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A Software for The Design and Optimization
of Bolted Joints Under Eccentric Load

Highlights

Bolted joints under lateral load
Design, analysis and optimization
Software development

Graphical user interface

Increasing effectiveness and efficiency
Graphical Abstract

An interactive software was developed for analysis-based design and optimization of eccentrically loaded bolted joints
using C# programming language in Visual Studio development environment.
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Figure. A Section of The Developed Software
Aim
It was aimed to minimize workload and time loss, facilitate the process and maximize productivity by obtaining
optional and optimum results for the design of bolted joints with minimum user input.
Design & Methodology

A graphical user interface (GUI) was created for the software to receive user inputs for the bolted joint and provide
design results for the target factor of safety.

Originality
For the design of eccentrically loaded bolted joints, optional and optimum results are automatically found by the

software in one go according to the minimum user input in line with the target conditions, instantly reflected
through the GUI, and as a result, the design analysis cycle is avoided.

Findings

The design-analysis cycle is avoided with a result and optimization-oriented strategy. Interactive, guided and
practical use with GUI. A customizable structure was provided by establishing an integrated database.
Conclusion

Real-time software responds instantly to target problems with minimal external input, providing significant
workload and time savings. The design and optimization of bolted joints is carried out effectively and efficiently.

Declaration of Ethical Standards
The author(s) of this article declare that the materials and methods used in this study do not require ethical committee
permission and/or legal-special permission.
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ABSTRACT

Bolted joints are among the most reliable and common methods of securely joining objects. The design and a
is important for speed and efficiency. Efficient systems can be created by optimizing properties such as size, q
safety. In this study, analysis-based design and optimization of bolted joints subjected to eccentric logd@ig,add

development environment. A user-friendly graphical interface with graphical designs was de
database was established. Template joint types with different bolt numbers and placement

database and optional results for the design are found by filtering according to the targete
process, optimum results are obtained by applying diameter, strength and safety congifigi
conditions for these constraints on the optional results. The results include i
parameters for the bolted joint. Optional and optimum results for bolted join
input and database. Real-time software provides instantaneous responses
practicality to the design and optimization process. User workload is minimized
results and theoretical solutions offer 100% strong compatibility.
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atal1 Baglantilarin

kosullart
emniyet k
baglantilarin
kullanicr arayiizil

onu I¢in Bir Yazilim

dili kullanilarak “DESOPT BJ” isimli etkilesimli bir yazilim gelistirilmistir. Grafik
arayiizii tasarlanmigtir ve 6zellestirilebilir entegre veri tabani kurulmustur. Yazilim

Wzerinde civatalar i¢in ¢ap, dayanim ve emniyet kisitlar1 ve bu kisitlar i¢in minimum ve maksimum
ipnum sonuglar elde edilmektedir. Sonuglar, civatali baglant: i¢in metrik civata, kalite, akma dayanimi ve
st payametrelerini icermektedir. Sablon tasarimlar, minimum kullanic1 girdisi ve veri tabani i¢in civatali
iyop€l ve optimum sonuglari hesaplanmaktadir. Gergek zamanli yazilim anlik yanitlar vermektedir. Grafik
sarim ve optimizasyon siirecine etkilesim ve pratiklik katmaktadir. Kullanict is yiikii en aza indirilmekte ve

6nemli oranda zaman kazanci saglanmaktadir. Yazilim sonuglari ve teorik ¢dziimler %100 giiglii uyumluluk sunmaktadir.
Anahtar Kelimeler: Civatal baglanti, eksantrik yiik, tasarim, optimizasyon, yazilim.

1. INTRODUCTION

In today's industry, there are different methods for
joining parts. One of these joint methods is the widely
used bolted joints. The design, analysis and optimization
process of bolted joints is extremely important for the
efficiency of the system. This process has a
comprehensive and complex structure that includes
factors such as joint types, sizing, number of
components, material properties, load conditions and
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safety. Bolted joints that are not designed correctly are
weak in terms of strength, resulting in damage, and
negatively affect labor and costs by providing inefficient
use due to an inefficient process. For these reasons, the
design and analysis of bolted joints should be carried out
within the framework of optimization to ensure the most
suitable joints.

Bolts are removable fasteners with different head shapes
with screws on the cylindrical body. Bolts compress with



their threads and prevent loosening. Bolted joints are
formed as a result of joining two or more than two objects
using machine elements such as bolts or nuts. Bolted
joints are a safe joining method that provides ease of
assembly and disassembly and are widely used. Figure 1
shows an example of a bolted joint.
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Figure 1. Bolted joint

There are some concepts and principles for bolted joint
design. The key elements in the design process of bolted
joints in the context of safety, effectiveness and
efficiency are: joint characteristics, plates and number,
bolt selection and number, material selection and
properties, sizing, load conditions and locations, factor of
safety.

