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Abstract: - The main aim of the paper is to catalog ways of modeling bolted joints and introducing bolt preload
using the finite element method. The paper presents models of bolted joints published in the current decade (i.e.
after 1 January 2021 and up to 10 May 2023) in journals of the world's largest scientific publishers, such as:
Elsevier, Springer, and MDPI, among others. Reporting of the systematic review was carried out based on
PRISMA guidelines. The databases were searched with the EBSCO multi-search engine for the following
keywords: bolted joint model, bolted connection model, preload, and finite element method. Additionally, the
search results were narrowed down to peer-reviewed papers from the discipline of engineering and written in
English. This yielded 2,712 records for further analysis. After removing duplicates from this group, screening
was carried out, based on which 1,476 records were excluded from the study. For the remaining group of
reports, an eligibility assessment was performed, after which a further 210 reports were excluded from the
study. Finally, 86 papers were included in the review. As a result of their examination, six groups of simplified
fastener models currently used in the modeling of bolted joints at the assembly stage were described.
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1 Introduction determines that once applied, the preload in the bolt
Modern machines and the assemblies that make changes both when subsequent bolts in the system
them up are consistently built with components that are tightened, [9], and when an external load is
are joined inseparably (mainly by bonding applied to the' preloaded joint, [10]. .Thl-S variation
techniques) and separably (using components such can even continue after the bolted joint is relieved,
as keys, pins, or bolts). Among the most common [1 1], but may be less when preloading is conducted
such connections are bolted and multi-bolted joints, in several passes, [8], [12]. Loss of preload is also
used in a wide range of industries, [1], [2], [3], [4]. affected by muljclple' reuse of threaded fasteners,
The bolted joints practically applied in machine [13]. Therefore, it is important to select thq preload
building most often work in two stages. The first of corrgctly SO that th? Joint dO?S not lose its load-
these is the assembly stage, which precedes the beapng capacity during operation and remains safe
operational stage, [5], [6]. The correct performance for its USers.
of a bolted joint is closely linked to the well- ' ~Observation of the content of papers on bolted
designed preload of the bolts forming the joint, [7]. joints shows that they are most often modeled using
Depending on the type of joint, or the type of th§ finite element method (FEM), and less often
machine in which the bolted joint is installed, using other methods, such as the component
standards can be used to determine the correct method, [14]. This systematic review considers
preload and how it should be introduced, [8]. papers on modeling using FEM, which should be
However, the normative recommendations only recognized as the most popular modeling method in

apply to typical bolted joints and are not recent years, [15], [16], [17], [18].
comprehensive of all design cases for these joints.
Therefore, scholars are still looking for new models

of bolted joints and a better way to preload them. 2 Methods
The peculiarity of bolted joints due to the The EBSCO multi-search engine for scientific
interdependence of the stiffness of their components journal databases was used to perform a systematic
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review of papers published in the current decade
(i.e. after 1 January 2021 and up to 10 May 2023).
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Fig. 1: PRISMA 2020 flow diagram of search strategy results from initial search to included studies.

Using this search engine, it is possible to browse
papers released by major global publishers such as:
Elsevier, Springer, MDPI, Wiley, SAGE
Publications, Taylor & Francis, Emerald Publishing,
and many others. To identify the group of articles to
perform the study, the databases were searched for
the following keywords: bolted joint model, bolted
connection model, preload, and finite element
method. In addition, the search results were
narrowed down by limiting them to peer-reviewed
papers from the discipline of engineering and
written in English. For the search conditions
specified in this way, 2,712 records were obtained
for further analysis, which was carried out according
to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines,
[19]. A flow diagram of this analysis is shown in
Figure 1.

In the identification process, 940 duplicate
records were removed from the group of records
found. Through this, 1,772 records were included in
the screening process. After a preliminary analysis
of the titles and contents of the papers, 1,476
records were excluded from the identified collection
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that concerned preprints or were considered
ineligible (e.g. were written in English only in part,
contained only citations of other papers on bolted
joints, did not deal with numerical studies, treated
threaded connections or bolts separated from a
bolted joint). The reports assessed for eligibility are
grouped in Table 1 according to the publisher of the
journal in which the report was disseminated to the
public.

Table 1. Characteristics of the reports assessed for

eligibility

Publisher Number of reports
Elsevier 137
Springer 64
MDPI 33
Wiley 25

SAGE Publications 8

Others 29
Totally 296

In the process of assessing the reports for
eligibility, reports that dealt with single-bolted joints
or simplified joints (including primarily: segments
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cut from full multi-bolted joints, lap joints, and T-

stub joints) were excluded from the analysis. In

addition, the group of these reports was narrowed

down for the following reasons:

* 1o description of the details of FE-modelling;

* 1o information on the method of bolt preloading
or lack of bolt preloading;

» exclusion of bolts from the joint model.

