 

EN 14399-9 
10.9 

EN 14399-3 

10 
EN 14399-3 

EN 14399-49 

EN 14399-4 

EN 14399-7 

EN 14399-8 

 

A surface of the bolt head is marked with two numbers separated by a dot, which describes 

characteristic bolt strength. First number  which is written on the surface of the bolt head is 

0,01 of ultimate tensile strength (fub) in MPa. Second number gives information about ratio 

between yield strength of steel fyb to its strength fub. For example symbol 10.9 means bolt with 

ultimate tensile strength fu=1000 MPa and ratio fyb/fub=0,9. In bolted connections hexagonal 

nuts are used with class and strength adequate to used bolt class. A nut is marked with 

symbol, which describes characteristic nut strength. Number (4, 5, 8, 10) is written on the 

surface of the nut is 0,01 ultimate tensile strength of the nut material in MPa). 

Bolts are divided in three groups depending on quality of execution but also depending on 

mechanical properties of steel. 

3.2. Classification of bolted connections due to location of connected elements and 

connectors. 

Bolted connection can be classified due to location of connected elements and connectors in 

two groups [19]: 

- Lap – in which direction of load which is transferred is perpendicular to axis of 

connectors (Figure 3-1 a) 

- Butt – in which direction of load which is transferred is parallel to connectors. (Figure 

3-1 b) 
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Figure 3-1. Lap joint (a), butt joint (b) [19]. 

Lap joint and butt joint can be non- preloaded or preloaded which shows schematically Figure 

3-2. 

a) b) 

  
Figure 3-2. Lap joint: non-preloaded (a) and preloaded (b) [19].  

In connected parts of bolted connection diameter of hole is bigger than diameter of bolt shank 

to be able to place bolt in the bolt hole. In case of non-preloaded connection, clearance 

between bolt shank and bolt hole is a reason of displacement of those connections. In non-

preloaded connection bolts are tightened but they are not preloaded, so load is transferred by 

bolt shank and connected elements move relative to each other. Connections with preloaded 

bolts are used in order to prevent displacement between elements relative to each other. In 

preloaded connection bolts are tightened and preloaded, so load is transferred by friction 

forces. Tightening of nuts causes that bolt shank is in tension [19].  

Butt connection are equipped with plates which touch each other and they transfer mostly 

bending moments and tension forces. Direction of load is parallel to axis of connectors. 

In non-preloaded butt connection force is transferred by tensile force in bolts. Preloading 

(controlled tightening of bolt nut) of connection allow transfer tensile force by decreasing of 

stress in connection between butt plates. Butt connection is characterized by small 

deformability and significant strength.  Lapped connections can be performed as non-

preloaded with non-preloaded bolts. Butt connections are performed usually with use of high 

strength preloaded bolts and rarely without preloading. Type of connection and way of 

distribution of connectors depends on cross-section of connected element, shape of thickness 

of connected members [19]. 

Because specific geometry of lap joint cause eccentricity, two types of lap joint can be 

distinguished [7]: 

- With restraints, which protect against bending. Diaphragms and stiffeners may 

minimize effect of bending in such connection, because they restrict the rotation and 

out-of-plane displacement of the joint. Lap joint, which are restrained shows 

behaviour (load and slip relationship) comparable to symmetric butt joint; 
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- Not restrained against bending – Lap joint, which are not restrained against out of 

plane displacement are subjected to additional bending. Eccentricity of the load cause 

secondary bending stress. Bending of connection may cause additional tensile force in 

fasteners. Apart of that fasteners in a lap splice are subjected on tension. 

An experimental test held at Lehigh University shows that additional bending has very small 

impact on slip resistance of lap connection [20]. 

In order to asses resistance of bolted connection it is necessary to determine design resistance 

of bolt and in particular: tension  resistance Ft,Rd, shear resistance per shear plane Fv,Rd, 

bearing resistance Fb,Rd, combined shear and tension and also take into account condition 

concerning design slip resistance Fs,Rd [19].   
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4. Specimen description 

4.1. Background 

The FRAMEUP project attaches great importance to assembling process with special 

emphasis on time and cost. To optimize cost and time all elements of the structure are 

prefabricated.  Secondly, the bolts are pre-installed in the very tight holes on the top section of  

column and transported on the building site. The column is slide up to upper column, so 

column of  bolts slide along long open slotted hole. Diameter of hole in upper section of 

column is exactly the same as diameter of bolt shank, so bolt does not rotate and can be 

tightened from the column’s outside .  

In order to make assembling process on the building site easier the slotted holes are oversized, 

so it is possible to fit with bolts into holes, even in case if two columns are misaligned like in 

Figure 12-4 or Figure 12-5.  

Connection between columns is designed as  friction connection, so all forces are transferred 

by friction forces. In order to obtain clear picture of behaviour of friction connection 5 mm 

distance is provided between upper and lower part of the column. This ensures that load and 

slip relationship without influence of bearing between column. 

 An example of three-storey building, where column splice with long open slotted holes can 

be applied is shown in Figure 4-1. The connection column-to-column is designed below 

the beam-to-column connection on each floor.  

 
Figure 4-1. 3D view of building with prefabricated modules. [21] 

The specimen, that is analyzed in the thesis, is assembled from six components. Each type is 

described in this paragraph. The same names of elements are used in the following chapters. 
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4.1.1. Lower column 

The lower column forms a basis for whole specimen. It is 400 mm high MSH profile 

250x250x10 with nine diameter hole 24mm from front and back side, where 9 bolts are 

installed, as shown in Figure 4-2.  

 

Figure 4-2. Lower column. 

4.1.2. Upper column 

The upper column  is 400 mm high profile MSH 250x250x10 with 4 finger plates welded to 

the walls, as shown in Figure 4-3. A bottom surface of this element is installed 4 mm above 

lower column. An axial compression is applied on the top of this element in compression 

machine. 

 

Figure 4-3. Upper column. 
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4.1.3. Finger plate 

It is 546x192x15 plate with three characteristic long open slotted holes (Figure 4-4). Finger 

plate is welded to the upper column from three sides, but finger plate does not touch surface 

of upper column. A distance between finger plate and upper column is provided by the filler 

plate. The finger plate has got four fingers. First long open slotted hole is localized between 

first  finger (18 mm width) and second finger (36 mm width). Second long open slotted hole 

is localized between second finger (36 mm width) and third finger (36 mm width). Third long 

open slotted hole is localized between third finger (36 mm width) and fourth finger 

(18 mm width). See Figure 4-4. Each slot can be characterized as following:  

- begins from shorter side of plate 

- is 28 mm wide.  

- is 200 mm long in the direction of load 

- is finished by semi-circle hole with 14 mm radius 

 

 

Figure 4-4. Finger plate. 

4.1.4. Filler plate 

A  plate with dimensions 192x300 welded to wall of upper column (Figure 4-5). Thickness of 

this element is 8 mm. Application of filler plate ensure clearance between column profile and 

finger plate, so lower section of column can be easily slide into upper section without bending 

of finger plate. 
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Figure 4-5. Filler plate. 

4.1.5. Cover plate 

Plate with dimensions 192 x56x6 as shown in Figure 4-6. It consist of 3 holes with diameter 

of 26 mm. It is localized on the finger plate, below the nuts. There are three cover plates on 

one side of the specimen, perpendicular to the long open slotted holes on one side of the 

specimen. The function of cover plate is to transfer load from nut to finger plate. The cover 

plate is larger than normal washer, so the load is uniformly distributed on the finger plate. The 

cover plate provides better interaction with finger plate, than in case with washer, because the 

cover plate surface area, which touches the finger plate is bigger than washer. 

 

Figure 4-6. Cover plate. 

4.1.6. Bolt and nut 

High-strength hexagonal bolts HV-10.9 M24 and high-strength hexagonal nuts are used 

in the laboratory work. Washer 25x44x4 FZV Brica 295-350HV is used between head of bolt 

and lower column (Figure 4-7, Figure 4-8). Bolt HV-10.9 is placed inside one hole of lower 
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column in such a way that bolt head touches the inner surface of the lower column. Shank 

of the bolt has the same diameter as the hole. Bolt is placed from inside of the column, that 

shank of the bolt goes through hole in the lower column, next through the long open slotted 

hole. The slot for each bolt in column splice plate is 28 mm wide and 60 mm long .  

 

 

Figure 4-7. Bolt M24. 

 

Figure 4-8. Nut. 

4.2. Pre-Test Measurements 

The external dimension of specimen is measured to check compliance with design drawings. 

A calliper was used to measure finger plate thickness, finger width and fillet radius of end of 

long open slotted hole. A tape measure was used to measure height of column, length of 

finger plate and depth of long open slotted holes. The measured dimensions for specimen are 

listed in the Table 4-1. 

Table 4-1. Elements of specimen with 8mm filler plate. 

 Name Profile / Dimensions Special comment Number of elements 

1 Lower column MSH 250x250x10 4 x 9 holes D24 1 

2 Upper column MSH 250x250x10 0 holes 1 

3 Finger plate 546x192x15 4 fingers 4 

4 Cover plate 192x56x6 3 holes D26 6 

5 Filler plate 300x192x8 - 4 

6 Bolt HV10.9, M24 - 18 

 Nut  - 18 

7 Washer 25x44x4 - 18 
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5. Hand calculation 

 

5.1. Slip resistance 

Eurodode 3 Part 1-8 [18] defines characteristic slip resistance of a preloaded class 8.8 or 10.9 

as it is shown in formula (5-1): 

               
( 5-1) 

Where: 

   – reduction factor   

  – number of friction surfaces  

  – friction coefficient 

     - the preloading force 

The factors ks, n, μ, Fp,C used to calculate slip resistance are explained in chapters from 5.2 to 

5.5. 