Optimization is all the changes made to the parameters in
order to optimize a system or process. The optimum

value or the best solution can be found through thg

optimization process. Optimization problems and studf®
include the search for the minimum or maximum valu
and the achievement of one or multiple objective

economics and many other fields [1].
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power screws, J&nd the software speeds up engineers'
calculations by automating the process of determining
the diameter of the screw, calculating the factor of safety
and finding the allowable load [3]. A plug-in called
BOLJAT was developed to facilitate the modelling
process of composite bolted joints with MSC.Patran
finite element analysis [4]. A software with Visual Basic
user interface based on ANSYSS finite element analyses
and artificial neural network was developed to find the
stiffness of bolted joints in a short time [5]. The
interactive courseware developed for analyzing and
designing bolted joints asks the user to input the joint
geometry, materials and loads and provides a report that

calculates the factor of safety and other design
parameters [6]. A computer program was developed for
the purpose of designing and analyzing riveted and bolted
joints that are subjected to compound loading [7]. A
software for the analysis and design of riveted joints was
developed. It covers lap and butt joint type options.
Through the software, safety, rivet diameter and number,
plate width and thickness can be found for a riveted joint
under a given loading [8]. A software was developed for
use in the design process of welded joints. The user
specifies the design target as factor of safety or weld
thickness. The user can select the weld geometry from
the existing designs or create a gustomized weld
geometry. All other parameters such
materials, etc. for the joint are also
software and the desired desig i

joints W%’
software
istifig of different materials as mild
r were studied using finite element
varying the material types of the

2 as developed with "Visual Basic 6.0" program
mputer-aided design of riveted joints in order to

aifze the design accurately and quickly. It covers the
design of different types of riveted joints [13]. A design
tool was developed for the analysis of bolted flange joints
under axial, shear and moment load conditions based on
artificial neural network (ANN) technique [14].
Loosening rate prediction of bolted joints subjected to
vibration was studied in MATLAB environment and
ANN technique [15]. A tool was developed using the
Excel package program for the purpose of analysis and
design, with the objective of calculating the strength of
connecting rod bolts for internal combustion engines
[16]. A methodology for the optimization of the shape
and topology of bolted joints was developed, focusing on
the optimization of the number and position of bolts used
in the joints [17]. A methodology for the reliable
prediction of damage in high-strength steel bolted joints
was studied, employing machine learning techniques
[18]. The bearing capacity of single lap and single bolt
shear critical joints was investigated numerically [19].
An expert system called “Exbolt System” was developed
using the CLIPS programming language to automate the
decisions that require expertise in bolt selection in bolted
joints and to determine the most appropriate bolt head
type [20]. In order to automate the design and
optimization of bolted joints under lateral load, a
software interfaced with C# programming language was
developed in Visual Studio development environment
and a system was created that finds the optimum bolt
diameter, number and quality class (strength class)



according to user inputs, lists design options and
automatically draws [21]. In order to optimize the design
of bolted joints and reduce the user load, a software called
“BJD SOFT” was developed using C# and a system was
developed that automatically calculates bolt placement
and plate dimensions with minimal data from the user
through the interface created [22]. In order to facilitate
the design and optimization of bolted joints subjected to
lateral loads on the basis of analysis, a software called
“LLBJ TOOL” with a graphical user interface was
developed in C# and the optimum bolt and plate design
was automatically calculated and automatically drawn
with minimum user input [23].

In the literature, studies on the design, analysis and
optimization of bolted joints have a wide range of
theoretical modeling and practical applications, making
significant contributions to increase productivity in
engineering. Many methods have been used in this field,
ranging from developing equations for evaluating the
strength and load distribution of joints to automating the
design process with interactive software tools such as
PowerScrew, BOLJAT, Exbolt System, BJD SOFT,
LLBJ TOOL. In addition, modern approaches such as
artificial intelligence techniques such as artificial neural
networks, machine learning, expert systems, etc. were
integrated with programming and analysis methods such
as ANSYS, Nastran, Visual Basic and C# to optimize th®
parameters such as safety, stiffness and relaxation rate of
bolted joints, riveted and welded joints, which are othe
joining methods. These studies, supported by ti-
objective optimization models and finite
analysis, aimed to improve the performance of
under various loading conditions, while
accelerating the design process and
workload by developing softwareigi

and the integration of co
play a critical role i

g design and optimization of
eptric load and stands out with its
user-frien interface and automatic data
processing . The studies in the literature are
generally aimed” at optimizing the parameters such as
safety, stiffness, load distribution of fasteners under
different fasteners, joint types and loading conditions and
supported by methods such as artificial intelligence
techniques and finite element analysis using different
development environments. On the other hand, in the
present study, a software with an interactive graphical
user interface that eliminates the design-analysis cycle by
taking into account the complex impact mechanisms
brought about by eccentric loads and presents the
optimum design options in one go, filtering according to
the factor of safety and other design parameters, and
applying optimization based on constraints and

conditions has been developed. The automated structure
of the developed software offers more specific and
efficient solutions compared to similar studies in the
literature in terms of speeding up the calculation
processes and reducing the workload with minimum user
input.