The studies included in the review are listed in
Table 2 according to the publisher of the journal in
which the report was publicly disseminated. Finally,
the review concerns 86 papers on FE modeling of
multi-bolted joints. Most of them deal with
experimental verification of the bolted joint models
in addition to modeling.

Table 2. Characteristics of the studies included in

the review

Publisher Number of reports
Elsevier 37
Springer 22
MDPI 11
Wiley 5
SAGE Publications 2
Others 9
Totally 86

3 Results and Discussion

In contrast to the case of single-bolted joints, where
fastener models are often very detailed, [20], only
simplified fastener models are almost always used
for multi-bolted joints, with varying degrees of
simplification. Such a practice is often justified, as it
leads to improved computing performance, [21]. In
this section, the ways of FE-modelling of the
fasteners, the ways of modeling the material from
which they are made, and the ways of modeling the
contact connections occurring in a bolted joint, as
established by the review, are presented. The vast
majority used commercial finite element systems to
model the bolted joints, such as Abaqus, ANSYS,
and Midas NFX, among others.

3.1 FE-Based Fastener Models

The adoption of a solid fastener model with a
cylindrical bolt head and nut in a bolted flange joint
model, but including a helical thread outline
between them, has only been found in one paper,
[22]. Its authors attempted to simulate and predict
the local stresses and contact state on the thread
between the bolt and nut using such a model. The
authors of the other papers used various types of
simplification in the modeling of the fasteners.
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In the first level of simplification, bolts, and nuts
are modeled with equivalent cylinders using solid
finite elements, while the effect of the threaded
connection is achieved by applying a simplified
linkage between the bolt shank and the nut. The
coupling and reference point option (available in the
software Abaqus) is used for this purpose. A
fastener model of this type, adopted as Model A,
was implemented in the case of two papers by, [23],
[24]. The first variation of Model A is a fastener
model consisting of a hexagonal-head bolt and a
hexagonal nut connected by tie constraints (an
option also available in the Abaqus software, [25]).
A second variation of Model A is a fastener model
composed of a cylindrical bolt and a cylindrical nut
connected as a contact pair (using TARGE170 and
CONTA174 elements available in the ANSYS
software, [26]).

In the second level of simplification, bolts, and
nuts are fused into a single component and are
modeled using solid finite elements, retaining the
hexagonal shape of the head and nut (if it exists in
the model). In this fastener model, referred to as
Model B, no threads are taken into account by
fusing the bolt and nut. The studies, [27], [28]
applied this approach to modeling the preloading
process of a multi-bolted flange joint, and, [29],
applied it to modeling a flanged sealing structure.
Model B was also used by, [30], to calculate the
resistance of the bolted joint between the beam and
column in a progressive collapse scenario and by,
[31], [32], [33], to model different types of beam-to-
column end-plate joints. A recent example of the
application of Model B is the modeling of a selected
thin-walled steel bolted joint described by, [34]. A
variation of Model B is a model consisting only of a
bolt with a hexagonal head and without a nut. In this
model, only the upper part of the bolt comprising
the thread run-out (represented by the circular
groove) and the bolt shank are included, [35].

In the third level of simplification, bolts, and nuts
are fused into a single component and are modeled
using three (or much less frequently four)
cylindrical solid elements. In this fastener model,
referred to as Model C, the threads are also not
considered due to the bolt and nut being fused, as
mentioned above. This is the most common fastener
model used in the studies included in this review
and is applied to simulate the behavior of the
following bolted joints:

* beam-to-column joints, [36], [37], [38], [39],
[40], [41], [42], [43], [44], [45], [46], [47], [48],
[49], [50], [51], [52], [53], [54], [55], [56], [57],
[58], [59], [60], [61], [62], [63], [64], [65], [66],
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[67], [68], [69], [70], [71], [72], [73], [74], [75],

[76];

* lap joints, [77], [78], [79];

» flange joints, [80], [81], [82], [83], [84], [85],
[86], [87], [88];

» other types of special connections, such as an
aircraft fitting joint, [89], gusset joints, [90],
[91], [92], composite truss, [93] and beam joints,
[94], [95], [96], [97].

In the fourth level of simplification, fasteners are
modeled using finite beam elements. Thus, in these
fastener models, named Models D, the threads are
not included. The following beam models of
fasteners are distinguished:

* models with a flexible stud modeled as a beam
and with flexible washers and nuts, and a rigid
region established at the end surfaces of the stud
and nuts, [98];

* models with a flexible shank modeled as a beam
and with a rigid head and a rigid nut, [8], [99],
[100];

* CBEAM eclement (available in the HyperMesh
software, [101]).

