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INTRODUCTION

Multi-bolted connections are frequently ap-
plied in mechanical and civil engineering. Most 
often, they can occur in two states of loading and 
deformation. The first one is the assembly state 
in which the connection may be set up under dif-
ferent assembly patterns [2, 32]. Another feature 
of multi-bolted connections is that they are con-
structed of many structural components [7, 22, 
27, 28]. Due to irregular geometrical structures 
on the contact surfaces of the joined elements, 
these connections are usually treated as non-lin-
ear [33]. The subject of this paper is modelling of 
multi-bolted connections regarded as a non-linear 
system for the assembly condition.

The papers on modelling and calculations 
of bolted connections relate either to simple 
single-bolted joints [10, 29] or typical multi-
bolted joints [3, 4, 6, 8, 15, 17, 20, 23, 24]. 
Esmaeili, Zehsaz, Chakherlou and Hasanifard 
[10] investigated the impact of the clamping 
force on the fatigue life of double lap bolted 

connections, while Sadigh and Marami [29] 
studied the failure behaviour of single lap bolt-
ed connections. The modelling of multi-bolted 
lap connections was discussed in the papers 
of Ascione [3], Chowdhury, Chiu, Wang and 
Chang [8], and Kędra and Rucka [17]. Brunesi, 
Nascimbene and Rassati [4], Chen and Shi [6], 
and Moradi and Alam [23] published the results 
of their research on multi-bolted beam-to-col-
umn connections. In contrast, Jakubowski and 
Schmidt [15], Liu, He, Wang, Yang, Pu and 
Ailin [20], and Mourya, Banerjee and Sreedhar 
[24] described results of modelling and calcu-
lations of multi-bolted flange connections.

In all the afore-mentioned publications, a 
systemic approach to modelling, calculation 
and analysing multi-bolted connections was not 
undertaken.

The most popular method of modelling multi-
bolted connections is the finite element method 
(FEM). While the joined elements in such con-
nections are created mainly as a spatial body, the 
bolts are modelled in different ways. In addition 
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to the spatial models of bolts [1, 6, 32], the fol-
lowing substitute FE-models of bolts are used:
•• no-bolt models [5],
•• spring models [19, 21],
•• truss models [9, 30],
•• beam models [11, 16, 31],
•• rigid body bolt models [14, 25, 26],
•• spider bolt models [18].

The FEM was also used in this paper for 
modelling and calculations of the multi-bolted 
system. The presented paper constitutes a con-
tinuation of the previous publication on mod-
elling non-linear multi-bolted systems [14] in 
which the distribution of preload in bolts were 
analysed in the system model with the rigid 
body bolt models. The current paper concerns 
the analysis pertaining to preload of bolts distri-
butions and distributions of normal contact pres-
sure between the joined elements in the system 
model with the spider bolt models.

MODEL OF THE MULTI-BOLTED SYSTEM

The concept of system approach to modelling 
multi-bolted connections was presented earlier at 
the 3rd Polish Congress of Mechanics [13].

The model was built from the four subsys-
tems (Fig. 1):
•• B – i-element set of the bolts (for i = 1, 2, 3, …, k),
•• F – flexible flange element,
•• C – j-element contact layer (for j = 1, 2, 3, …, l),
•• S – flexible support.

The spider bolt model was used as a single 
bolt model in the system; the plain part of the bolt 
and its head were modelled with use of beam ele-
ments but the total volume of the beam elements 
for the head was assumed to be equal to the vol-
ume of the head of the real bolt.

Generation of the contact layer model begins 
with the division of the contact surface between 
the flange and the support into elementary contact 
areas. Then, the following are added to the model:
•• mesh nodes in the centres of gravity of the el-

ementary contact areas,
•• non-linear springs at the nodes identified in 

the previous step,
•• 2D finite element mesh on the contact surface 

considering the position of the non-linear springs.

The presented method enables the modelling of 
the contact layer with the characteristics obtained ex-
perimentally separately for each element of this layer.

On the basis of the 2D finite element mesh on 
the contact surface between the flange and the sup-
port, a uniform 3D finite element mesh was created 
for the entire volume of the joined elements.