This study aimed to automate the design, analysis and
optimization processes of bolted joints under eccentric
load, eliminating the time loss and complex design-
analysis cycles experienced in traditional methods. The
software, developed in Visual Studio environment using
C# programming language, allows the user to select from
ready-made joint types, enter design patameters and load
conditions easily with its intuitive guided user-
friendly graphical interface, and gutom calculates
and presents design opti i targeted
factor of safety conditi@ i entered data.
i um results are
has come to the
rovides efficient and
ints under eccentric load

B@L HED JOINTS UNDER ECCENTRIC LOAD

Bolted Joints Under Eccentric and Perpendicular
oad

In this type of joint, the load is perpendicular to the bolt
axis and offset from the center of gravity of the bolt
group, that is, eccentric. The effect of the load is mainly
direct primary shear forces. Secondary shear forces occur
in the bolts as a result of the torsional moment in the joint
due to the eccentricity. In addition, due to the
eccentricity, a bending moment occurs in the joint,
causing tensile forces on the bolts. This joint type is given
in Figure 2. Then the related calculations are presented
[24, 25, 26].

fe— L —>

Figure 2. Bolted joint under eccentric and axial load [27]



Primary Shear Force x. . Distance of the center of gravity in the x-axis (mm)
The bolts are directly subjected to a shear stress due to Y. : Distance of the center of gravity in the y-axis (mm)
the applied load (Figure 3). x; : Distance of the bolt in x-axis (mm)
v; : Distance of the bolt in y-axis (mm)
A; : Cross-sectional area of bolt i (mm)

Fsl

Fsl
2 3 .. .
In the joint under the effect of torsional moment, forces
forcing the bolts to cut are generated under the effect of
the moment. Formulations for the calculation of these

forces are given below (Egs. 4 — 14). In this instance, the
center of gravity of the bolt assembly is designated as the

Fs1 Fs1
@ @ pivot point (Figure 5).
1 4

Figure 3. Direct shear force

The shear load to which each bolt is subjected is
calculated by dividing the total load by the number of
bolts (Eg. 1).

F
Fo = n 1)
F : Force (N) °
Fs; : Di hear f N [
s1 + Direct shear force (N) ig . Bolted joint under torsional moment effect
n : Number of bolts
esulting moment is multiplied by the applied load
Secondary Shear Forces and the perpendicular distance of the center of gravity to
The eccentricity of the applied load creates a mofent at // the force.
the center of gravity of the bolt assembl gure 4): M=Fxe )
The normal distance (radius) of the bolts to the center of
y gravity is calculated with x and y (axes) components.
2 =i i 4l (5)
Yy =rp Al et (6)
Yri =Yt + 3y )
/_\ It can also be calculated in another way.
g X — 2 2
U4 = |+ (8)
Yri=rf4ri++1? 9)
Figure 4. Centre of gravity of the bolt group The shear forces on the horizontal and vertical axis
(x and y) of the bolts due to the torsional moment are
Centre of Gravity of The Bolt Group calculated.
The center of gravity is calculated according to the x and F. = M=, (10)
y coordinates given in the figure below (Egs. 2 — 3). S2x; T g2
Xy *x A+ x,x Ay + o+ x, v A M * 1y,
X, = 1 1 2 2 n n ) F, = X (11)
A+ 4, + -+ A, i Yr?

Aty x Ay ety kA,
yC_ A1+A2+"'+An

The total shear force is calculated as the resultant of the
forces on the x and y axes.

©)



Fs,, = Fay, (12)
Fsyi =Fy + Fszyl. (13)
F;i = ’F;x,: + Egy,: (14)

M : Moment (N.mm)

F : Force (N)

F,1 : Direct shear force (N)

F, : Shear force due to moment effect (N)

F; : Total shear force (N)

e : Perpendicular distance of center of gravity to force (mm)
r : Radius from the center to the bolts (mm)

Ty X component for r (mm)

7, -y component for r (mm)

Tensile Forces

As a result of the bending moment occurring in the joint
due to the applied eccentric load, tensile forces occur in
the bolts and are calculated as follows (Eq. 15).

I R (15)
F : Force (N) ®
F; : Tensile force on the bolt (N) ®
L : Perpendicular distance of rotation point to force (mm)
l; : Perpendicular distance of rotation point to bolt i axj ),
Total Stress and Factor of Safety
The shear stresses and tensile stresses ocowring in the
bolts are calculated. Then the cosugai ximum)
stress and the factor of safety o ulated
(Egs. 16 — 21).
(16)
(17
(18)
(19)
Omax = Op = +/ a2 + (3 * 0,?) (20)
Ty
S (FOS) = 21)
O-max

F; : Total tensile force on the bolt (N)
F; : Total shear force on the bolt (N)
d. : Bolt pitch circle diameter (mm)
d; : Bolt tensile stress diameter (mm)

A, : Bolt cross-sectional area for d. (mm?)
A; : Bolt cross-sectional area for d; (mm?)
Omax - Maximum stress generated (MPa)
oy, : Material yield strength (MPa)

S : Factor of safety (FOS)

2.2. Bolted Joints Under Eccentric and Axial Load

In this type of joint, the load is parallel to the bolt axis
and does not pass through the center of gravity of the bolt
group, in other words, it is eccentric (Figure 6). The
formulations for this type of joint are given below after

the figure (Eqgs. 22 — 29) [25, 26, 28]. &
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re 6. Bolted joint under eccentric and axial load [27]

The eccentricity generates a moment, which in turn
generates a tensile stress in the bolts.