In the fifth level of simplification, fasteners are
modeled using the discrete fastener option (available
in the Abaqus software, [102], [103], [104]). Thus,
in these fastener models, called Models E, threads
are also not considered.

The last group of models referred to as Models F,
includes equivalent models in which the behavior of
entire preloaded bolted joints is modeled by means
of a single beam element, [105], [106].

Among the papers on bolted joint models
excluded from the group of studies considered in
this review, but included in the group of reports
assessed for eligibility, other fastener models are
also described, however, in which no preload was
applied. These include:

* solid fasteners (such as in Model C), but
integrated into the model using the embedded
region (available in the Abaqus software, [107]);

+ solid elements (cylinders) replacing only the bolt
shanks, [108];

* CBUSH element (available in the Nastran
software, [109]) that simulates the stiffness of the
fastener by defining six directional stiffnesses,
i.e. axial stiffness, shear stiffness in planes
perpendicular to the fastener axis, and three
rotational stiffnesses;

* linear translational SPRING2 element (available
in the Abaqus software, [110]).

Depending on the type of fastener model among
those mentioned above and the software in which
the bolted joint model is executed, different ways of
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applying bonds to the fastener model are available.
It is paramount that contact in the normal and
tangential directions is established at the interface
between the joined components. As the wvast
majority of the models from the studies considered
in the review were made in the Abaqus software, for
example, the modeling of contact connections in this
particular software is described in this subsection. In
a typical approach, the normal contact of the
surfaces of the joined components is set to 'hard
contact'. This means that the contact constraint is
applied when the separation distance between the
two contact surfaces is zero. The tangential contact,
on the other hand, is defined by penalty function,
with a given penalty factor p. This indicates that if
the contact pressure between the two surfaces is
equal to P and then the friction limit between the
contact surfaces is equal to P, when the shear stress
at the interface reaches the limit, relative sliding
occurs at the contact surface, [111].

3.2 Methods of Preloading Bolted Joints

In general, bolt preloading in a bolted joint model
can be done in two ways. It is most commonly
realized by appropriately applying a force load to
the bolt model, while less commonly it is achieved
by introducing a temperature load to the bolt model.
The choice between the indicated methods of bolt
preloading is strictly determined by the bolt and
bolted joint model selected from those cataloged in
Section 3.1.

Most often, bolt preloading is carried out
simultaneously, with the possibility of loading in
two steps. First, the bolts are loaded slightly to
establish the contact relationship between various
surfaces smoothly, and then the bolts are loaded to
the full preload value, [29]. However, on some
models, it is possible to apply preloading according
to a specific sequence, in one or more passes, [8],
[27], [99].

In the case of a bolted joint model based on
detailed modeling of the threads on the bolt shank
and inside the nut, it is possible to introduce preload
by rotating the nut, [22].

In solid fasteners, preload is most often
simulated by adding a 'cut surface' at the midpoint
of the bolt shank and subjecting it to a tensile load,
[67], [73]. It is also possible to apply pressure to the
upper and lower surfaces of the fasteners to provide
a preloading effect, [30]. Another approach to
achieve joint preload is to apply a temperature
change to the bolt shank, [46] or to the washer, [97].

In beam fasteners, preload is most often realized
by adding a 'pretension’' option to the model (in the
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Midas NFX software, [100]) or by adding an
element (for example, the PRETS179 element
available in the ANSYS software, [98]).

In the discrete fastener approach, the
displacement and rotation of each fastener point are
coupled to the average displacement and rotation of
the surface nodes within a certain interaction radius.
The preload is modeled by assigning appropriate
friction conditions, [104].

4 Conclusion

The paper presents methods for modeling and
preloading bolted joints using the finite element
method identified in reviewing 86 studies selected
according to PRISMA guidelines from papers
published in the current decade. It has been shown
that the most popular approach is one in which
fasteners are modeled with various types of
simplification. A list of such models and
corresponding preloading methods has been created
and is presented in Section 3. It can be very useful
for researchers who are modeling bolted joints using
the finite element method.

In the vast majority of the papers cited in this
review, the joined components in the bolted joint
models were replaced by solid finite elements. The
exceptions are the model shown in the paper, [109],
in which plate elements were used, and the model
described in the paper, [34], in which the joined
components were modeled by solid elements (near
the fasteners) and by shell elements (in the other
regions) and the equivalent models in which the
behavior of entire preloaded bolted joints was
modeled by means of a single beam element, [105],
[106]. Consequently, fastener models were used in
the bolted joint models, which apply to the joined
components treated as solids that can be created
using 3D CAD systems, [112], [113]. These
primarily include solid and beam models of the
fasteners. The fastener models were preloaded
depending on the capabilities of the respective
software, according to the type of finite elements
applied to the fastener modeling. This preloading
can be implemented either by imposing a force load
or by imposing a temperature load.
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