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Modelling of Multi-Bolted SySteMS at the PretenSion Stage – Part 1: Mechanical  
characteriSticS of the contact Between the Joined eleMentS

the subject of the paper is the modelling of multi-bolted connections that are at the pretensioning stage. taking a systematic 
approach to the modelling issue, the connection was treated as a composite of four subsystems: a bolt set, a pair of joined elements 
and a contact layer between them. the first part of the paper describes experimental studies to determine the contact stiffness of 
a pair of elements separated from an exemplary asymmetric multi-bolted connection. the normal loading and unloading direction 
of the contact joint was considered. the tests were performed with the use of an iNstRoN 8850 servo-hydraulic testing machine 
equipped with an extensometer. a normal stiffness characteristic in the form of an exponential function was proposed for the tested 
contact joint. it will be applied in the second part of the paper, in which finite element modelling of the multi-bolted connection 
will be presented.
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1. introduction

the proper operation of multi-bolted connections is condi-
tioned by the appropriate stiffness of the contact joints present 
in these connections. Machine elements forming multi-bolted 
structures are most often joined on mechanically processed 
surfaces [1]. their connection takes place not on the entire con-
tact surface, but on a small part of it, depending on the surface 
texture, i.e. their roughness or waviness [2-4]. this can be even 
more evident in the case of joining elements produced by addi-
tive manufacturing [5,6]. any unevenness on the contact surface 
affects the stiffness of the contact joint and the stiffness of the 
whole assembled structure. in the general case, when a multi-
bolted connection is pretensioned and then loaded with an ar-
bitrarily directed external load [7,8], this stiffness is influenced 
by physical phenomena occurring between the joined elements 
in the normal and tangential directions [9]. in engineering cal-
culations, the description of these phenomena is usually reduced 
to including only constant coefficients of normal and tangential 
stiffness and friction in the contact model [10-13]. then, these 
values remain constant over time on the entire contact surface of 
the joined elements. in fact, experimental validation of contact 
models outlines that this simplified modelling approach leads 
to the necessity to estimate the stiffness of the contact model 

in order to obtain the convergence of the results of calculations 
and experimental tests [14].

the phenomena at the contact of the joined elements in the 
case of small values of pressures and deformations, for which 
the contact layer shows high plasticity, can be described by 
non-linear relationships between the normal displacements of 
the points of this layer and the normal pressure and between the 
tangential displacements and the shear pressure [9,15]. in order 
to formalise the description of these phenomena, it is necessary 
to adopt an appropriate model of the rough surface of the inter-
acting bodies and their contact. For this purpose, both analytical 
[16-18] and experimental [19-21] approaches are used.

since analytical studies usually lead to very complex for-
mulas describing the mechanical properties of the contact, in 
this paper it was decided to use experimental relationships for 
this purpose. the scope of the paper covers the pretensioning 
of the selected multi-bolted connection, i.e. the normal load 
direction of the contact of the joined elements. in this case, the 
contact features can be represented by an exponential function, 
as in [22-24]. this function can then be incorporated into the 
modelling of the contact in accordance with the concept of the 
so-called conventional third-body in the form of a thin layer [25].

the application of the third-body idea is easy to implement 
in finite element modelling (Fe-modelling). By knowing the 
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actual normal stiffness characteristics of a given contact, it can 
be taken into account independently for each of the Fes in the 
contact layer. More precisely, each of these elements, depending 
on the given loading situation, can have a different value of the 
normal stiffness coefficient, which is unattainable in the case of 
traditional contact modelling using commercial finite element 
method (FeM) programs.

authors modelling contact joints most often use Fes with 
typical settings, according to which it is only possible to insert 
constant values of the normal and tangential contact stiffness 
into the model. jaszak [26] and jaszak et al. [27] conducted 
numerical analyses to determine the contact pressure on the 
contact surface between a serrated or flat gasket and a flange 
in the pipe connection. they used taRGet 170 and coNta 
174 surface-to-surface contact elements available in aNsys 
software with standard settings. the same type of Fes and the 
same method of modelling contact joints have been applied, 
inter alia, in  [28-31]. authors using another popular commercial 
FeM software, aBaQUs, often assume contact properties as 
‘hard’ contact in the normal direction without friction [32] or 
with friction [33]. similarly, the same is true for the next FeM 
software, Midas NFX. in this case also, the constant normal and 
tangential stiffness coefficients as well as the friction coefficient 
are inserted [34,35]. in some papers, the stiffness of the contact 
layer is not mentioned in detail in the modelling. an information 
is then provided that the contact has been modelled in a standard 
way in the respective software [36-39].

against the background of the above literature review, the 
idea of independently assigning to each contact layer element 
a stiffness coefficient depending on a given contact joint load 
is new. in order to take advantage of this idea, it is necessary 
to investigate the actual characteristics of a given contact joint. 
the procedure for determining such characteristics using the 
example of a contact joint separated from a multi-bolted connec-
tion, the experimental studies of which are described in [40,41], 
is presented in this paper.

By adopting a systemic approach to the modelling of multi-
bolted connections [24], the modelling of the contacts occurring 
in them can be considered as a separate task. the idea of a 
third-body, mentioned above, is then useful and can be applied 
to the modelling of the contact joint. it can be inserted between 
models of the joined elements and then assigned experimentally 
determined mechanical properties [23]. this idea will be applied 
in the second part of the presented paper.