5.2. Hole type reduction factor ks 

The value of reduction factor ks is given in Eurocode 3 Part 1-8 [18] and it depends on 

definition of hole. Table 5-1 gives definitions of hole from Eurocode EN-1090-2 [22].  

Table 5-1. Recommended diameters and length of the holes for the screws according 

Eurocode EN-1090-2 [22]. 

 
according to Table 5-1.  
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Table 5-2 shows reduction factor for bolt with diameter 24 mm according to Table 5-1.  

Table 5-2. Reduction factor ks for bolt with diameter 24 mm. 

 Definition of hole Difference 
Diameter 

of hole. 
Picture ks 

  [mm] [mm]   

1. Normal round holes 2 26 

 

1,0 

2. Oversized round holes 6 30 

 

0,85 

3. Short slotted holes (on the length)
1
 8 32 

 

0,7 

4. Long slotted holes (on the length)
1
 1,5d 36 

 

0,63 

 

5.3. Number of friction surfaces 

Friction surface is created where two plates face each other. Movability of one of surface with 

respect to the other is limited by friction force, which is caused by surface coverage. Figure 

5-2 shows finger plate face of lower column, which create friction surface.  

                                                 
1
 For bolts in slotted holes the clearances across the width should be the same as the clearances on diameter 

specified for normal holes. 
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Figure 5-2. Friction surface between lower column and finger plate [23] 

5.4. Friction coefficient 

 

Friction forces depend not only on preloading force, but also friction coefficient. The equation 

(3-1) contains the friction coefficient µ. The value of friction coefficient depends 

on the surface treatment of connected elements. In Eurocode EN 1090-2 [22] four classes of 

friction surfaces are distinguished: A, B, C, D. The value of slip factor according from 

standard [22] are listed in Table 5-3. 

Table 5-3. Friction coefficient according to Eurocode EN 1090-2 [22] . 

 Surface treatment 

Class of 

friction 

surface 

Slip factor 

(µ) 

1. 
Surfaces blasted with shot or grit with loose rust removed, not 

pitted 
A 0.50 

2. 

Surfaces blasted with shot or grit; spray-metallised with aluminium 

or zinc based product with alkali-zinc silicate paint with a thickness 

from 0,50 μm to 0,80 μm 

B 0.40 

3. 
Surfaces cleaned by wire brush or flame cleaning, with loose rust 

removed 
C 0.30 

4. Surfaces as rolled D 0.20 

Slip-resistant connection is subjected to an tensile force. There isn’t any addition of shear 

force. 

5.5. The preloading force 

 

Design value of preloading force      according to Eurocode 3 Part 1-8 [18] is calculated as: 

                       (5-2) 

where: 

    - is nominal ultimate strength of the bolt material 

   – is tensile stress area of the bolt 
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6. Experimental Program 

An Experimental laboratory test has been performed on column specimen in order to 

determine influence of friction coefficient and shape of slotted hole on the behavior of friction 

connection. 

6.1. Experimental program objectives 

The column specimen consist of two tubular steel columns connected  by two plates with long 

open slotted holes and preloaded bolts. The laboratory test is conducted in order to investigate 

the interaction of parameters on the slip resistance of the column specimen subjected to axial 

compression.  The initial parameters are: the class of the bolt (tightening torque), steel grade 

of column profiles and plates. 

In the test external ends of columns are fixed. Load is applied on the upper end of the 

specimen. The experiments were conducted in the CompLab laboratory at Luleå University of 

Technology. The experimental work intend to test twelve specimens. In this thesis only one 

specimen with 8 mm filler plate is tested first and data obtained from this test is discussed. 

Upper and lower column are cut from the same section MSH 250x250x10. All specimens 

were from the same source of material. 

6.2. Strain gauges 

Strain gauges were used to measure displacements on one finger plate of column splice. Strain 

gauge CEA-06-240U2-120 produced by company Vishay Micro-Measurements from North 

Carolina is used. This type of strain gauge can be used in experimental stress analysis. 

A detailed information about gage selection are described in instruction attached by 

producer [24]. Table 6-1 consist of information included in the producer documentation.  

Table 6-1. Feature of strain gauge [25] 

 Properties name Value of properties 

1. Strain gauge type CEA-06-240UZ-120 

2. Thickness  of strain gauge 0.0022 in (0.056mm in metric scale) 

3. Length of strain gauge 0.120 in (3mm in metric scale) 

4. Resistance in ohms at 24oC 120.0 +- 0.3% 

5. Gauge factor 2.08 nom 

6. Transverse sensivity (+0.4+-0.2)% 

 

6.3. Location of strain gauge  

Figure 6-1 shows strain gauges installed on the finger plate of specimen with three long 

slotted holes, because the biggest force is transferred through two middle fingers, three strain 

gauges are installed on finger along the axis B and C, one on the left and one on the right 
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from the middle hole. Strain gauges G3, G4, G5, G6 are localized below bolt rows to measure 

the contribution of load taken by particular row of bolts. Strain gauges G1 and G2 are 

localized above first bolt row, parallel to the external load to measure contribution 

of an external force for each side of specimen. Strain gauge G7 is oriented perpendicular 

to external load and localized 20mm higher in the middle from line strain gauge G1 and G2. 

This strain gauge measure out of plane buckling of plate. Strain gauges on the back finger 

plate have the same function and they are numbered in order from G8 to G14. 

  

Figure 6-1.  Location of strain gauges on the finger plates. Finger plate on the front side (left) 

back side(right). 

6.4. Installation procedure of strain gauge on the finger plate 

Strain gauges are installed in accordance with following procedure: 

1. Strain gauge location is determined. 

2. Axis is drawn.  

3. First vertical principal axis “B” is localized in the middle distance between two edges 

of second finger. Second vertical axis “C” is localized in the middle distance between 

two edges of third finger. Horizontal axes “IV” and “III” are localized between bolt 

rows. Horizontal axis “II” is localized above first bolt row. 

4. Surface is polished and cleaned. See silver area in the Figure 1. 
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Painting is removed from rectangular area (3cmx2cm) in place where two axis 

intersect each other. Next, all scratches are removed  by round move with sandpaper 

with fine texture. Then, rectangular surface is cleaned and dust is removed 

with absorbent material soaked in acetone.  

5. Strain gauge is assembled with tape. 

Strain gauge is paste with tweezers on the sticky tape, in such a way that upper surface 

of strain gauge is visible through the tape. Strain gauge is localized in that point where 

strain gauge intersect with principal axis drawn on the specimen. 

6. Strain gauge is glued on the surface of finger plate. 

Part of sticky tape is paste away from one side of plate. Next, a glue is inserted on the one 

surface of the strain gauge. Thanks to that, it is possible to keep position of strain gauge 

and glue strain gauge to the plate in desirable place. 

Figure 6-2. Picture of strain gauges on finger plate. 

 

Each strain gauge has got two copper-coated solder tabs. One wire is soldered to the one 

cooper-coated solder tab to connect the end with a electronic device and crate a circuit.  

The connection between wires and strain gauge is checked. The checking is performed 

in order to give an answer for following questions: 

1. Do the wires soldered correctly to strain gauges? 

2. Does a tin connect the surfaces of the column, which should not allowed? 

The resistance is checked by using ohmmeter for each strain gauge and wire. The value 

of resistance is checked in circuit a wire and a column, circuit a wire and a strain gauge. 

A resistance measurement gives correct values of resistance. Each strain gauge is connected 

correctly to wire and is able to measure strains by using of an electronic device. 
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6.5. Strain gauge inside the bolts 

6.5.1. Bolt properties 

HV-10.9 bolts are used in the experimental work. HV is a German system of preloaded bolts.  

Assembly of HV bolts is used in both preloaded and non-preloaded applications [26]. The 

tightening procedure have to be done carefully, because the HV bolts are sensitive for over-

tightening. The bolts were produced by the Fuchs company and include 24 mm diameter. 

6.5.2. Preparation of bolts test 

Preloaded bolting is used in buildings, where an oversized or slotted holes are used to increase 

tolerances during assembly [4].   

In order to measure the strains inside the bolt strain gauges are installed inside the bolt. 

All bolts are calibrated after installation of strain gauges. Appendix A consists the results 

from calibration procedure. Each strain gauge is installed in the bolt in accordance 

to the recommendation attached by producer [27] in following steps: 

a) Drilling the slot in the bolt 

The hole is drilled in the centre of the head. The diameter of the hole is 2 mm and the depth 

of the countersunk is 40 mm. The depth of the hole is inspected for each bolt. The strain 

gauge is  placed 5 mm above the bottom of the hole, so the contact between the bolt 

and a measuring device is the inside edge of the drill and not the bottom of the counter sink. 

This protects a strain gauge surface from damage during laboratory tests. 

b) Adjusting the length of strain gauge 

Strain edge has originally 100 mm length. Next, the strain gauge is adjusted  to the length 

35 mm as shown in Figure 6-3. 

a) 

 

b) 

 
Figure 6-3.Strain gauge: a) before adjustment, b) after adjustment.  

c) Cleaning the inside surface of the slot from dust and rest of metal particles 

d) Injection of the glue inside the slot 

e) Putting the strain edge inside the slot as in Figure 6-4 
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The idea is to localize each of the strain gauges at the same place inside the bolt shank. The 

top of strain edge is installed in the distance 35mm from the top surface of the bolt head. It is 

5 mm from the bottom of the slot.  

 

Figure 6-4. Strain gauge installation [27] 

f) Drying the bolts inside the oven in the adequate temperature. 

g) Calibration of the strain gauge. 