Tensile Force

As a result of the load, a direct force is generated on the
bolts, resulting in a primary tensile force (F;,). Due to the
eccentricity of the force, moment is generated and
secondary tensile forces (F;,) are generated. Primary
tensile forces are equal to each bolt. Secondary tensile
forces vary according to the position of the bolts due to
the moment. The highest secondary tensile force
(Ft2,94,) 18 determined and summed with the primary
tensile force and the final tensile force (F;) is found to
determine the bolt subjected to the highest force.

F
F = - (22)
_ Fxexl 23
t2i l12 + 122 + A + an ( )
Fo=Fq+ Fthax (24)

Calculation of Maximum Stress and Safety Condition

The maximum stress is calculated by dividing the
resulting tensile force by the bolt tensile stress area
(Egs. 25 — 27). The factor of safety of the joint is



calculated by dividing the proof strength of the material
by the maximum stress (Egs. 28 — 29).

Fy
Omax = A_t (25)
d; =d=0.85 (26)
T *d,>
A, = (@7)
‘ 4
o, = 0, *0.85 (28)
9p
S(Fos) = (29)
O-max

n : Number of bolts

F : Force (N)

F;, : Direct tensile force (N)

F,, : Secondary tensile force due to moment effect (N)
F; : Total tensile force (N)

L : Perpendicular distance of rotation point to force (mm)
l; : Perpendicular distance of rotation point to bolt i axis (mm)
d : Bolt nominal diameter (mm)

d. : Bolt pitch circle diameter (mm)

d; : Bolt tensile stress diameter (mm)

A, : Bolt cross-sectional area for d, (mm?)

Omax - Maximum stress generated (N) °
a, . Material yield strength (MPa)
o, - Material proof strength (MPa)
S : Factor of safety (FOS)

2.3. Preloaded Bolted Joints
Bolts are used to clamp two or mor,

Preload”i ress applied to the bolt during
assembly in ints. This stress is created to ensure
a tight contact een the fasteners and helps to prevent
the joint from separating or loosening under applied
external loads. The preload on the bolt increases the
mechanical strength of the system by closing the gaps
between the fasteners and ensuring a more homogeneous

load transfer.

In preloaded bolted joints, the bolts are assembled in line
with a targeted prestress value. This is important to
minimize the effects of dynamic loads, vibrations and
thermal expansion. The preload in the joint controls the
elastic deformation of the bolt under external loads,
thereby increasing the frictional force between the
fasteners and providing a safer distribution of the load.

The formulations for the preload case are given below
(Egs. 30 - 35) [25, 26].

Forces are generated on the bolts due to preload and
external loads. The stiffhess of the fastener and the joined
members is also taken into account by the stiffhess
constant C.

F, =P x C+F, (30)

Similarly, a clamping force is generated on the joined
members.

E,=Px(1-C)—F (31)

te the forces on
f the constant
olts and
constant C is

A stiffness constant C is used to calc
the bolts and joined members. The va
C is determined by the sprin
fasteners. The formulatiog for fi
as follows. ®

(32)

reater the normal force

termines the effectiveness of the friction
etween the joint surfaces. The shear force

wal force capable of carrying the shear force.

Fp=pxN (33)
_2FK
v== (34)

In preloaded bolted joints, it is critical to maintain the
normal force so that the joint does not loosen and slip. As
the shear force increases, sufficient normal force must be
maintained for the joint to resist slipping. The normal
force is related to the clamp force. The normal force and
the clamp load are of equal magnitude but act in opposite
directions. Accordingly:

e The normal force (N) is the internal force applied to
the joint surfaces when the bolt is tightened.
e The clamp load (F,) is the compressive force
holding the joint together.
This balance, given by the equation below, ensures that
pre-loaded bolted joints are resistant to slipping and
loosening.
F,=—-N
F; : Preload force (N)
F,, : Force on the bolt (due to preload and external load) (N)
E,, : Force on the clamped members (N)
P : External load (N)
N : Normal force (N)
u : Coefficient of friction

(35)



C : Joint stiffness constant
ky, : Bolt spring rate (stiffness of bolt)
k., : Members spring rate (stiffness of members)

3. DEVELOPED SOFTWARE

A software called “DESOPT BJ” with a graphical user
interface has been developed for analysis-based design
and optimization of bolted joints under eccentric load.
The software development was performed in Visual
Studio integrated development environment using WPF
user interface development framework and C#
programming language. WPF enables the creation of
modern, customizable and rich graphical interfaces. The
C# language has a structure suitable for graphical
operations and processes, can be adapted to many
different systems and is widely used. The Visual Studio
program offers a strong integration with C#.

MS Excel package program, which offers practical and
powerful features for the software database, was used and
integrated into the software.

Due to such situations, the mentioned programs and
development technologies were preferred in this study.

3.1. Software Structure
The software provides optional and optimum results for

the design of bolted joints under eccentric load based o

user inputs and database. The mathematical operatidh

and algorithms performed during the design process are
performed automatically in the software background.
The software can be used practically and intuitively
through an interactive and guided graphical user
interface.