2. experimental research of the contact of multi-bolted 
connection elements

the subject of the research is the contact joint between the 
elements joined in a multi-bolted connection, shown in Fig. 1. 
the connection is made by means of seven M10´1.25 fasteners 
(Fig. 1b). after machining, the bolts and nuts have been tempered 
to achieve the characteristics for the class of mechanical property 
8.8 and 8, respectively.

the tested joint consists of two 28 mm thick plates made 
of s355j2 (1.0577) steel. Prior to testing, the contact surfaces 
were machined on a grinding machine. the shape of the contact 
surface is shown in Fig. 1d. it fits into a circle with a diameter of 
175 mm. the size of this area was equal to 89.2×102 mm2 and 
did not exceed the maximum pressure limit for s355j2 (1.0577) 
steel. the shape of the contact surface was defined as irregular 
in order to be able to create a universal Fe-based model of the 
contact joint at a later step.

the contact joint of the plates was tested on an iNstRoN 
8850 testing machine. the joint loading was carried out in the 
direction normal to the contact surface, and the relative dis-
placements of the joined plates were measured in two ways: by 
measuring the displacement of the testing machine heads using 
the machine software, and separately by means of an iNstRoN 
extensometer (Fig. 2). the measuring base for the extensometer 
was set at 25 mm.

Fig. 1. tested contact joint as a subsystem of a multi-bolted connection: a) general view, b) main dimensions of the connection, c), model, d) shape 
of the contact surface
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Fig. 2. tested contact joint mounted on a testing machine

the testing machine control allows simultaneous loading 
of the joints under test and measurement of the displacements 
occurring in them. this makes it possible to independently gen-
erate both force vs. time and displacement vs. time diagrams.

the testing of the contact of multi-bolted connection 
elements was divided into two phases. in the first, the stiff-
ness characteristics of the testing machine, understood as the 
contact stiffness characteristics of the compressed heads, were 
determined.

the time-varying loading of the head contact joint followed 
the characteristics shown in Fig. 3. such a force curve was adopt-
ed in order to progressively load the tested joint and to be able to 
record the normal joint characteristics for the last unloading cycle 
in a later test phase, according to the oliver-Pharr method [42]. 
Fig. 4 shows the head contact stiffness characteristics obtained 
as a result of the first phase tests.

Fig. 3. course of the force loading the contact joint of the heads

in the second phase of the research, the plate joint was set 
between the heads of the testing machine. as before, the joint 
was loaded with a time-varying force in the same force range, 
but over a shorter period of time. the loading duration of the 
heads alone and the heads-plates set had no effect on the result-
ing contact stiffness characteristics. thus, after the first phase 
of testing, it was decided to reduce the loading duration while 
maintaining the range of variation for the loading force. the 
course of the loading force in this case is shown in Fig. 5.

Fig. 4. contact stiffness characteristics of the testing machine heads

Fig. 5. course of the force loading the contact joint of the plates and 
heads

Fig. 6 shows the contact stiffness characteristics of the 
plates and heads obtained as a result of the second phase tests.

Fig. 6. contact stiffness characteristics of the joint of the plates and heads
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3. normal contact characteristics of multi-bolted 
connection elements

in line with the previously mentioned principle, the char-
acteristics of the tested plate contact joint was determined for 
the last cycle of unloading the joint. it can be assumed that then 
the final fit of the joined surfaces has taken place. thus, when 
determining the stiffness characteristics based only on the un-
loading curve, the influence of plastic deformations between the 
joined elements is then neglected [42]. the normal characteristics 
identified in this way can be implemented in the contact element 
model, which is schematically shown in Fig. 7 [24].

By subtracting the displacements of the machine head joint 
from the displacements of the entire heads-plates system, the 
displacements in the contact layer between the joined plates can 
be obtained. Referring these to the force loading the joint, the 
characteristics of its normal stiffness can be drawn. Both stiffness 
characteristics for the last unloading cycle are shown in Fig. 8.

Fig. 7. Bottom plate with single spring model of the contact layer

Fig. 8. contact stiffness characteristics of the plate joint and the heads-
plates system for the last unloading cycle

the resulting stiffness characteristics for the tested joint 
is shown in Fig. 9. the high steepness of this characteristics 
corresponds to the low roughness of the joined surfaces at the 
interface, due to the preparation of these surfaces by grinding.

Fig. 9. contact stiffness characteristics of the plate joint for the last 
unloading cycle

the course of the characteristics illustrated in Fig. 9 can be 
approximated by the following exponential function:

 F = 0.7257 · e176,45·u (1)

were F is the loading force and u is the relative displacement 
of the plates.

the coefficient of determination R2 for the examined vari-
ables was 0.873, and was at an acceptable level.

4. concluding remarks

the paper presents a methodology for determining the nor-
mal stiffness characteristics of a pair of plates joined in a multi-
bolted connection. the developed characteristics is essential for 
contact modelling using the FeM. it makes it possible to take 
into account the actual stiffness of the joined elements and to 
introduce it independently for individual elements of the con-
tact layer, e.g. in the form of non-linear springs. the presented 
methodology can be successfully applied to any other contact 
joint. the effects of this modelling will be presented in the 
second part of the paper. in the near future, it is also planned to 
perform similar tests aimed at determining the tangential stiffness 
characteristics for the contact joint under study.
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