 

Figure 6-5. Bolt with wire ready for calibration (view from the top). 

6.6. Data monitoring 

The electrical strain gauges is used to measure strains inside the bolt. The strains in the bolts 

are monitored during each step of the test i.e. tightening, long term, an axial compression test 

load. The preload force in each bolt is converted to strains of bolt from calibration process. 

The tightening of bolts process lead to reach the same strain level of strains 

as from the calibration process. The localization of a strain gauge inside the bolt is shown 

in Figure 6-6. 
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Figure 6-6. Localization of the strain gauges. Front (left) , back (right). 

  

Figure 6-7. Localization of strain gauges in test. Front side(left). Back side(right). 

Longitudinal displacement of the specimen is measured using linear variable displacement 

transformers (LVDTs). First LVDT is mounted at the bottom end of the upper column 

to measure distance between a bottom surface of upper column and a upper surface of a lower 

column. Second LVDT is mounted on the lower column below one of centre finger 

of the finger plate. This LVDT is used to measure the vertical displacement of the finger 

plate. Data obtained from this LVDT are used to calculate a relative slip of friction connection 

with long open slotted holes connection. Figure 6-8 shows the location of the LVDTs 

at the specimen. 
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Figure 6-8. Localization of LVDT 

18 asquisition channels are used to measure strains in bolts, 14 asquisition channels are used 

to measure strains on the finger plate, two asquisition channels are used for the LVDT, one 

additional asquisition chanel is used to measure temperature. A total of 35 data asquisition 

channels are used. 

6.7. Elements imperfection 

The shape of cover plates is changed in order to make a space for strain gauges. Two 

semicircular openings are cut out from each side of middle cover plate and from one side of 

an external cover plates (Figure 6-9). 

 

Figure 6-9. Cover plates with semicircural openings 

6.8. Assembly procedure 

All elements of specimen are set in accordance to with project drawing. The bolts are inserted 

into the holes and numbered as shown in Figure 6-6. The required distance between upper and 

lower column is ensured by spacers. The next step is to prevent displacement of the elements 

relative to each other when tightening the screws. The whole specimen is kept in place thanks 
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to pressing the specimen from the top. It is done by tightening a screw localized on top and 

connected with the ground by steel rod, as shown Figure 6-10. 

 

Figure 6-10. Assembling process. 

The tightening of the bolts is done manually. The level of strains is monitored during the  

whole time of preloading process in order to achieve value of preloading force in each bolt  

according to the values obtained from calibration of bolts. A preload force of 247 kN should 

be achieved for all bolts. Inaccuracy in achieved preload force level is caused by fact that 

bolts are tightened manually. Obtained level of preload force is expressed in Table 6-2. The 

tightening process is done in two steps. First, with industrial torque wrench, which is easy to 

operate by one person, then a bigger wrench with 2 meters pipe. An Industrial Torque Wrench 

150 - 800 Nm is used to preload the bolts until the torque moment 800 Nm was reached, 

which is maximum moment possible to achieve by using this tool. The tightening process 

start from the middle bolt in the first row and then two other bolts in the same row, which 

shows Table 6-2. The distance between the finger plate and column is closed. Then, bigger 

wrench is used. The strain level corresponding to preload force for bolts HV 10.9 M24 is 

reached by bigger wrench. The tightening order is the same as for the first torque. 

Table 6-2. Tightening process. 

Tightening order Bolt number Force [kN] 

1
st
 B2 265,45 

2
nd

 B1 246,43 

3
rd

  B3 249,90 

4
th
  B5 245,99 

5
th
  B4 246,44 

6
th
  B6 244,82 

7
th
  B8 251,79 

8
th
  B7 247,44 

9
th
  B9 247,68 
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6.9. Loss of pretension 

Behaviour of friction connection depends an friction force, which depends on preloading 

force in the bolts. There are many factors, which can influence preloading force. In Columb 

friction model friction force depends on friction coefficient, normal force compressing two 

parallel surfaces. Normal force in Columb model corresponds to clamping force in friction 

connection. Study of preloading force behaviour is studied to understand friction connection. 

Reason described before leads to formulate following research questions: “How do engaged 

bolts behave?” Figure 6-11shows bolt preloading force during the time. Because bolts were 

tightened in two rounds. In the first round preloading force level around 220 kN is reached. In 

the second round preloading force around 250 kN is obtained.  Preloading force decrease in 

few seconds after maximum preloading force is obtained for three bolts. Curve for bolt B2 

shows, drop of preloading at the same moment, when adjacent bolt B1 start to be tightened 

and for the second time, when second adjacent bolt B3 start to be tightened.  

 

Figure 6-11. Bolt force during tightening. 

An experimental work is performed during a few days. The specimen is loaded 3 days after all 

bolt are tightened. The value of preload force is monitored during these three days 

after tightening. Force decreases in all 18 bolts. Table 6-3 contains loss of pretension force 

in % in comparison to the maximum force inside the bolt reached during the tightening 

process.  

The loss of pretension is caused by elongation of bolt material. The maximum loss 

of pretension is observed in first 12 hours after preloading and it is between 6,19 % 
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and 12,01%. The highest  loss of preload force appears in the B2 and it is 12,01%. In this case 

the biggest drop of preload force is observed in 10 minutes after maximum force is reached. It 

is caused by fact, that B2 is tightened as the first bolt from front side. The adjacent bolts are 

tightened over the next few minutes. 

Table 6-3. Loss of pretension in % for HV bolts used in the experimental works 

 

Order of tightening has an influence on the bolt preload force. The lowest loss of bolt preload 

force is 7,04 % for bolt number B8, because this bolt is tightened as the last bolt on the front 

side. 
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6.10. Loading of the Specimen 

One hydraulic cylinder is installed above the specimen and deliver axial compressive load. 

The vertical reaction force is monitored with frequency 10Hz. Figure 6-12 shows assembled 

specimen in compression machine. 

 

Figure 6-12. Specimen in compression machine. 
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7. Finite Element Analysis 

7.1. Introduction 

The goals of the finite element analysis is to create a numerical model that would reflect 

the behaviour of column specimen subjected to axial compression. The numerical results will 

be compared to the experimental work outcome to validate the model. The  relation between 

load and slip from numerical analysis will be compared to the observed outcome 

from the laboratory test of column specimen.  

7.2. General 

The finite element analysis is performed using the software Abaqus, version 6.13 installed 

on a cluster computer of the steel structures research group at the Department of  Steel 

Structures. Numerical models created in Abaqus model are presented in Figure 7-1. 

a)  b) c) 

  

 

Figure 7-1. Abaqus model:. a) left, b) front and c) top view. 

7.3. Description of the model. 

7.3.1. Elements and mesh 

An 8-node linear brick C3D8 element type elements is used to model all elements of column 

specimen. It is fully integrated (2x2x2 integration points).  
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Figure 7-2. 8-node brick element [2]. 

An accuracy of numerical analysis depends on mesh size and type of elements.  In general, 

results are more precise for higher density mesh. On the other hand an advantage of a coarse 

mesh is shorter computation time.  

The mesh of the column specimen consists of five properties which are listed in Table 7-1. 

The mesh quality is checked for component of column specimen from 
i) 

to
 v)

. 

Table 7-1. Mesh properties for column specimen. 

 Mesh properties Type of element 

1. Mesh element type. Hex, C3D8, Non-linear brick 

2. Mesh control element type. Hex 

3. Mesh control technique. Structured 

4. Minimalize the mesh transition. On 

5. Global mesh size. 10mm
i), ii), iii)

, 5mm
iv)

, 2,8mm
v)

 

  

i) Column lower- 4 element per thickness. The ratio between dimension  is 2.5:4:10 

(around holes), 2.5:10:10 (for the web of  profile). 
ii) Column upper – 4 element per thickness. The ratio between dimension  is 2.5:10:10 

(for the web of profile). 
iii) Finger plate – 4 elements over the depth. The ratio between dimensions of element  is 

3.75:10:10. 
iv) Cover  plate – 3 elements over the depth. The ratio between dimensions of element  is 

2:2:4.11 around  the hole and  2:5.6:5.4 for elements on the edge of plate. 
v) Bolt – The ratio between dimensions of element is 2:2:3 for bolt shank, 2.3:2.8:3.5 for 

bolt head and nut. 

5.3.2. Material model 

Material properties are specified as multilinear stress-strain curve in the Abaqus software. 

The elastic properties are defined by giving the Young’s modulus E=210GPa 

and the Poisson’s ratio, ν=0.3.  

The plastic properties are defined as set of points on the true stress versus true strain curve. 

The nominal stress versus nominal strain             must be replaced by the true stress 

versus true strain              .  Data obtained from conventional coupon test in Limam’s 

Licenciate Thesis [17] are adopted for steel grade S355 on need of this work. Nominal stress 
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and strains are converted to real stress and strains of the material by using formula 5-3 and 5-

4: 

                  
 

(5-3) 

                   
 

(5-4) 

 

Strain and stress values used in the finite element analysis are listed in Table 7-2. Figure 7-3 

shows the material used to model the column specimen in the numerical analysis. 

Table 7-2. Material model for elements of column specimen. 

 
True Stress (MPa) True strain 

1 0 0 

2 355,60 0,0017 

3 359,53 0,0128 

4 539,02 0,0553 

5 561,00 0,0953 

6 11,50 0,1398 

 

 

Figure 7-3. Material model for specimen. 

7.4. Boundary conditions 

 An analysis is performed in three steps: Initial step, Preload and External Load.  