Software Technical Infrastructure

The developed software runs on Windows operating
systems and does not require any additional system
requirements. The software offers a lightweight and
optimized structure, so it can also run on low-equipped
systems. The software performs all calculations and
operations in real time. In this way, it responds to user
inputs instantly and does not require

3.2. Database

An interactive and customizablé"¢@tgha
the software and interfage wa
design, analysis and optj

dier” values, strength
classes (grade) and Str? g for metric bolts. By

accessing the d

Table 1. D}a.&te lues foffmetric bolts
Nominal Diameter (mm) Pitch Circle Diameter (mm) Tensile Diameter (mm)

3 2,675 2,550
3,5 3,110 2,975
4 3,545 3,400
5 4,480 4,250
6 5,350 5,100
7 6,350 5,950
8 7,188 6,800
10 9,026 8,500
12 10,863 10,200
14 12,701 11,900
A 16 14,701 13,600
18 16,376 15,300
20 18,376 17,000
22 20,376 18,700
24 22,051 20,400
27 25,051 22,950
30 27,727 25,500
33 30,727 28,050
36 33,402 30,600
39 36,402 33,150

The data on the strength classes of bolts were generated
from the information provided in the 1SO 898-1 standard

entitled “Mechanical properties of fasteners” [30]. Bolt
strength classes and strength values are given in Table 2.



Table 2. Bolt strength classes (grades) and strength values

Bolt Strength Class

Yield Strength (MPa)

Proof Strength (MPa)

4.6
4.8
5.6
5.8
6.8
8.8
9.8
10.9
12.9

240
320
300
400
480
640
720
900

1080

204
272
255
340
408
544
612
765
918

3.3. Presentation and Use

In the developed software, an interface was designed for

joint types section, there.ar
various number of boltg a

the software developed within the scope of bolted joints
under eccentric load. The interface consists of database,
joint design area, joint types, user input and results

sections. The database section contains data related to
bolts. The design area is the section that helps to realize

the design of bolted joints with different views. In the

section shows the des
according to thed

is given |zFigu

. In the user
parameters and

Fx

BOLTED JOINTS UNDER ECCENTRIC LOAD

Bolt Diameter Data (mm)

DATABASE

Bolt Strength Classes (Grade)

Dia(d) dp di Grade ©y (MPa) o p (MPa)
M3 2675 2,550 46 240 204
M35 3,110 2,975 48 320 272 GO TO
M4 3,545 3,400 5.6 300 255 DATABASE LRDAIE
M5 4480 4250 5.8 400 340
BOLTED JOINT TYPES
2 > O O
BOLTS O
, O ol 0o O O
o7 50120 4 |o o000 ©
O
. O O o
BOLTS o0 QOO0 O
USER INPUT FOR PARAMETERS AND OPTIMIZATION RESULTS
DESIGN LOAD SAFETY Optional Results (for Bolts)
Plate Dimensions (mm) | External Load (N) | Factory of Safety zgl Dia (d) Grade oy(MPa) FOS
_ FOS £
Width w)  |300 ® £x 30000 M24 a8 640 2024
- CALCULATE M24 9.8 720 2,277
Height (h)  |300 O Fy
M36 4.8 320 2,277
Thickness (t) |20 Ok TRl M36 sk 300 2435
Bolt Positions (mm) Position (mm) Priority o CEE:S M39 A6 240 2,004
x0[75 x 310 L (i & HORLe) Optimum Results (for Bolts)
2 |Strength ¥| O ®
y0 75 y 300 3 [safey *| O ® Dia(d) Grade oy(MPa) FOS
x1[150 z[325 E— M24 9.8 720 2,277
1 150

An interactive and customizable structure was provided
by building an integrated database into the software. The
database section (Figure 8) contains data on bolts,

Figure 7. Interface

including metric bolts, auxiliary diameter dimensions,
strength classes (grade) and strength values. The database
is stored in an Excel file. The data is extracted from the




Excel file and listed in the database section of the
interface. Users are given the opportunity to customize
the database. It is possible to interact with the database
through buttons. By clicking the “GO TO DATABASE”
button, users can switch to the Excel file and add, delete

and edit operations can be performed on the database.
With the “UPDATE” button, the current data from the
Excel file is brought to the relevant section in the
software interface.

DATABASE

Bolt Diameter Data (mm) Bolt Strength Classes (Grade)
Dia(d) dp dt Grade oy (MPa) op (MPa)

M3 2675 2550 4.6 240 204

M35 3,110 2975 4.5 320 272

GoTo UPDATE
M4 3,545 3,400 5.6 300 255 DATABASE
M5 4480 4250 5.3 400 340
Figure 8. Database ‘
o

The database created with the MS Excel package
program is given in Figure 9 below. The database kept in
Excel environment can be interacted with. Adding,
editing and deleting operations can be done by the user

