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ABSTRACT
Modelling and calculations of a contact layer between elements joined in a preloaded 
bolted connection for the operational condition are presented. The physical model 
of the bolted connection is based on a flexible flange element that is joined with a 
rigid support by means of the no-bolt model (at the assembly stage) or the rigid body 
bolt model (at the operational stage). The contact layer between joined elements is 
described as the nonlinear Winkler model. The contact joint model considering an 
experimental normal elastic characteristic is presented. Examples of normal contact 
pressure and normal contact deformations distributions are contained.
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INTRODUCTION

Preloaded bolted connections are an excel-
lent alternative to other structural joints used in 
mechanical engineering. By the suitably carried 
out pretensioning process it is possible to prevent 
both the phenomenon of loosening the connec-
tion [1] or its leakage phenomenon [2]. Therefore, 
works on modelling of the contact layer between 
elements joined in such connections are very im-
portant.

Currently, in modelling of the contact joint 
in bolted connections the finite element systems 
are often used [3–5]. However, using standard 
contact elements available in these systems, only 
constant stiffness coefficients for each contact el-
ement at the contact surface can be taken into ac-
count. Meanwhile, in the analysis of the contact 
of elements joined in the bolted connection with 
an experimentally defined characteristic [6], it is 
necessary to take into consideration variations of 
stiffness coefficients for each element of the con-
tact layer. Then creation of specific calculation 
procedures and using them in conjunction with 
calculations carried out in the finite element com-
puter system is required.

In the present paper the method for individual 
modelling of elastic properties of the contact lay-
er’s elements is proposed. The study is conducted 
on the example of the contact joint of elements 
in the preloaded bolted connection loaded exter-
nally by a normal force.

PHYSICAL MODEL OF THE BOLTED 
CONNECTION

A general structure of the bolted connection 
model is illustrated in Figure  1. The model is 
based on a fragment of a flexible flange element 
that is fastened to a rigid support by means of a 
bolt. Calculations are carried out in two stages. 
During tightening the connection, the bolt is mod-
eled only as an input force (Figure 1b). However, 
in the operational condition, the bolt is treated as 
the rigid body bolt model [7] (Figure 1c).

A nonlinear contact layer between the flange 
element and the support is modeled as the Win-
kler model, which is defined by means of a set 
of j ( j = 1, 2, …, l ) one-sided spring elements, 
described by the following relationship:
	 )( njjnjjj ufApAR   	 (1)
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where:	Rj	 – the force in the centre of the j-th el-
ementary contact area,

	 pnj – normal contact pressure at the j-th 
elementary contact area,

	 unj – normal deformation of the j-th non-
linear spring element,

	 Aj	 – the j-th elementary contact area.

Structuring the contact layer model is run in 
the following steps:
•• division of the contact surface between the 

flange and the support (Figure  2a) into ele-
mentary contact areas (Figure 2b),

•• assignation mesh nodes in the centers of grav-
ity of elementary contact areas (Figure 2b),

•• insertion of nonlinear springs at the nodes 
identified in the previous step,

•• creation of the 2D finite element mesh on the 
contact surface (Figure 2c).

Based on the 2D finite element mesh on the 
contact surface between the flange and the sup-
port, a uniform 3D finite element mesh for all the 
volume of the flange is generated.

The equation of system equilibrium (Fig-
ure 1) can be written in the form:
	 pqK =⋅ 	 (2)

where:	K – the stiffness matrix,
	 q	 – the displacements vector,
	 p	 – the loads vector.

Assuming the division of the model into three 
subsystems (B – the bolt, F – the flange element, 
C – the contact layer), the equation (2) can be re-
written as follows:
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where:	KBB, KFF, KCC – the stiffness matrices of 
subsystems B, F and C,

	 KBF, KFB, KFC, KCF – the matrices of elastic 
couplings among subsystems  B, F and C,

	 qB, qF, qC – the displacements vectors of 
subsystems  B, F and C.

Fig.  1. Fragment of a bolted flange connection: a) diagram, b) physical model for the assembly condition, 
c) physical model for the operational condition (Fn – preload, Fe – external normal load, 

u – initial deformation of the bolted connection)

a) b) c)

Fig. 2. Creating of the finite element mesh at the contact surface: a) real contact area, 
b) elementary contact areas, c) scheme of the mesh

a) b) c)
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At the assembly stage, the system is composed 
of only two subsystems (F and C), preloaded by 
the force Fn (Figure 1b). Then the equation (3) is 
reduced to the form:
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At the operational stage, the preloaded system 
is loaded by a normal external force Fe. Then the 
loads vector p can be written as:
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Thus, the equation (3) can be converted to the 
formula:
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Both in the assembly and the operational con-
dition, by solving the system of equations one ob-
tains the displacements vector qC:

	  nlnjnnC uuuucol ,...,,...,, 21q  	 (7)

In the next step, reactions Rj can be computed 
based on the relationship (1).

Solution of equations (4) and (6) is conducted 
in an iterative process using the secant method. In 
the case of the bolt tightening, the linearization 
runs according to the way shown in Figure  3a, 
starting from the origin of the coordinate system. 
And in the case of the operational stage, it starts 
with the working points WPj corresponding to the 
preload of the j-th nonlinear spring element.

The linearization process is kept running until 
the following condition has been met:

	 ε
α

αα ≤
−

R
RR'

	 (8)

where:	R’α – the reaction in the j-th nonlinear 
spring obtained from the linearization,

	 α	 – the index dependent on the case of 
the calculation process (α  {j, mj}),

	 ε – the admissible error of the lineariza-
tion.

The diagram of iterative calculations of the 
bolted connection is shown in Figure 4.

EXAMPLE CALCULATIONS

According to the presented method, compu-
tations of a bolted connection of a flange shown 
in Figure 5 with a rigid support were realized. 
The subject of the research is a connection of a 
quarter of the flange EN 1092-1/01/DN25/PN6/
S235JR [8] with the rigid support performed by 
means of the bolt M10 of mechanical property 
class 5.6. The preload of the bolt Fn is equal to 
14,9 kN and it is set down on the base of Pol-
ish Standard [8]. The surface area of preload in-
fluence An is equal to 69,75π mm2 and it is set 
down on the base of Polish Standard [9]. After 
the preloading process, the connection is loaded 
by a normal force Fe equal to 10 kN as shown 
in Figure 5.

Calculations were carried out by means of 
the Midas NFX 2014 finite element program. 
The bolt is modeled with two types of ele-
ments:

Fig. 3. Linearization of a curve by the secant method: a) in the case of the assembly condition, 
b) in the case of the operational condition

a) b)
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Fig. 4. Block diagram of the calculation process

Fig. 5. FE-model of the tested bolted connection

Table 1. Results of calculations

•• the plain part of the bolt is treated as a bar ele-
ment,

•• the bolt head is treated as a rigid element.

Elastic properties of the nonlinear contact 
layer are described as the following power func-
tion (obtained for a sample contact of elements 
joined in a multi-bolted connection [6]):
	  657,1428,3 njjj uAR   	 (9)

As results of calculations, normal contact 
pressure and normal contact deformations distri-
butions for two tested conditions were received. 
The graphs were presented in Table 1.
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CONCLUSIONS

In the paper a procedure of computations of 
a contact joint between elements in a bolted con-
nection with the use of its experimental normal 
characteristic is presented. Calculations were re-
lated to the assembly stage and the operational 
stage of the connection. In the model only contact 
stiffness in a direction normal to the contact sur-
face were taken into account.

However, it is also possible to accommodate 
tangential contact stiffness and friction into the 
model. Results of works on development of the 
model will be published in future articles.
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