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Resume
The aim of the study is the numerical analysis of a bolted connection under 
the conditions of loss of bearing capacity of some fasteners in this connection. 
The joined plates in the connection were made of the 3D finite elements, 
while the fasteners were treated as hybrid models consisting of rigid heads 
and nuts and flexible beams between them. A model of unilateral contact 
with friction was used between the joined plates. The bolted connection was 
first preloaded according to three different tensioning sequences and with 
a normalised force. After all the bolts were tensioned, the selected bolts were 
removed, simulating bolt damage under connection loading conditions. The 
connection was tested for external compressive loads up to 210 kN. The effect 
of the loosening of the connection on the load in the remaining bolts at the 
stage of the connection operation was investigated.
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be transferred to adjacent structural members. In 
this case, there is a  need for solidity of the remaining 
structure in order to evenly and effectively distribute 
the loads. Otherwise, local damage may cause a  chain 
of damage that results in disproportionate damage 
or even collapse of the entire structure, which is 
termed progressive collapse. Consequently, numerous 
studies on progressive collapse have been carried out 
using numerical simulations. The most frequently used 
method in this case was the finite element method 
(FEM), which is implemented in many analyses of 
various structures [7-10].

Sadek et al. [11] have conducted a  computational 
study of simple composite shear connections in the 
column loss scenario. The analyses showed that the 
composite floor system designed in accordance with 
the current guidelines is susceptible to collapse due 
to a  loss of the middle column. Kim and Kim [12] 
have developed a finite element model of a steel frame 
resistant to bending. A  nonlinear dynamic analysis of 
the FEM-based model under the column loss conditions 
has been performed. The numerical results showed that 
the location of the column removal had a  significant 
impact on the behaviour of the panel zone. Lu et al. 

1	 Introduction

In the current literature, much attention is 
paid to monitoring the technical condition of various 
engineering structures. This applies especially to 
systems with structural nodes such as: bolted [1], 
riveted [2], adhesively bonded [3] or welded connections 
[4]. These issues are generally referred to as structural 
health monitoring (SHM). An overview of the methods 
used in this area is presented, inter alia, in [5].

Structural condition assessment can be carried 
out on the existing system in real time. Sometimes, 
however, it is justified to carry out such an assessment 
numerically, for example in the case of large-size systems 
or in the case of simulating gradual structural damage 
in a  complex process involving geometric nonlinearity, 
nonlinear material performance, damage evolution and 
dynamics [6].

There are two main issues in structural health 
monitoring of bolted connections and bolts. The first 
is their analysis of the loss of bearing capacity of some 
load-bearing elements, such as a column. If one or more 
of these columns fails under abnormal loads, the vertical 
load transfer paths are cut off and internal forces would 
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Due to the fact that a  small number of published 
papers related to the assessment of the health condition 
of bolted connections on the basis of modelling was 
noticed, this subject was taken up in the presented 
paper. The established numerical finite element model 
of the selected bolted connection made it possible to 
provide some assessments about the drop of the bearing 
capacity of the damaged connection system owing to the 
loss of one or two of fasteners. The paper is concerned 
with the bolted connection of plates with a  ground 
contact surface, the experimental studies of which 
have been described in [29-30]. The scope of the paper 
covers two connection stages: preload and operation. 
The novelty, in relation to the above-mentioned articles, 
is that in this paper an asymmetric connection was 
modelled. The subject addressed in this paper is worthy 
of investigation both from a scientific point of view and 
for practical applications. All the calculations were 
performed using the Midas NFX 2020 R2 finite element 
commercial software.

The remainder of this paper is organised as follows: 
Section 2 briefly presents the models of the bolted 
connection selected for calculations. Section 3 describes 
the research procedure including the ways of tensioning 
of the bolts and their damage. Section 4 provides and 
discusses the experimental results. Section 5 concludes 
the paper.