. D an be sorted in
\Ths database was

be performed for the des. edd

integrated into the
pulls data from

to this database. By applying filters, query operations can  design andgopid SS.
<
DATABASE
Bolt Diameter Data (mm) | trewyes (Grade)
d|~ dp - dt - Grade 1~ e2 v oy(MPa) ~| op(MPa) ~
3 2,675 | 2,550 240 204
35 | 3,110 @ 2,975 '{ N\ \ 320 272
4 3,545 | 3,400 5 6 300 255
5 | 448 | 4,250 Q. / s 400 340
6 5,350 | 5,100 6 8 480 408
7 | 6350 | 5950 W 339 8 640 544
8 7,188 | 6800 @ AL 9 8 720 612
10 | 9,026 8500 N\ 10 9 900 765
12 | 10,863 10,200 ), 12 9 1080 918 |
14 | 12,701 | J£900 N\
16 | 14,701 13,600 » | ¥
18 | 163 | 159 /
20 | 18376 17,000 ¥
2 | 20Rjcummmget
22,051 | 20,400
A"\ L2s.051 7 22,950
30 | 27,727 | 25,500
23\ ¥0,727 | 28,050
36 | 33,402 30,600
¥ 36402 | 33150,

Figure 9. MS Excel database

In the joint types section (Figure 10), there are 2, 3 and 4
bolt joint types and different bolt placements for each
bolt number. These joint types can be selected and their

software.

detailed view is reflected in the design area by the
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Figure 10. Bolted joint types

The design area (Figure 11) includes a perspective view
of the bolted joints and 3 views as front, top and left side.

Y

In these views, plate di
information are give

P

Fx b)

dimensions, bolt locations,

input. Plate dimensions include
ickness parameters. Bolt positions

for each bolt on the x and y axis into the relevant boxes
on the interface. The section where load information is
entered includes the direction, size and position
parameters of the applied force. The force direction can
be given in 3 different ways as x, y and z axes in 3
dimensions. The magnitude of the force applied in the
selected force direction is written in the relevant field in
units of N. The position of the force is taken as input in 3
axes as x, Y, z. In the safety section, the desired factor of
safety value for the joint is entered. With this value, the
optional results within the tolerance range of +0.3 are

a)
: Flgure 11. Design area: a) Perspective view, b) Three views

automatically found and listed in the sub-section titled
“Optional Results” in the “RESULTS” section.

After the parameter entries are made, the
“CALCULATE” button is pressed and the software
automatically performs the necessary calculations for the
bolted joint in the background.

In the optimization section, the optimum results are
determined over the optional results for the design. For
the bolts, there is a prioritization system for diameter,
strength and safety constraints as 1, 2 and 3 in order from
high to low level. Minimum (min) and maximum (max)
conditions can be assigned for these constraints. By
pressing the “OPTIMIZE” button, the optimum results
for the design according to these optimization settings are
reflected to the user as output in the subsection titled
“Optimum Results” in the “RESULTS” section. The
“USER INPUT” section is given in Figure 12.



DESIGN LOAD

Plate Dimensions (mm)

Bolt Positions (mm)

x0 |75 x 310
y0 |75 y 300
x1 (150 z 325
y1 /150

USER INPUT FOR PARAMETERS AND OPTIMIZATION

External Load (M)

Height (h) |300 ® Fx 30000
Width (w) 300 @] Fy
Thickness (t} | 20 O Fz

Position (mm)

SAFETY

Factory of Safety 2 @
(FOS) 03

CALCULATE ‘

OPTIMIZATION

Priority min max

1 | Diameter ¥ | @
2 |Strength v O @
3 | Safety =

OPTIMIZE ‘

Figure 12. User input area

The optimization algorithm applies an iterative filtering
process to select the most optimal among the optional
results for the design according to the design parameters
(diameter, strength and safety) specified by the user and
the minimum or maximum conditions defined for each
parameter. At the beginning of the algorithm, all optional
results are considered as candidates. Then the constraints
specified by the user are processed sequentially. In each

value is determined al
the relevant paramet
are filtered. In addition,
if the numper i

inates automatically
is 1 in the filtering process.
hen all constraints and conditions
ed as optimal results. The

1++

diameter

constraint

safety

constraint = diam

» constraint = strength

constraint = safety

/*\

condition i

maximum

condition = maximum

}

results = filter [optional results]
for [constraint] and [condition]

n = number of candidates
[results]

optimum results = results

optional results = results

e

Figure 13. Optimization algorithm



In this process, conditions such as the forces and stresses
on the bolts as a result of eccentric loads experienced by
preloaded bolted joints were taken as a basis.

Using the input parameters and the diameter and strength
class (grade) data of the bolts in the database, the optional
results for different designs and the factor of safety for
each result are calculated.

The designs that meet the factor of safety condition are
filtered and the optional results are listed in a list tool
called “Optional Results” in the results section. With the
listing, the user is presented with results for the design
including diameter, grade, yield strength and factor of
safety information for the metric bolt. The user can
choose among the options and obtain the appropriate
bolted joint design. Finally, the optimum results
determined by the software by applying the optimization
system are given as output in the section titled
“Optimum Results”. Using this output, the optimum
bolted joint design is realized. The “RESULTS” section
is given in Figure 14.