0 

100 

200 

300 

400 

500 

600 

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 

St
re

ss
s 

[M
P

a]
 

Strain [-] 

Nominal 

True 



 

 

45 

 

7.4.1. Step “Initial” 

Step Initial is created as default in each Abaqus model. Six different boundary conditions are 

created in the “Initial” step. 

In order to decrease computational time one half of the specimen is modelled. Column 

specimen is symmetrical, so symmetrical boundary condition is applied on the lower column 

as listed in (Table 7-3,  row 1). An symmetry boundary condition is applied on the walls of 

the upper column (Table 7-3, row 2). An fixed constrain  is applied in the reference point, 

which is located in the centre of cross-section on top of upper column (Table 7-3, row 3). 

Coupling is used to constrain reference point with upper base surface of upper column (Table 

7-3, row 4). The same strategy is used to connect reference point located in the centre of 

cross-section with top surface of lower column (Table 7-3, row 6 ) and base surface of upper 

column (Table 7-3, row 6 ). A vertical displacement of upper column is locked to prevent 

vertical movement during tightening process. Next two coupling constraint are applied in 

order to protect upper column against displacement in direction of upper column during 

tightening process. One coupling constraint is applied to reference point and connected with 

upper surface of lower column. Second coupling constraint is applied to reference point 

located in the centre of gravity of lower surface of upper column (Table 7-3, row 5 and 6).  

Table 7-3. Boundary conditions created in step “Initial”. 

 Name Description Localization Picture 

1 
Symmetry 

lower column 
            

On the cross-section of 

walls of lower column 

 

2 
Symmetry 

upper column 
            

On the cross-section of 

walls of upper column 

3 
Fixed of upper 

column 
U1 = U2 = U3 = 0  

UR1 = UR2 = UR3 = 0 
Top surface of upper 

column 

4 
Fixed base 

column 

U1 = U2 = U3 = 0 

UR1 = UR2 = UR3 = 0 

Base surface of lower 

column 

5 
Spacing for 

upper column 
     

Upper base surface of 

upper column 

6 
Spacing for 

lower column 
     

Base surface of lower 

column 
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7.4.2. Step “Preload” 

The preloading force is reached during the bolts tightening process in experimental work. Bolt 

preload function is used to model a preloading force in the Abaqus program. Bolt load is 

applied to each bolt as concentrated force across a bolt cross-section surface  located 

in the middle of bolt shank. A cross-section surface is created by using a partition tool.  

Six boundary conditions created in step Initial are active in the Preload step also. 

 

Figure 7-4. Bolt preload function in the bolt. 

The value of preloading force in  is applied to bolts according to the Table 8-8 for model in 

point 8.3.2 and value of 247 kN for model in 8.3.1. The length of the bolts was fixed, after the 

pretension force was reached. Deformed model on the beginning and on the end of  “Preload” 

step is shown in Figure 7-5. 

a) b) 

  
Figure 7-5. Column splice FEM model: a) beginning of "Preload" step, b) end of “Preload” 

step. 

7.4.3. Step “Load” 

The axial compression test performed in compression machine is simulated in second step 

called “Load”. A load is applied through the vertical displacement on the top of the upper 

column through boundary conditions applied in the reference point, which is located 
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in the centre of gravity of the cross-section. The reference point is connected by using 

coupling in order to distribute uniformly the displacement. Boundary condition listed in Table 

7-3 (in row 5 and in row 6) are not active in this step. Figure 7-6 shows FEM model 

on the beginning and on the end of  “Load” step. 

a) 

 

b) 

 
Figure 7-6. Column splice FEM model: a) beginning of "Load" step, b) end of “Load” step. 

7.5. Contact description 

If two bodies came in contact with each other, then formulation of  interaction is necessary. In 

order to describe where contact between surfaces is expected and which interaction properties 

have to be taken into account, surfaces to surfaces contact type is used. Surface-to-surface 

contact discretization is chosen, because it gives more accurate results, than the node-to-

surface discretization [28].  42 surface-to-surface contact interactions are created and two 

contact interaction properties are used for FEM of column specimen in this work.  

7.5.1. Interactions 

A model analyzed in this work comprised following types of interactions: 

a) Lower column surface - bolt head 

b) Bolt hole - bolt shank 

c) Bolt shank – cover plate 

d) Nut - cover plate 

e) Lower column - Finger plate 

f) Finger plate – cover plate 

g) Filler plate – finger plate 

h) Finger plate – welds 

In surface-to-surface discretzation master surface cannot penetrate the slave surface but 

master can penetrate partially slave surface. First surface listed in above contact pairs are 

chosen as master surfaces, because they are characterized like analytical rigid surfaces and 

rigid-element-based surfaces. For example for first contact pair  (lower column surface-bolt 
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head) lower column surface is a master surface and bolt head is a slave surface. Finite sliding 

is chosen as sliding formulation, because it allows for arbitrary relative separation,  sliding 

and rotation of the contacting surfaces. For comparison small-sliding contact exclude little 

sliding of one surface along the other, so it is not useful case where relative slip is analyzed.  

7.5.2. Interaction properties 

Interactions properties assigned to the interactions specified in the 7.5.1. from a) to g) are the 

following : 

a) Tangential behavior, Friction formulation: Penalty 

Abaqus Analysis Users’s Manual defines Penalty method as following: “The stiffness method 

used for friction in Abaqus/Standard is a penalty method that permits some relative motion 

of the sufaces (an “elastic slip”) when they should be sticking (…). While the surfaces are 

sticking (i.e.,          ), the magnitude of sliding is limited to this elastic slip. Abaqus 

continually adjusts the magnitude of the penalty constraint to enforce this condition.” [28] 

For value of elastic slip higher than default 0.005, a commutation time is short, but accuracy 

is low. Otherwise for value of elastic slip lower than 0.005, where results are more accurate, 

the computation time is long and some convergence problems may occur. Default value 

0.005 is specified for purpose of this work. However, this issue is very important from 

the result accuracy point of view, because value of relative slip depends directly on the value 

of elastic slip. Figure 7-7 shows relationship analogous to stress-strain relationship of ideal 

elasto-plastic material without strengthening. Young’s modulus and Yield stress are 

represented here by κ (elastic slip) and        (critical shear stress), respectively. Sticking 

friction correspond to elastic range and  slipping friction correspond to plastic range.  

 

Figure 7-7 Elastic slip versus shear traction relationship for sticking and slipping friction. 

Friction coefficient is changed for a various approaches of the analysis. Used value of friction 

coefficient varies from  ν=0,2 to ν=0,6. 
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b) Normal behavior “Hard contact” Penalty, where separation after contact is possible. 

The penalty contact algorithm is chosen, because it suitable for contact between two rigid 

bodies, as in case of this work. Penalty contact algorithm is contact enforcement method 

of “Hard” Contact Pressure-Overclosure type.  

Interactions properties assigned to the interactions specified in the point 7.5.1 h) are 

as following : 

c) Tangential behavior, Friction formulation: Rough 

d) Normal behavior “Hard contact” Penalty, where separation after contact is not possible.  
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8. Results 

8.1. Hand calculation 

8.1.1. Preloading force 

The preloading force is calculated according to (5-2). The characteristic of the bolt can be 

obtained according to Table 8-1. 

Table 8-1. Properties of bolt. 

For bolt M24 class 10.9 

             

           

 

After substitution values from Table 8-1 to the equation the preloading force (8-1) is: 

             
 

                                    (8-1) 

This value is calculated correct. The same value of preloading force is given in [22]. 

Table 8-2. The nominal preloading force according to [22]. 

 

8.1.2. Reduction factor ks for column with long open slotted holes 

It is not possible to take value of ks straight forward from Eurocode 3 standard [19], because 

long open slotted hole does not meet criteria for holes. The value of reduction factor ks for 

long open slotted hole will be studied based on observations of behaviour of specimen with 8 

mm filler plate during laboratory tests. Reduction factor ks equals 0,63 is taken to obtain 

characteristic slip resistance in chapter 5, because long open slotted hole is the most similar to 

slotted hole.  

8.1.3. Design slip resistance 

Design slip resistance Fs,Rd for friction connection for front side of the specimen is calculated 

according to (3-1) for four classes of friction surface. The front side of the column splice 

connection consists nine preloaded bolts and one slip surface. The preloading force 247,10 kN 

is obtained from 8.1.1. The friction coefficient for class surface are taken according to 5.4. 

and it varies from 0,2 to 0,5. Value of reduction factor of 0,63 is taken ,which was assumed in 

8.1.2. Value of characteristic slip resistance for surface class A, B, C and D is shown in the 

last row of Table 8-3. 
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Table 8-3. Characteristic slip resistance for class A, B, C and D. 

Class of 

friction 

surface 

Friction 

coefficient μ 
ks 

Number of 

bolts 
Fp,C [kN] 

Characteristic slip 

resistance [kN] 

                

A 0,5 

0,63 9 247,10 

700,53 

B 0,4 560,42 

C 0,3 420,32 

D 0,2 280,21 

8.2. Experimental work 

8.2.1. Load distribution 

The data obtained from strain gauge are collected to measure the distribution of strains 

on the finger plate at the moment when slip is 0,15 mm. It is assumed that the stress finger 

plate is uniformly compressed. Stress level are calculated using the Hook’s law. A value 

of Young’s modulus E=210 GPa is used. 

       
 

(8-2) 

Force is calculated according to formula: 

       
 

(8-3) 

Force is transferred by fingers parallel to axis A, B, C and D, so all four finger transfer 

compression force. Forces distribution in the finger plate on the front side are shown in Table 

8-4. Forces distribution in the finger plate on the back side are listed in Table 8-5 and shown 

in Figure 8-1. 