2	 Models of the bolted connection

2.1	 3D model

The subject of research and analysis is a  bolted 
connection, which is a  pair of plates joined with 
i  fasteners, shown in Figure 1 (for i = 1, 2, …, 7). The 
fasteners are of the M10# 1.25 type. Each of the bolt-
nut pair is treated as one part without creating threads, 
as existing studies [31] have shown that threadless 
bolt models can reproduce most of the mechanical 
response of threaded bolt models and effectively 
reduce computational time. This approach to fasteners 
modelling is often used by other researchers, as well 
[26, 32-33].

The joined plates are fastened to the upper and 
lower bases. The thickness of all the joined elements is 
equal to 28 mm. The connection is sloped horizontally 
at 60 degrees to introduce coexistence of compressive 
and shear stresses (for comparison, see [34]). The total 
height of the structure is approximately 266 mm. The 
plates and bases are made of 1.0577 steel [35]. The bolts 
are made in the class of mechanical properties 8.8 and 
the nuts in the class of mechanical properties 8.

The area of the contact surface between the joined 
plates and the established numbering of the bolts are 
presented in Figure 2. This area is within a circle with 
a radius of 90 mm and its size does not exceed 9×103 mm2.

[13] have proposed the coupled finite element-discrete 
element method to account for the influence and heaping 
of fragments in the progressive collapse analysis. 
Kwasniewski [14] has developed a  detailed 3D model 
with a  large number of finite elements for an existing 
multi-story structure. Based on the numerical results, 
modelling parameters that affect the potential for 
progressive collapse have been identified. Sasani et al. 
[15] have concluded that a method ignoring the effects 
of the bending moment and the axial force in the beams 
would underestimate the anti-collapse resistance of the 
structure. Fu [16] has built a  3D finite element model 
of a tall building that can represent the performance of 
a  frame structure to prevent collapse in a  column loss 
scenario. Helmy et al. [17] have performed a  dynamic 
analysis of the gradual collapse of the structure using 
the applied-element method. The results showed that 
ignoring the floors in the gradual collapse analysis can 
lead to wasteful design. Gu et al. [18] have developed 
a progressive discrete element based collapse simulation 
system. With the help of this system, the collapse mode 
and the decomposition of debris after the collapse can 
be obtained. Based on the experimental results, Gao 
et al. [19] have carried out a numerical analysis taking 
into account the material fracture in order to predict 
the ultimate behaviour of the composite frame under 
column loss. Tang et al. [20] have conducted research on 
the progressive collapse of fully bolted beam-to-column 
connections. Wang et al. [21] have performed similar 
tests for different types of connections. Rodriguez et al. 
[22] have carried out an analysis of the fragility and 
sensitivity of steel frames with bolted-angle connections 
in conditions of progressive collapse.

The second main issue, related to the structural 
health monitoring of bolted connections and bolts, is their 
analysis of the loss of bearing capacity of some fasteners 
in the connection. However, there are only a few papers 
devoted to FE-modelling of phenomena occurring in 
bolted connections due to damage of fasteners. Rucka et 
al. [23] have applied the wave propagation in diagnostics 
of the steel bolted bridge parts. Qin and Chu [24] and Qin 
et al. [25] have performed a quasi-static finite element 
analysis of a typical disc-drum connection used in rotors 
of large rotating machines, provided that some bolts 
were removed from the connection model. Blachowski 
and Gutkowski [26] have investigated the variability 
of the connection stiffness, caused by the damage of 
several bolts and its effect on the displacements in the 
case of a selected tele-communications tower. Patil et al. 
[27] have presented the results of a  transient analysis 
of a  frame with bolted connections after removing one 
of the bolts, while Hasni et al. [28] have described the 
structural health monitoring of a steel frame, in which 
the damage was simulated by loosening the bolts and 
creating cracks on its members. The above-mentioned 
papers concerned the FEM analysis of connections with 
symmetrical bolt distribution.
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General surface-to-surface contact elements 
were applied between the joined plates. They allow 
for the nonlinear analysis taking into consideration 
the possibility of separating the joined plates in the 
vertical direction and the occurrence of sliding in the 
horizontal direction. The following values of the contact 
layer parameters were adopted, appropriate for joining 
ground surfaces [38-39]:
•	 normal stiffness factor equal to 10,
•	 tangential stiffness factor equal to 1,
•	 coefficient of static friction equal to 0.14.