After taking into consideration the division 
of the multi-bolted system into subsystems, the 
equation of system equilibrium can be presented 
in the form [13]:

 

[
KBB KBF 0 KBS
KFB KFF KFC 0
0 KCF KCC KCS
KSB 0 KSC KSS

] ∙ [

qB
qF
qC
qS

]= [

pB
pF
pC
pS

] 

 
 

 
𝑅𝑅𝑗𝑗 = 𝐴𝐴𝑗𝑗 ∙ (3.428 ∙ 𝑢𝑢𝑗𝑗1.657) 

 
 

𝑊𝑊1 =
𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓,𝑖𝑖 − 𝐹𝐹𝑚𝑚𝑚𝑚

𝐹𝐹𝑚𝑚𝑚𝑚
∙ 100 

 
𝑊𝑊2 =

𝑝𝑝𝑛𝑛 − 𝑝𝑝𝑛𝑛,𝑎𝑎
𝑝𝑝𝑛𝑛,𝑎𝑎

∙ 100 

 

   (1)

where:	KXX denotes the stiffness matrix of the 
X-th subsystem, KXY is the matrix of elas-
tic couplings between X-th and Y-th sub-
systems, qX is the vector of displacements 
of the X-th subsystem, and pX denotes the 
vector of loads of the X-th subsystem, (X 
and Y are the symbols of the subsystems, 
X = Y = {B, F, C, S}).

Fig. 1. Multi-bolted system with the spider bolt mod-
els (1 – subsystem B, the bolts; 2 – subsystem F, the 
flexible flange element; 3 – subsystem C, the contact 

layer; 4 – subsystem S, the flexible support).
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CALCULATIONS OF THE MULTI-BOLTED 
SYSTEM ON THE ASSEMBLY STATE

Sample calculations were performed for a se-
lected asymmetrical multi-bolted system shown 
in Figure 2a.

The model was built using the Midas NFX 
2017 program. The connection is fastened using 
seven M10 bolts made in the class of mechanical 
properties 8.8. The physical properties of the alloy 
steel used in the connection model for the bolts 
and the joined elements are shown in Table 1.

Calculations were performed for the joined 
elements with a thickness of 20 mm. The outer 
contours of the flange element and the support 
can be placed inside a rectangle with sides 110 
mm and 125 mm.

The model of the system was fastened in the 
manner shown in Figure 2a by receiving:

•• all degrees of freedom on the bottom surface 
of the support,

•• degrees of freedom in a plane perpendicular to 
the axis of the bolts in five nodes lying on the 
outline of the upper surfaces of the flange and 
the support.

The preload of bolts was set at 20  kN. The 
tightening sequence is given in parentheses in 
Figure 2a.

Between the joined elements, a Winkler 
type of the contact layer built from a set of non-
linear springs was introduced. The stiffness 
characteristics of the springs are described by 
the following experimentally determined func-
tion [12]:

	

 

[
KBB KBF 0 KBS
KFB KFF KFC 0
0 KCF KCC KCS
KSB 0 KSC KSS

] ∙ [

qB
qF
qC
qS

]= [

pB
pF
pC
pS

] 

 
 

 
𝑅𝑅𝑗𝑗 = 𝐴𝐴𝑗𝑗 ∙ (3.428 ∙ 𝑢𝑢𝑗𝑗1.657) 

 
 

𝑊𝑊1 =
𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓,𝑖𝑖 − 𝐹𝐹𝑚𝑚𝑚𝑚

𝐹𝐹𝑚𝑚𝑚𝑚
∙ 100 

 
𝑊𝑊2 =

𝑝𝑝𝑛𝑛 − 𝑝𝑝𝑛𝑛,𝑎𝑎
𝑝𝑝𝑛𝑛,𝑎𝑎

∙ 100 

 

	 (2)

where: 	Rj denotes the force in the centre of the 
j-th elementary contact area, Aj is the j-th 
elementary contact area, and uj denotes 
the deformation of the j-th non-linear 
spring of the contact layer.

As a result of the calculations, preload of bolts 
distributions and distributions of normal contact 
pressure between the joined elements during the 
tightening process and at the end of this process 
were obtained.

In Figure 3 variations of the preload in indi-
vidual bolts during the tightening process of the 
multi-bolted system are shown as follows:
•• in the first line – the preload distribution in 

bolts No. 1 and No. 4, which were tightened 
as the first and as the second bolt, respectively,

•• in the second line – the preload distribution in 
bolts No. 6 and No. 2, which were tightened as 
the third and the fourth bolt, respectively,

•• in the third line – the preload distribution in 
bolts No. 5, No. 7 and No. 3, which were tight-
ened as the fifth, the sixth and the seventh bolt, 
respectively.