Table 8-4. Forces distribution in finger plate. Front. 

Axis Location Strain E A Stress Force 

 

 

μm/m [Mpa] [mm2] [Mpa] [kN] 

II 
G1 -721,2 210000 1440 -151,5 218,1 

G2 -673,44 210000 1440 -141,4 203,6 

III 
G3 -1044,72 210000 540 -219,4 118,5 

G4 -1007,04 210000 540 -211,5 114,2 

IV 
G5 -452,16 210000 540 -95,0 51,3 

G6 -429,6 210000 540 -90,2 48,7 
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Figure 8-1. Forces distribution in finger plate on front side.  

Table 8-5. Forces distribution in finger plate. Back. 

Axis Location Strain E A Stress Force 

 

 

μm/m [Mpa] [mm2] [Mpa] [kN] 

II 
G8 -401,76 210000 1440 -84,4 121,5 

G9 -510,72 210000 1440 -107,3 154,4 

III 
G10 -748,56 210000 540 -157,2 84,9 

G11 -851,76 210000 540 -178,9 96,6 

IV 
G12 -278,16 210000 540 -58,4 31,5 

G13 -326,16 210000 540 -68,5 37,0 
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Figure 8-2. Force distribution in finger plate on back side. 

The front finger plate is loaded more than back finger plate. The contribution of forces 

for front finger plate and back finger plate shows Table 8-6. The forces along the axis II 

(according to Figure 6-1)  from the back side and from the front side are summed.  Front 

finger plate transfers 421,7 kN, which corresponds to 60,4 % of total compression external 

force. The back finger plate transfers 275,9 kN, which corresponds to less than 40 % of total 

load. Friction connection should be considered separately for each side, because slip on the 

one side can occur in different time than slip on the other side of the specimen. That can 

happen even, if the preload forces in bolts are the same and surface condition guarantee the 

same friction coefficient on the both sides of the specimen. In this work, relative slip occurred 

earlier on the front side of specimen, than on the back side of the specimen, because front side 

transfers 10,8 % higher force than back side. 

Table 8-6. Force contribution for front and back finger plate. 

Location Force [kN] Contribution [%] 

Front finger plate 421,7 60,4 

Back finger plate 275,9 39,6 

Sum 697,7 100,0 

8.2.2. Slip behavior 

According to Annex G of Eurocode 1090 [22] the failure criterion for a slip is 0,15 mm. The 

relative slip considered in this work appeared between internal surface of fingerplate and 

external surface of column. The displacement of finger plate with respect to column is 

measured by LVDT placed as explained in point 6.6. Figure 8-3 shows a relation between 

force and slip, which gives picture of connection behavior. Relationship given in Figure 8-3 is 
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obtained from laboratory test. Total force is equal to 677,45 kN for slip of  0,15 mm. 60 % of 

total force is taken by front side and 40 % by back side. 

 

Figure 8-3. Force vs. Slip in laboratory test.  

8.2.3. Contribution of force, which is transferred by bolt row. 

Figure 8-4 shows distribution of force along the finger length for front and back of the finger 

plate. The maximum force at axis II is 421,7 kN and 275,9 kN for finger plate on the front 

and  on the back respectively. The value of force at axis III is 349,0 kN and 272,2 kN for front 

and back side respectively. For axis IV the value of force decreases and reach 150,0 kN 

and 102,8 kN for front and back side respectively. Value of force is equal  0,0 kN at the end 

of the finger plate for both sides. Table 8-7 shows value of force transferred by particular bolt 

rows.  

 

Figure 8-4. Force transferred by finger plate. 
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For front side of specimen the biggest contribution of force is 47,2 % for second bolt row. 

The contribution of force for third bolt row is 11,6 % lower than second bolt row 

and it is 35,6 %. The contribution of force for front side is the lowest for first bolt row 

and it is 1,3 %. The highest contribution of force for back side is reached for second bolt row 

and it is 61,4 %. For back side of specimen the contribution of third bolt row is 37,3 % and it 

is 24,1 % lower than contribution for second bolt row on the back side.  The lowest 

contribution of force for back side is 1,3 % and it is noticed for first bolt row. This value is 

only 15,9 % lower than contribution of force for the corresponding bolt row on the other side 

of specimen. The contribution of forces for particular bolt rows are shown in Figure 8-5. 

 

Figure 8-5. Bolt rows force contribution from experimental result. 

Table 8-7. Bolt force contribution in experimental test. 

Bolt row Vertical axis Force transferred Sum Contribution 

  
[kN] [kN] [%] 

1 st 

A 13,5 

72,7 17,2 
B 26,9 

C 21,6 

D 10,8 

2 nd 

A 33,6 

199,0 47,2 
B 67,2 

C 65,5 

D 32,7 

3 rd 

A 25,6 

150,0 35,6 
B 51,3 

C 48,7 

D 24,4 

  
Total 421,7 100,0 
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8.2.4. Bolt forces 

Under influence of external force each solid body deforms and changes its volume and shape. 

At the time when body is deformed, external forces are counterbalanced by elastic reactions 

of body, which tends to restore its primary form. This behaviour is described by 

relationship 8-3:  

                          (8-3) 

,where: 

F – applied force 

x - elongation of body  

k - modulus of elasticity.  

Relationship 8.2.4 is valid for body, which has uniform cross-section (i.e. spring, bar) and  is 

loaded with external force  F, which acts along longitudinal axis of the body and cause 

elongation or shortening of value x (see Figure 8-6).  

a)__________ __b) 

 
Figure 8-6. Spring: a) without load, b) loaded with force F[29] 

Figure 8-7 shows a situation, where bolt is preloaded with preloading force, which is      . 

External force cause elongation of body by x. External force is counterbalanced by elastic 

reaction of body, which is equal       . Internal force in the body is sum of preloading 

force    and external force   . Following formula describe force state in the body, which is 

loaded by external force: 

                       (8-4) 

a)_______ ____b) 

 

Figure 8-7. Preloaded bolt: a) without external load, b) with external load [30]. 

The value of preload force in the bolts is shown in Table 8-8. The sum of forces for front side 

of the specimen is equal to 1584,80 kN. The sum of forces from back side is around 4 % 

higher than from front side and it is equal to 1643,64 kN. The sum of forces inside the bolts 
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increase due to an axial compression. Total increase of bolt preload forces is 9,99 % 

and 5,23 % for front side and for back side respectively.  

Table 8-8. Bolt forces in static test. 

Side Bolt                                           
                    

          
     

 

 
[kN] [kN] [kN] [%] 

F
ro

n
t 

B1 155,20 156,36 1,15 0,74 

B2 259,97 263,69 3,72 1,43 

B3 167,77 167,53 -0,24 -0,14 

B4 188,78 188,52 -0,26 -0,14 

B5 70,13 72,77 2,64 3,77 

B6 251,39 255,69 4,30 1,71 

B7 102,54 103,36 0,82 0,80 

B8 208,78 209,58 0,80 0,38 

B9 180,20 182,77 2,57 1,43 

 
sum 1584,80 1600,31 15,51 9,99 

B
ac

k
 

B10 99,73 99,26 -0,46 -0,46 

B11 226,66 229,36 2,70 1,19 

B12 176,29 175,45 -0,84 -0,47 

B13 245,71 247,70 2,00 0,81 

B14 198,34 200,90 2,57 1,29 

B15 107,23 108,92 1,70 1,58 

B16 219,83 218,86 -0,97 -0,44 

B17 176,85 179,49 2,65 1,50 

B18 193,01 193,44 0,44 0,23 

 
sum 1643,64 1653,42 9,78 5,23 

 

8.2.5. Temperature compensation 

One bolt with installed strain gauge is provided to check influence of temperature. Figure 8-8 

shows force variation during the time with respect to value of force measured 

on the beginning of the test, when external load is applied on the top of specimen. Force 

varies between 0,00 kN and 0,06 kN. The biggest force variation of 0,06 kN is observed 

on the beginning of the test. Nine bolts with force variation equal to 0,06 kN would result in 

total variation of  0,54 kN, so it is 0,03 % of sum of preloading force for front side 

of specimen.  
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Figure 8-8. Force variation for non-loaded bolt. 

8.3. Verification and validation of numerical model 

The aim of verification is to check whether numerical model behave correctly and understand 

how does it work. Model is classified as correct if it gives positive results so, result which is 

in accordance with existing standards and physics law. Verification is proceed to confirm, that 

change of friction coefficient as well as preloading force change value of slip resistance. 

Secondly, see what is scale of this changes. When verification is finished validation process 

begin. The scope of validation is to adjust properties of numerical model that it gives load and 

slip relationship adequate to real test and major finding is friction coefficient. 

8.3.1. Verification 

The aim of this paragraph is to check influence of the friction coefficient on the behaviour 

of the numerical model. Correctly defined model of friction connection it is a model, in which 

load and slip relationship depends on friction coefficient. Secondly, the result obtained from 

finite element analysis is compared with hand calculation method to see whether those two 

kind of result are comparable.   

In order to check an influence of friction coefficient on the behaviour of numerical model, 

four numerical tests are performed for the specimen with 8 mm thickness filler plate. The 

model with dense mesh is used in this case. The steel of S355 grade class is used. Because 

loss of preloading force is not taken into account the value of preloading force in nine bolts in 

each model is constant. The value of force in each bolt is equal 247,10 kN. The value 

of friction coefficient is 0,5 in the first test, 0,4 in the second test, 0,3 in the third test and  0,2 

in the fourth test.  

  

Table 8-9 shows characteristics of the model in test from 1 to 4. 
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Table 8-9. Properties of numerical models with “ideal condition in finite element analysis. 