RESULTS

Optional Results (for Bolts)

Dia (d) Grade oy(MPa) FOS
M24 8.8 640 2,024
24 9.8 720 2,277
M36 48 320 2,277
M36 5.6 300 2,135
M39 46 240 2,004

Optimum Results (for Bolts)

Dia (d) Grade oy (MPa) FOS
M24 9.8 720 2,277

N
\NZ

Figure 1 ul

3.4. Example Study

A study was carried out a sample application
e example application
formed by joining 2 parts
ement of the bolts is arranged so
he top and 1 bolt at the bottom.
s on the system in the direction and
position indic in the figure. The eccentric load is
16 000 N. Bodlted joint and design parameters for

Figure 15 are as follows.
width (w) = 420 mm

DinF;(Iaitseion height (h) = 410 mm
thickness (t) = 20 mm

Bolt x0 =100 mm, y0 = 100 mm
Positions x1 =220 mm,yl =210 mm
External Fy =16 500 N

Load x = 430mm

and y =410 mm
Position z=375mm

"y
-
=
]
-+
= /\
[ 1
-

t

joigit under eccentric load

and is within the tolerance
ts and conditions were defined in

| this information, it was aimed to find the
It that could be used in the joint through its
i€s such as diameter, grade and yield strength.

e with this sample system, the number and
arrangement of bolts on the joint was selected from the
joint type section on the software. Parameters related to
the bolted joint in the system such as plate dimensions,
bolt positions, load information etc. were entered in the
user input field on the module. Factor of safety condition
was set as 3. This condition works with a tolerance range
of +0.3. Accordingly, the results for the factor of safety
range of 3-3.3 are given as output.

By pressing the “CALCULATE” button, the calculation
process for the bolted joint was done automatically. The
optional results found for the design are listed in the
“Optional Results” subsection of the “RESULTS”
section. In order to find the optimum results for the
design, preferences were made in the optimization
section. For the priority state, levels 1, 2 and 3 were
selected as safety, diameter and strength constraints,
respectively. Min-max conditions were assigned to these
constraints and the constraint-conditions are as follows:
“safety-max, diameter-min and strength-max”. For the
first (1st) priority safety constraint and maximum
condition, filtering is applied so that the results with the
highest factor of safety from the design options remain.
For the second (2nd) priority diameter constraint and
minimum condition, the results with the lowest bolt
diameter size are filtered from the remaining results. For
the third and last (3rd) priority strength constraint and
maximum condition, the optimum results for the design
with the bolt with the highest yield strength are
determined from the remaining results. The optimization



settings were applied by pressing the “OPTIMIZE”
button. The optimum results were given as output in the
“Optimum Results” subsection. The optimum results for
the bolted joint design were found as M22 bolt,

grade 10.9, yield strength of 900 MPa and factor of safety
with a value of 3.187. An example application for the
software is given in Figure 16.

BOLTED JOINTS UNDER ECCENTRIC LOAD
DATABASE
Bolt Diameter Data (mm) Bolt Strength Classes (Grade)
Dia(d) dp dt Grade oy (MPa) op (MPa)
M3 2675 2550 46 240 204
M35 3.110 2975 48 320 272
GoTo UPDATE
M4 3545 3,400 5.6 300 255 DATABASE
M5 4480 4,250 5.8 400 340
BOLTED JOINT TYPES
z > O O
BOLTS @)
\ O oo ol o© O
o™ 5 C 10 S o | oo 000 ©
. O © S
O O 3 BOLTS e O O O O O O O
Q 3 USER INPUT FOR PARAMETERS AND OPTIMIZATION RESULTS
DESIGN LOAD SAFETY Optional Results (for Bolts)
Plate Dimensions (mm) | External Load (N) | Factory of Safety 3@ Dia (d) Grade oy (MPa) FOS
Width (w)  |420 O Fx LO:} 5 M20 123 1080 3125
_ _CALCULATE
Height (h) (410 ® Fy |16500 _ Mazoooaps o s00 3
. M24 9.8 720 3.000
Thickness (1) 20 Ok CRINZANICI Mzo  6g a0 35
Bolt Positions (mm) Position (mm) Priority T T M33 5.8 400 3151
x0 100 x 430 L BTz HEREO) Optimum Results (for Bolts)
2 Diameter ¥| ® O
y0 100 y 410 3 'Stength +| O @ || DA  Grade oy(MPa) Fos
x| 220 z|375 — M22 109 900 3,151

r the optimum
design results foun ple bolted joint

application.

xample bolted joint is
the detailed solution.

Under the inflUg¥fce of the load applied to the joint, the
bolts are subjected to a direct force and primary shear
forces are generated. Due to the eccentricity of the load,
a torsional moment occurs with the center of gravity of
the bolt group at the point of rotation, resulting in
secondary shear forces. By combining the primary and
secondary shear forces, the ultimate shear forces on the
bolts are found. In addition, as the applied load is
perpendicular to the bolt axis, a bending moment occurs,
resulting in tensile forces in the bolts. The preloaded
bolted joint carries part of the load. In all cases, the
ultimate stress is calculated and the factor of safety of the
joint is found.