Welded type contact elements were applied between 
the plates and the bases to prevent the elements from 
moving relative to each other, in any direction.

The whole model of the bolted connection was built 
with 78750 elements and 133162 nodes. The model was 

2.2 	FEM-based model

Using the Midas NFX 2020 R2 finite element 
system tools, a model of the bolted connection was made, 
shown in Figure 3. The joined plates were divided into 
3D tetragonal finite elements, while the fasteners were 
modelled as flexible beams with rigid heads and nuts. 
In particular, the fastener models were obtained by 
connecting with rigid links the nodes of the beams and 
the nodes in the mesh of the joined plates lying within 
the heads of the bolts and nuts (for comparison, see  
[36-37]).

The individual parts of the bolted connection were 
assigned linear materials suitable for the steels listed in 
Section 2.1. Details on the parameters of these materials 
are given in Table 1.

a) b)

Figure 1 The 3D model of the bolted connection  
(a) and 3D model of the single fastener (b)

Figure 2 Contact surface between  
the joined plates and the established  

bolt numbering 

a) b) c)

Figure 3 The FEM-based model of the bolted connection (a), FEM-based model of the single fastener  
(b) and bolt to plate connection (c)

Table 1 Parameters of materials used in the model of the bolted connection

Parameter Joined elements Fasteners

Elastic modulus, GPa 210 210

Poisson‘s ratio 0.30 0.28

Fe

Fpi
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compared for a healthy and damaged connection (after 
each state of damage). It is clear from the graphs that 
the drops in operating forces in the damaged connection 
occur faster than in the healthy connection. The analysis 
of this phenomenon can be performed based on the Z1 
indicator in the form:

Z
F

F F
100

bi
h

bi
h

bi
f

1 $=
- ,	 (1)

where: Fbih  is the operating force in the i-th bolt in 
the considered distribution of forces at the end of the 
loading process of the healthy connection and Fbi

f  is an 
analogous force in the i-th bolt in the case of the damaged 
connection.

The greatest drop in operating force occurred in bolt 
No. 3 and it did not exceed 3 % in the first damaged state 
and 10 % in the second damaged state, for all the method 
of tensioning the bolted connection (Table 4). The bolt 
tensioning method has a  slight effect on differences in 
these drops.

The total bolts tension at the end of the connection 
loading process was also compared. For this purpose, the 
Z2 indicator was introduced by the formula:

Z
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h

t
f

2 $=
- ,	  (2)

where: Fth  is the total force in the bolts in the considered 
distribution of forces at the end of the process of loading 
the healthy connection and Ftf  is an analogous force in 
the case of the damaged connection.

The greatest drops in total force do not exceed 1 % in 
the first damaged state and 4 % in the second damaged 
state, for all the methods of tensioning the bolted 
connection (Table 5). The bolt tensioning method has 
a slight effect on the differences in these drops.

The last comparisons of the graphs, shown in 

constrained by taking away all degrees of freedom at 
the bottom of the lower base (Figure 3a). The preload of 
the bolts Fpi was applied using the “pretension” function 
available in the Midas NFX 2020 R2 system (marked by 
a red dot in Figure 3b). The external compressive load 
Fe was applied perpendicularly to the top surface of the 
upper base and its value increased from 0 to 210 kN 
(Figure 3a).

3	 Research procedure

The research was divided into the following stages:
1.	 Preloading the bolted connection in succession in 

three tensioning sequences in one pass. (Details of 
the assembly are provided in Table 2.)

2.	 Entering the damage state by removing the selected 
bolt according to the diagram shown in Table 3 (after 
each method of tensioning the bolted connection). 
Characterisation of changes in the value of forces in 
the bolts remaining in the bolted connection.