Test 

nr 
Friction 

coefficient 
Mesh 

density 
Filler 

plate 
Steel 

class 
Number 

of bolts  
Preload force in 

one bolt
2
   

Number of friction 

surfaces 

 - - mm - - kN - 

1 0,5 

dense 8 S 355 9 247,10 1 
2 0,4 

3 0,3 

4 0,2 

 

The result of these four test are presented in Figure 8-9.  

 

Figure 8-9. Influence of the friction coefficient on the behaviour of friction connection. 

Table 8-10 shows, that the value of the force obtained from finite element analysis is lower 

than the value of the force according of Eurocode 3 for both class A and class B of friction 

surface. On the other hand, the value of force obtained from FEA is higher than value of force 

calculated according to Eurocode 3 for both class C and class D of friction surface. It is worth 

to underline, that the biggest accuracy is achieved for slip resistance for friction coefficient 

0,3 and difference is only 9 %.  

  

                                                 
2
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Table 8-10. Influence of the friction coefficient on the numerical models. 

 

μ EC FEA EC /FEA 

[-] [kN] [kN] [-] 

Class A 0,5 700,53 512,62 1,37 

Class B 0,4 560,42 497,38 1,13 

Class C 0,3 420,32 461,97 0,91 

Class D 0,2 280,21 382,47 0,73 

 

Numerical model is sensitive on friction coefficient, so analysis of FEM model gives higher 

values of slip resistance for higher values of friction coefficient. Numerical model gives slip 

resistance of connection comparable to Eurocode 3 in case of friction coefficient 0,3. 

8.3.2. Influence of preloading force on the numerical model 

Preloading force is a factor, which affect resistance of friction connection. Verification of 

numerical model should show that one numerical model with higher preloading force behave 

differently, so it gives higher slip resistance than the same numerical model, but with lower 

preloading force.  

To check an influence of preloading force on the behaviour of numerical model, four 

numerical tests are performed for the specimen with 8 mm thickness filler plate. The model 

with dense mesh and steel of S355 grade class is used. The value of preloading force in nine 

bolts is the same as in experimental test according to Table 8-8. The value of friction 

coefficient is 0,5 in the first test, 0,4 in the second test, 0,3 in the third test and  0,2 

in the fourth test.  

Table 8-11 shows characteristics of the model in test from 1 to 4. 

Table 8-11. Properties of numerical models with  force in finite element analysis. 

Test 

nr 
Friction 

coefficient 
Mesh 

density 
Filler 

plate 
Steel 

class 
Number 

of bolts  
Total preloading 

force
3 

Number of friction 

surfaces 

 - - mm - - kN - 

1 0,5 

dense 8 S 355 9 1584,80 1 
2 0,4 

3 0,3 

4 0,2 

 

Table 8-12 shows, that slip resistance obtained of FEM model with lower preloading force is 

lower than slip resistance of FEM model with higher preloading force. This dependence is 

valid for all four classes of friction surfaces. The ratio between slip resistance of model with 

lower preloading force and resistance of model with higher preloading force varies between 

0,84 to 0,93. Decreasing of preloading force of 29 % causes decreasing of slip resistance 

depending on the surface class between 7 % and 16 %. 

                                                 
3
 According to Table 8-8. Bolt forces in static test. 
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Table 8-12. Comparison of resistance obtained for model with higher preloading force and 

lower preloading force. 

 
Model 1 Model 2 

 
 

Preloading force 
 

 
[kN] [kN] FModel1/FModel2 

 

 
1584,8 2223,00 0,71 

μ  Resistance 
 

[-] [kN] [kN] [-] 

0,5 477,97 512,62 0,93 

0,4 454,89 497,38 0,91 

0,3 406,62 461,97 0,88 

0,2 319,42 382,47 0,84 

8.3.3. Influence of mesh density 

In order to investigate an influence of elements size on the result, different element size are 

investigated in this report. A finite element analysis is performed for two mesh sizes: 

a “normal” and “dense” mesh, which is shown in Figure 8-10. 

a) 

 

b) 

 
Figure 8-10. FEM model with: a)“normal” mesh, b)“dense” mesh. 

Table 8-13 shows force for model with “normal” mesh and for model with “dense” mesh. 

Force obtained for model with “normal” mesh is higher than force obtained for model 

with “dense” mesh for every friction coefficient. The biggest force difference of 2,9 % is 

observed for model with friction coefficient μ=0,2. 

Table 8-13. Force obtained from model with "dense" mesh and model with " normal" mesh 

μ 
Force                

              
 

FEA „dense” mesh FEA „normal” mesh 

[-] [kN] [kN] [-] 

0,5 477,97 479,91 1,004 

0,4 454,88 456,03 1,003 

0,3 406,62 407,44 1,002 

0,2 319,42 328,71 1,029 
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Result from numerical model, which has more dense mesh is in good agreement with 

numerical model, which has normal mesh. “Normal” mesh is characterized by lower 

computation time, so this type of  mesh is used in further calculation.  

8.3.4. Validation of the numerical model 

The aim of this paragraph is to find friction coefficient for finite element model, which gives 

relationship of load and slip most similar to experimental test in Figure 8-3. 

a) Load and slip relationship 

It is found that friction coefficient used in finite element analysis, which is equal to 0,27 

meets slip load at 0,15 mm. Figure 8-11 shows a relation between the applied force and the 

slip in the front side of specimen with 8 mm thickness filler plate. The force from real test 

(black line) is bigger than force from numerical model for coefficient 0,2 (green line) and 

lower than force for numerical model for friction coefficient 0,3 (purple line). During the 

laboratory test the force corresponding to slip 0,15 mm is 409,11 kN. Numerical model with 

friction coefficient 0,27 gives the force, which is equal 376,15 kN, so this result is around 8 % 

lower than result from experimental result.  

 

Figure 8-11. Relation between applied force and slip. Comparison between experimental 

work and finite element method analysis. 
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8.3.5. Parametric analysis. 

a) A gap size (a filler plate thickness) 

Parametric analysis is proceeded in order to check slip resistance of connection depending on 

the changing properties of the model. In this case, two types of parameters are studied,  where 

one of them refer to properties of material and another concern geometry of model. First 

parameter is class of steel. Second parameter is thickness of filler plate. Two steel grades are 

used: S355 and S420. First, material properties of steel S355 is assigned to all elements of 

column specimen. Next, the finite element analysis is performed for specimen with filler plate 

of thickness 4 mm, 6 mm and 8 mm. Secondly, material properties of steel S420 are assigned 

to all elements of column specimen. The analysis is performed once again for specimens with 

filler plate of thickness 4 mm, 6 mm and 8 mm. Bolts M24 of grade 10.9 are used in both 

analyses described above. The result, which is resistance of connection are presented in Table 

8-14. Numerical model is sensitive on parameters, because resistance varies from 673,1 kN to 

706,4 kN when parameters are changed. 

Column splice with bigger gap size can withstand higher force, than column splice with 

smaller size of gap. An increase of 1,7 % of force is obtained by applying gap size of 6 mm  

instead of 4 mm for both grade of steel S 355 and S420. If gap size is doubled, so gap size of 

8 mm is applied instead of 4mm, force increase 3,3 % for steel S 355 and 4,9 % for steel 

S420.  

b) Steel grade influence 

Influence of the higher steel grade on the behavior of the friction connection is studied in this 

point.  Slip resistance is 1% lower for model with steel S420 than for  model with steel S355 

in both cases. Slip resistance for model with 8 mm thick filler plate is 0,5 % higher for steel 

S420 than for model with 8 mm thickness filler plate with steel S355. 

Table 8-14. Resistance of connection for different plate thickness and steel class. 

 Resistance 

Steel class 

Thickness 
S 355 S 420 

 [kN] [kN] 

4 mm 680,1 673,1 

6 mm 691,5 684,4 

8 mm 702,7 706,4 

 

Idea of parametric study is to gain knowledge about possible improvements, which increase 

slip resistance of connection. Parametric analysis of numerical model lead to create Table 

8-15 in which it is easy to see that resistance of connection depends on plate thickness and 
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steel class. For example, if thickness of a plate is changed from 4 mm to 6 mm resistance of 

connection increase by 1,7 %, so field on intersection between column with 4 mm and 6 mm 

thickness is marked with green colour, because it is positive change. Cell in the Table 8-15 is 

painted red in case, when change of property decrease slip resistance of connection.  

Table 8-15. Parametric analysis of model: thickness of filler plate and steel class. 

Change to     

 

Change from 

S 355 S 420 Steel class 

4 6 8 4 6 8 
Thickness 

S
 3

5
5
 

4 - 1,7 3,3 -1,0 0,6 3,8  

6 -1,7 - 1,6 -2,7 -1,0 2,1 

8 -3,3 -1,6 - -4,2 -2,6 0,5 

S
 4

2
0
 

4 1,0 2,7 4,2 - 1,7 4,9 

6 -0,6 1,0 2,6 -1,7 - 3,2 

8 -3,8 -2,1 -0,5 -4,9 -3,2 - 

S
te

el
 c

la
ss

 

T
h
ic

k
n
es

s 

 

Example: 
 

1,7 
Increase of resistance 

by 1,7 % 

-1,7 
Drop of resistance by 

1,7 % 

8.3.6. Contribution of force, which is transferred by bolt row 

Figure 8-12 shows distribution of force along the finger length for front and back of the finger 

plate. Because numerical model is symmetrical, distribution of force is the same for both sides 

of specimen. The maximum force is 466,7 kN for axis I for finger plate on the front. The 

value of force is 300,4 kN for axis II for front side. For axis II the value of force decrease and 

reach 95,8 kN. Value of force is equal 0,0 kN at the end of the finger plate. Table 8-7 

 

Figure 8-12. Force transferred by finger plate in FEM. 
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For front side of specimen the biggest contribution of force is 43,9 % for second bolt row. 