In contrast, the diagrams of normal contact 
pressure on elementary surfaces on the line join-
ing the nodes defined in Figure 2b during the 
tightening process of the multi-bolted system are 
shown in Figure 4.

As the last graph, the scatter of the final pre-
load distribution in the bolts at the end of the 
tightening process is presented in Figure 5.

On the basis of the obtained results it can be 
seen that the distributions of the preload of the 
bolts as well as normal contact pressure between 

Fig. 2. Analysed multi-bolted system: a) FEM-based 
model with the numbering of the bolts and the tight-

ening sequence given in parentheses, b) nodes on 
the contact surface of the joined elements adopted to 

describe normal contact pressure distributions.

Table 1. Material properties of the steel used for the 
bolts and the joined elements in the connection model

Young’s modulus (GPa) 210

Poisson’s ratio 0.28
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Fig. 3. Preload distributions in the bolts during the tightening process of the multi-bolted system.

Fig. 4. Diagrams of normal contact pressure on the contact surface of the joined elements during the tightening 
process of the multi-bolted system.
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the joined elements during the tightening process 
and at the end of this process are highly variable 
and irregular.

The assessment of final values of the preload 
of the bolts and normal contact pressure can be 
executed using the following indicators expressed 
as a percentage:

	

 

[
KBB KBF 0 KBS
KFB KFF KFC 0
0 KCF KCC KCS
KSB 0 KSC KSS

] ∙ [

qB
qF
qC
qS

]= [

pB
pF
pC
pS

] 

 
 

 
𝑅𝑅𝑗𝑗 = 𝐴𝐴𝑗𝑗 ∙ (3.428 ∙ 𝑢𝑢𝑗𝑗1.657) 

 
 

𝑊𝑊1 =
𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓,𝑖𝑖 − 𝐹𝐹𝑚𝑚𝑚𝑚

𝐹𝐹𝑚𝑚𝑚𝑚
∙ 100 

 
𝑊𝑊2 =

𝑝𝑝𝑛𝑛 − 𝑝𝑝𝑛𝑛,𝑎𝑎
𝑝𝑝𝑛𝑛,𝑎𝑎

∙ 100 

 

	 (3)

	

 

[
KBB KBF 0 KBS
KFB KFF KFC 0
0 KCF KCC KCS
KSB 0 KSC KSS

] ∙ [

qB
qF
qC
qS

]= [

pB
pF
pC
pS

] 

 
 

 
𝑅𝑅𝑗𝑗 = 𝐴𝐴𝑗𝑗 ∙ (3.428 ∙ 𝑢𝑢𝑗𝑗1.657) 

 
 

𝑊𝑊1 =
𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓,𝑖𝑖 − 𝐹𝐹𝑚𝑚𝑚𝑚

𝐹𝐹𝑚𝑚𝑚𝑚
∙ 100 

 
𝑊𝑊2 =

𝑝𝑝𝑛𝑛 − 𝑝𝑝𝑛𝑛,𝑎𝑎
𝑝𝑝𝑛𝑛,𝑎𝑎

∙ 100 

 

	 (4)

where: 	Ffin,i denotes the final value of the preload 
of the i-th bolt at the end of the tightening 
process, Fmi is the initial value of the pre-
load of the i-th bolt at the beginning of the 
tightening process, pn is the value of nor-
mal contact pressure on the n-th contact 
surface, linked to the n-th node (Fig. 2b, 
n = 1, 2, 3, …, 19), and pn,a denotes the 
average value of normal contact pressure 
on the line joining the nodes shown in 
Figure 2b.

According to the introduced multi-bolted 
system model, the preload values of bolts may 
vary between -10.8 and 0.2%, relative to their 
initial values. At the same time, the values of 
normal contact pressure between the joined ele-
ments may vary in the range of -16.6 to 33.7%, 
in relation to their average values. The resulting 
calculation procedures can be used to optimise 
the preload of the individual bolts in order to 
ensure uniform pressure distribution at the inter-
face between elements connected in the multi-
bolted system. This can be accomplished by ex-
amining the impact of the tightening sequence of 
bolts on distribution of the preloads and normal 
contact pressure between the joined elements.

CONCLUSIONS

The described model of the multi-bolted sys-
tem can be successfully used in the analysis of 
preload variations and normal contact pressure 
between joined elements variations in the case of 
any connection of flexible elements. The model 
can also provide the analysis on how does the 
tightening sequence affect the preload values in 
bolts before the preloaded connection is loaded 
by an external force.
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