3.	 Loading the bolted connection in the operating 
condition. Comparison of the bolt forces values for 
a healthy and damaged connection.
The value of the preload of bolts Fpi of 22 kN was 

calculated based on the PN-EN 1993-1-8 standard [40] 
and the analysis of the maximum surface pressure values 
between fasteners and joined plates was performed.

4 	 Research results and discussion

The graphical presentation of the calculation results 
for sequences A, B and C, respectively, is shown in 
Figures 4 to 6. The values of the operating forces in the 
selected bolts, related to the preload of the bolts, were 

Table 2 Sequences of tensioning of the bolted connection

Path type Sequence (see Figure 2)

A 1-3-5-7-2-4-6

B 1-4-7-3-6-2-5

C 1-5-2-6-3-7-4

Table 3 Simulation of the damage of the bolted connection

State 1 State 2
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Figure 4 Bolt forces in the connection tensioned according to the sequence of type A

Figure 5 Bolt forces in the connection tensioned according to the sequence of type B
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are summarised in Table 6. Based on that, it can be 
concluded that the bearing capacity of the connection in 
the first damage state decreased by approximately 14 % 
and in the second damage state by approximately 37 %. 
The bolt tensioning method has a  slight effect on the 

Figures 4 to 6, were aimed at determining the value 
of the external load Fe at which the operating forces 
in the bolts in the damaged connection reach the 
values corresponding to the final load condition in 
the healthy connection. The results of these analyses 

Figure 6 Bolt forces in the connection tensioned according to the sequence of type C

Table 4 Z1 indicator values (%)

State 1

Path type
Bolt number

2 3 5 7

A 0.41 2.58 1.82 1.83

B 0.41 2.65 1.91 1.82

C 0.40 2.64 1.82 1.87

State 2

Path type
Bolt number

2 3 5 7

A 2.65 9.58 3.48 4.37

B 2.66 9.94 3.69 4.36

C 2.60 9.83 3.48 4.45

Table 5 Z2 indicator values (%)

Path type State 1 State 2

A 0.87 3.27

B 0.87 3.33

C 0.87 3.28
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the study lead to the following conclusions:
1.	 The drops in operating forces in a  damaged 

connection loaded with external force occur faster 
than in a healthy connection. The differences in the 
values of the operating forces can be as high as 10 % 
(in the case of the two out of seven bolts failure).

2.	 The bearing capacity of a  damaged connection 
(caused by the failure of two out of seven bolts) may 
be reduced by approximately 37 %.

3.	 The method of tensioning the connection has a slight 
effect on the magnitude of drops in the values of bolt 
forces and the bearing capacity of the connection in 
its damage state.

4.	 It is possible to carry out experimental tests 
verifying the presented bolted connection model 
using the stand described in [29-30].

5.	 The presented method can be used in assessing the 
health of bolted connections.

value of the bearing capacity.
In the literature cited in the introduction, the 

differences in the displacements of the joined elements, 
as a result of the removal of selected bolts, were studied 
rather than the differences in the values of forces in the 
bolts not removed from the connection. However, similar 
to the results of the other researchers, is the fact that 
the stiffness of the bolted connection decreases after its 
damage, i.e. after removing a bolt or a few bolts [24-26].

5	 Conclusions

The paper presents an example of modelling the 
preloaded asymmetric bolted connections under damage 
and external force load conditions. Consideration of the 
connection with an arbitrary bolt system is original in 
relation to the works carried out so far. The results of 

Table 6 External load values (kN)

State 1

Path type
Bolt number

2 3 5 7

A 203.6 181.9 180.5 191.1

B 203.5 181.9 180.6 191.1

C 203.5 181.9 180.5 191.1

State 2

Path type
Bolt number

2 3 5 7

A 174.8 133.1 159.1 170.1

B 174.6 132.6 158.7 170.0

C 174.7 133.0 159.1 170.1
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