The contribution of force for first bolt row is 8,3 % lower than second bolt row and it is 

35,6 %. The contribution of force for front side is the lowest for third bolt row and it is 

20,5 %. The contribution of forces for particular bolt row is shown in Table 8-16. 

Table 8-16. Force transferred by bolts  rows. 

Bolt row Vertical axis Transferred force Sum Share 

    [kN] [kN] [%] 

1 st 

A 30,8 

166,2 35,6 
B 56,1 

C 53,1 

D 26,2 

2 nd 

A 28,6 

204,7 43,9 
B 70,0 

C 74,2 

D 31,9 

3 rd 

A 17,2 

95,8 20,5 
B 27,1 

C 30,6 

D 20,9 

  
Total 466,7 100,0 

 

9. Analysis 

9.1. Slip factor 

9.1.1. Literature review of slip factor 

Part 1-8  of Eurocode 3 define formula to calculate design slip resistance  

               [19]. This formula consists apart of design preloading force      two 

components. These components are friction coefficient μ and reduction factor   . A product 

of friction coefficient and reduction factor, which is called in American literature as slip 

factor, gives relationship between preloading force and design slip resistance and it shows 

expression (9-1) [7], [31]. 

                               (9-1) 

Where: 

      - slip factor 

In this case slip factor is a value, which depends on faying surface condition and the hole size 

geometry. Table 9-1 is created to give overview on values of slip factor, which are available  
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based on part 8 of Eurocode 3 [19] For example product of friction coefficient 0,2 and 

reduction factor  0,63 gives slip factor, which is equal 0,126. 

Table 9-1. Slip factor as a product of friction coefficient and reduction factor based on 

Eurocode 3 [19].  

 

Slip factor 
ks            

μ 0,5 0,4 0,3 0,2 

1 0,5 0,4 0,3 0,2 

0,85 0,425 0,34 0,255 0,17 

0,7 0,35 0,28 0,21 0,14 

0,63 0,315 0,252 0,189 0,126 

9.1.2. Slip factor from laboratory experiment 

Calculation of slip factor is carried out just for front side, because LVDT is installed only 

below finger plate on front side of the specimen. Because there is no LVDT on the back  side 

of specimen, there is no possibility to estimate relationship between force and slip for friction 

connection on back side. An actual clamping force in 9 bolts is sum up from front side of the 

specimen, see Table 8-8. For front side, friction occurs on one surface i.e. between finger 

plate and lower column. The ratio between the value of force corresponding to slip 0,15 mm 

for front side and sum of initial clamping force for nine bolts gives slip factor. Formula used 

to calculate a slip factor is presented in formula (9-1). 

            
    

            
 

         

         
             (9-1) 

9.1.3. Slip factor from FEA 

A slip factor for half of the specimen for finite element model is calculated in this point. 

The ratio between value of external force according to 8.3.4. for front side and sum of actual 

clamping force in 9 bolts according to Table 8-8 gives slip factor from FEA. Formula used 

to calculated a slip factor is presented in formula (9-2). 

          
           

            
 

         

         
       (9-2) 

9.2. Reduction factor ks 

Reduction factor ks influence the slip factor, because slip factor is product of value of friction 

coefficient and value of ks. In the other words, factor ks can be calculate as a ratio between 

a slip factor and friction coefficient. 

Two values of factor ks are calculated. In first attempt factor ks is calculated based 

on the value of slip factor from real test calculated in 9.1.2 and friction coefficient, which is 

found during validation  in point 8.3.4. In second attempt factor ks is calculated based on the 
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value of slip factor from finite element analysis calculated in 9.1.3 and friction coefficient 

also from FEA in point 8.3.4. 

The loss induced by the use of long open slotted hole with a cover plate is about 4 % for the 

experimental test and 12 % for the FEA at 0,15 mm. The reduction factor of 0,63 provided by 

Eurocode 3 [19] appears to be too conservative. 

Table 9-2. Factor ks according to test and FEA 

Factor Test FEA Test/ FEA 

    Slip factor 0,26 0,237 1,09 

Friction coefficient 0,27 0,27 1,00 

ks 0,96 0,88 1,09 

 

9.3. Comparison between experimental work and finite element analysis 

9.3.1. Contribution of force, which is transferred by bolt row 

Figure 9-1 shows contribution  of force for both FEA and Experimental test. There is good 

agreement between experimental result and FEA for second bolt row. The biggest 

contribution of force is observed for second bolt row in both experimental test and FEA and it 

is 47,2 % and 43,9 %. The difference is only of 3,3 %. First bolt row contribute 17,2 % 

of force in experimental test and 35,6 % of force in FEA. Contribution obtained from FEA is 

more than two times higher than contribution from experimental test. Third bolt row 

contribute 35,6  % of force in experimental test and 20,5 % of force in FEA, which leads 

to difference of 15,1 % between contribution obtained from and contribution 

from experimental test.  

 

Figure 9-1. Contribution of bolt force for FEA and experimental  test. 
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9.4. Stress level on the finger plates 

Figure 9-2 a) shows stress level on finger plate for model with high dense mesh for slip equals 

0,0 mm, so before the specimen is loaded. The stress is caused by preloading of bolts. 

The highest negative stress is concentrated on the area between semicircular openings 

of slotted holes, because there is reduction of cross-section area. 

Figure 9-2 b) shows stress level on finger plate for the same model as in Figure 9-2 a), but 

for slip equals 0,15 mm, after loading. The finger plate is pressed from the top by an external 

force and it is held down for clamping forces below semicircular openings. Negative stress 

area in Figure 9-2. b)  are more spread and absolute value of negative stress on line 

perpendicular to semicircular holes is higher, than are observed in Figure 9-2 a), especially 

above the cover plates, so it  is above friction connection. An explanation can be fact that, 

external force cause pressure on the area of the finger plate above friction connection, so it is 

in line with . Part of finger plate with slotted holes is hold in one place, because friction force 

between this part of finger plate and lower column is higher than external force, 

so slip of 0,18 mm only is observed and concentration of  stresses operas on the plane 

perpendicular to semicircular holes. 

Figure 9-2c) shows stress level on finger plate for the same model as in case of a) and b), 

but for slip equals more than 4,00 mm after external force is applied. The finger plate is 

pressed from the top by an external force, but it is not held down for clamping forces any 

more. Negative stress area in Figure 9-2. b)  has a smaller range and absolute value 

of negative stress on surface perpendicular to semicircular holes is lower, than are observed 

in Figure 9-2 b), especially above the cover plates, so it  is above friction connection. 

An explanation can be fact, that external force cause pressure on the area of the finger plate 

above friction connection, so it is in line with . Part of finger plate with slotted holes slips 

on the surface of lower column, because external force is higher than friction force between 

this part of finger plate and lower column, so there is very low concentration of stresses 

on the plane between semicircular holes. Negative stresses field range in case of Figure 9-2 c) 

is similar to the analogical stress field range in case of Figure 9-2 a). The force is transferred 

from finger plate to lower column, but the part of finger plate with long open slotted holes is 

not hold in one place, so stresses are more uniformly distributed all over the fingers. 
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a) 

 

 
 

b)  

 

 

 
 

c) 

 

 
 

    

Figure 9-2. S 33 for finger plate: a) before loading, b) after loading, slip=0,18 mm, b) after 

loading, slip=4,12 mm. 

9.5. Evaluation of the contact pressure distribution 

The contact pressure distributions with slotted holes are shown on Figure 9-3. and Figure 9-4. 

respectively. The contact pressure is calculated with Abaqus and compared with wear patterns 

from experimental test. The field of the contact zone on the finger plate is very similar to wear 

pattern. The field of the contact zone on the cover plates is similar around all the holes. 
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Figure 9-3.Comparison of contact pressure distribution and wear pattern of cover plates. 

 

Figure 9-4. Comparison of contact pressure distribution and wear pattern of the finger plate. 

Figure 9-5 shows contact pressure on the lower column. Contact pressure fields are localized 

below the fingers of finger plate, especially below nuts, because nut creates pressure on cover 

plate and then on the finger plate which distributed on the surface of column. Exception is 

surface above the first row of holes, where there is no contact pressure. Contact pressure 

exists on corresponding area on finger plate i.e. above slotted holes. The reason, why there is 

no contact pressure on the lower column above the first row of holes, can be lack of contact 

between finger plate and lower column in this area, which is shown in Figure 9-5.  
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Figure 9-5. Contact pressure distribution of the lower column. 

 

Figure 9-6. View on the finger plate and lower column. 
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10. Discussion 

10.1. Hand calculation 

Characteristic friction slip resistances are calculated according to Eurocode 3 [19] with 

reduction factor ks as for long slotted holes, but numerical model consists long open slotted 

holes, which are not exactly fulfil requirement for long slotted holes. This can have an 

influence on inaccuracies, when comparison between results from FEA and values of force 

according to Eurocode 3 [19]. Moreover, cover plates are used in the connection instead of 

washers. Material properties of the cover plate correspond to the steel grade of the elements of 

the connection. 

10.2. Experimental work 

Temperature changes does not have significant effect on the measurement of preloading force, 

because effect of force variation on preloading force in nine bolts is just 0,03%. 

10.3. Finite element model 

One have to remember that the analysis is provided just for range until the slip is equal 

0,15 mm. The relation between value of load and slip higher than 0,15 mm is not interest in 

most of chapters.  

Coupon test is of material is no performed, so real properties of steel are unknown. Inaccuracy 

can be expected, especially in part, where stress are calculated.  
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11. Conclusions 

An analysis of the result cause to formulate following conclusions: 

11.1. Slip factor 

Slip factor is described by two parameters according  Part 1-8 of Eurocode 3 [19]: the slip 

factor μ and the reduction factor   . The slip factor for plates made of steel S355 is 

determined. For shot-blast finishing on the grade 2
1/2

 and one coat of primer epoxy zinc with 

50 μm thick is about 0,26. Assuming friction coefficient μ=0,27 obtained from FEM the 

reduction factor   =0,64 seems to be conservative for long open slotted hole.  

11.2. Finite element method 

Higher value of friction coefficient gives higher value of slip force. Load and slip relationship 

obtained from finite element analysis is in good agreement with experimental test.  

Value of load obtained from FEA is different than value of force calculated according 

to Eurocode and it varies depending on the class of surface. Force calculated with FEM 

with friction coefficient 0,4 and 0,5 is lower than force calculated according to Eurocode 3 

[19], but force calculated for FEM with friction coefficient 0,3 and 0,2 gives higher value of 

force than force calculated according to Eurocode 3 [19]. 

External force, which can be taken by friction connection depends on preloading force, 

the same as friction force depends on normal force, which act on two body face each other.  

FEM are more subjected on preloading force has bigger influence on load for case with model 

with lower friction coefficient, than for FEM model with higher friction coefficient. 

11.3. Answer on research questions 

a) How do the engaged bolts behave? 

Bolts lose preloading force after tightening, which is caused by relaxation. Loss of preloading 

force varies from 7,0 % to 12,7 % in particular bolts. The loos of pretension depends 

on localization of bolt, tightening order. 

Bolt preloading force increase during static test. After external force is applied on top 

specimen, increase of preloading force is observed in 7 bolts on the front side and 

in 6 on the back side. Total increase of preloading force in all 9 bolts is 9,9 % and 5,2 % 

on the front side and back side respectively. 

b) What is the force contribution of each bolt row? 

Contribution of bolt row is not the same for every bolt row. Contribution of bolt row depends 

on the bolt row position. The biggest contribution of 47,2 % and 43,5 % is observed 
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for second bolt row both in experimental test and FEA respectively. FEA as well 

as experimental test shows, that contribution of first bolt row is lower than contribution 

of second bolt row. The reason can be finger plate, which does not interact with lower 

column, because finger plate does not face lower column above the first bolt row. 

Contribution of third bolt row is lower than contribution of second bolt row. Contribution 

of third bolt  row is 35,6 % and 20,5 % for test and for FEA respectively. 

c) How does a higher steel grade influence the behaviour of this friction connection? 

It is difficult to draw definite conclusions based on result, because there is not clear 

dependence. Use of higher steel grade causes lower slip resistance for  specimen with filler 

plate 4 mm and for model with 6 mm thick filler plate. On the other hand, higher steel grade 

cause higher slip resistance for specimen with filler plate 8 mm. Moreover, received 

differences between resistance for different steel class are negligible.   

Further investigation may give more clear information about influence of high grade steel on 

friction connection behavior, i.e. an influence of steel S460 could be investigate. Nevertheless 

influence of steel class on slip resistance is lower than change of thickness of filler plate. 

d) What is gap size influence on column splice bahavior? 

A thickness of the filler plate has an influence on the force, which can be taken by friction 

connection. In general, bigger thickness of the filler plate cause bigger slip resistance of 

connection.  An increase of filler plate thickness from 4 mm to 6mm without changing of steel 

class increase resistance by 1,6 % in case of S355 and increase by 1,7 % for S420. An 

increase of the thickness of the plate from the 6 mm to 8 mm cause an increase of the load by 

2,1 % for S355 and 3,2% for S420. 

12. Future work 

Tensile Coupon test should be performed to provide real steel properties for steel elements 

of specimen, like Young’s modulus.  

Numerical model of column splice with four finger plates should be developed to give wider 

view of behaviour of connection.  

Different coatings should be used on the surface of specimen to check its  influence on slip 

resistance.  

Specimen with preloaded bolts from four sides should be tested in experimental test.  

Influence of different load on the behaviour should be check i.e. bending, and interaction 

of bending and compression if possible.   
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ATTACHEMENTS: 

BOLT FORCE DIAGRAMS 

 

Table 12-1. Loss of pretension in bolts used in performed test. 

Number of 

bolt 

Maximum 

force 
After 10s 

After 1 

min 

After 10 

min 
After 1h After  12 h After 24 h After 48 h 

1 246,44 244,03 241,82 237,76 233,19 230,30 229,43 228,24 

2 265,45 259,24 242,36 240,34 235,96 233,57 232,77 231,63 

3 249,91 243,76 241,27 236,48 231,38 228,40 227,53 226,28 

4 246,44 240,06 237,97 234,11 230,64 227,62 226,87 225,83 

5 246,00 240,33 237,95 233,46 230,56 228,11 227,39 226,39 

6 244,83 238,23 236,02 230,92 228,10 225,91 225,15 224,18 

7 251,80 245,91 243,71 240,89 237,37 234,41 233,59 232,49 

8 247,45 242,67 240,72 238,13 235,13 232,12 231,12 230,04 

9 247,68 241,97 239,96 237,41 234,23 231,43 230,64 229,53 

10 256,87 249,28 245,95 240,89 237,36 235,20 234,48 233,60 

11 256,13 246,52 244,05 238,88 237,36 235,20 234,48 233,60 

12 253,03 246,30 244,02 238,98 234,80 232,39 231,77 230,85 

13 248,38 241,70 239,31 234,15 230,75 228,24 227,61 226,70 

14 249,55 242,25 239,94 235,47 232,14 230,64 230,68 230,48 

15 246,66 240,40 237,85 232,64 229,30 226,72 226,07 225,10 

16 247,20 237,30 235,01 232,55 227,96 224,64 223,80 222,61 

17 248,54 242,92 240,96 238,23 234,75 231,23 230,00 228,78 

18 248,76 243,28 241,24 238,64 234,69 231,49 230,44 229,11 

 

 

Figure 12-1. Loss of pretension for bolt number 1.  
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CALIBRATION OF THE BOLTS 

The calibration of the bolts was performed as a series of a tension tests. Bolt head was 

installed in the grips of tensile machine. A shank was engaged in the special nut, which was 

fixed to the tensile machine. The wire from strain gauge was connected to the measurement 

device. During the first step, an tensile load was applied with the speed of 5 kN/s. Second step 

was to keep tension at the same level for 300seconds, after the load value of 250kN was 

reached. The force of 250kN was the closest value to preloading of the bolt, which was 

available to reach using tensile machine. The difference of around 3kN is caused by 

limitations of the machine. In the third step, bolt was unloaded with the speed of  5 kN/s. 

These procedure of three steps was repeated during few next attempts, but tension at the level 

of 250kN was constant for 30second.  

The behavior of all 18 bolts used in the experiential work was found to be linear during 

loading and unloading. A ratio between applied load and strain was calculated from obtained 

data. Figure A1 and A2 show the calibration curve and the load displacement diagram.  

  

Figure 12-2. Calibration curve for 1D SG 1B. 

 

Figure 12-3. Load displacement diagram for 1D SG 1B. 
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Table 12-2. Calibration data of Fuchs HV M24 bolts. 

Bolt Position of the bolt 
calibration curve 

 
a [kN.m/µm] b [kN] rsq 

 
1 B1 0,09 1,38 1,0000 HV-10.9 M24 

2 B2 0,09 1,85 1,0000 HV-10.9 M24 

3 B3 0,09 -0,64 1,0000 HV-10.9 M24 

4 B4 0,09 -0,18 1,0000 HV-10.9 M24 

5 B5 0,09 -0,24 1,0000 HV-10.9 M24 

6 B6 0,09 0,41 1,0000 HV-10.9 M24 

7 B7 0,09 2,34 1,0000 HV-10.9 M24 

8 B8 0,09 2,77 0,9999 HV-10.9 M24 

9 B9 0,09 0,68 1,0000 HV-10.9 M24 

10 B10 0,09 2,20 0,9999 HV-10.9 M24 

11 B11 0,09 1,61 1,0000 HV-10.9 M24 

12 B12 0,04 67,31 0,5125 HV-10.9 M24 

13 B13 0,09 0,31 1,0000 HV-10.9 M24 

14 B14 0,09 -1,10 1,0000 HV-10.9 M24 

15 B15 0,09 2,09 0,9999 HV-10.9 M24 

16 B16 0,09 -0,88 1,0000 HV-10.9 M24 

17 B17 0,09 3,29 1,0000 HV-10.9 M24 

18 B18 0,09 -1,85 1,0000 HV-10.9 M24 

 

 



 

 

 

Figure 12-4. Column Splice  with filler plate 4 mm gap assembling max restrictions vs3-Setup misalignment [31] 
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Figure 12-5. Column Splice with filler plate 4 mm gap assembling max restrictions vs3-Setup misalignment [31] 
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Figure 12-6. Column Splice with filler plate 4 mm gap  [31] 
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Figure 12-7. Column Splice with filler plate 4 mm gap: cover plate [31] 
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Figure 12-8. Column Splice with filler plate 4 mm gap: filler plate 
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Figure 12-9. Column Splice with filler plate 4 mm gap : finger plate 



 

 

87 

 

 

Figure 12-10. Column Splice with filler plate 4 mm gap: strain gauges [31]



 

 

 