FiWG. Example application for software

Theoretical Solution
Primary shear forces directly on the bolts
E

Fy = zy (36)
16 500
s1 — => FSl = 5 500 N (37)
Centre of gravity of the bolt group
x, ¥ A+ x, %A, +x3 % A
x, = 1 1 2 2 3 3 (38)
Vi *¥ A +y, % Ay +y3 x Az
Ve = (39)
A+ A, + A,

Since the bolt diameters are equal, the bolt cross-

sectional areas are equal.
A1=A2=A3=A (40)

The “A” expressions for different bolts in the equations
are equalized.




X1 *A+x,xA+x3%A

- 41

Xe A+A+A (41)
Vi*A+y,*A+y;xA

_ 42

Ye A+A+A (42)

In the equations, the area (A) is written as a common
expression.

(et xp+x3)xA

43

Xe 3xA (43)
(yi+y,+y3) A

= 44

Ve 37 A (44)

The “A” expressions are simplified and the final form of
the equations is as follows.

Xc = 3 (45)
+y, +
y, = Y1 3;2 V3 (46)

The bolt positions are substituted in the equation and the
center of gravity is calculated.

_110+0+220

Xe = —————— =>x = 110mm (47)
0+ 210+ 210
Ye=—""—7—"—=>y.,=140mm (48)
3 °
Moment generation
M=F, e 9

M =16 500220 => M = 3630000 Nm (50

Radius from the center to the bolts

n= |ni+n? (51)

(52)

(53)
.384 mm

T3 = > 13 =+/110% + 702 (54)
r3; = 130.384 mm

Sr2=r+r}+1s (55)

Yr? = 140% + 130.3842 + 130.3842 (56)

Yr? =53599.975 mm?
Secondary shear forces due to moment effect
M=y,
Fp,, = e (57)

F, =F,

M * 1y,
T TEe
3630000 *140

F =
$2x1 53 599.975
F,,. =9481.348N

25,
3630000=0

F, =—
$2y1 ~ 53599.975

F, =O0N

; 3630000 * 70
$2x2 — 53599.975

3630000 * 110
S2y3 53 599.975

Fs,  =7449.630 N

2y3

(58)

(59)

(60)

(61)

(62)

(63)

(64)

shear forces and combined shear forces with

respect to axes (x and y)

sti = Fsle.

Fsyl. =Fy +FSZJ’i

_ , 2 2
Fsi = [Py, + Fsy,

Sxq le
Es‘yl =Fs + Fszy1
Fsy1 =-5500+0
Fsy1 =5500N (-)

Ry = [SRZ +3E?

F,, =+/9 481.348% + 5 5002
F,, =10961.111 N

stz = Fszxz => stz =4740.673 N
Fsyz =Fs + FsZy2
F, = —55004 7 449.630

Y2

Fsy2 =1949.630 N

=> Fle =9481.348 N (-)

(65)
(66)

(67)

(68)

(69)

(70)

(1)

(72)



FSZ = \’Fsﬂzfz + FSJZ’Z

F,, =4 740.6732 + 1 949.6302 (73)
F,, =5125918 N
F,, = Fs, =>F, =4740673N (74)
Fsy3 =Fy + F52y3
F,,, = —5500 — 7 449.630 (75)
F,, =12949.630 N(-)
_ 2 2
F53 - 1IFSX3 + FSJ/3
F,, = /4 740.6732 + 12 949.6302 (70)
F,, =13790.101 N
Tensile force on bolts
E, xz %
F, ==Y~ 77
3413 "
5 16500%375+100
171002 + 3102 + 3102 (78y
Fy, = 3060.089 N ®

p - 16500375 +310
271002 + 3102 + 3102 (
F,, =9486.276 N

16 500 * 375 * 310

3~ 1002 + 3107 + 3102 (80)
Ft3 = 90486.276
Joint stiffness constant
(81)

A good joint ¢
bolts. In a we

K = 3 * ky. The effective
ped elements is assumed to be

= L 82
i+ G ky) ®2)
ky
C = Ik, (83)
1
=- 84
C=3 (84)
€ =0.25 (85)
Friction force and normal force (contact force)
Fr=uxN (86)

Fs=pnxN (87)
n=5 (88)
1
F..
N;=— (89)
u

The coefficient of friction () varies according to factors
such as material type, dry, wet or lubricated material
surfaces. The coefficient of friction is generally taken as
0.2 for materials such as steel and cast iron [26]. This is
the general acceptance.

(90)
(91)
(92)
Cl
E,=—-N (93)
Fn; = —N; (94)
Fn, = —N; =>FE, = —54805.555N (95)
Fp, = =Ny => F,, = =25 629.590 N (96)
Fpn, = —N3 => E,, = —68 950.505 N 97)
Preload status
E,=F+(1—-C)—F (98)
F,=F.« (1-C)—FE, (99)
Fi,=F,+*(1-C)— Fy, (100)

F;, = 3060.089 * (1 — 0.25) — (—54 805.555) a

01)
F;, = 57100.622 N

F;, =9486.276 x (1 — 0.25) — (—25 629.590) a

02)
F,, = 32 744.297 N

Fi, = 9486276 * (1 — 0.25) — (—68 950.505) a

03)
Fi, = 76 065.212 N

Force on the bolts (due to preload and external load)

F,=F, xC+F, (104)
Fp, = F, *C+F, (105)

Fy, = 3060.089 * 0.25 + 57 100.622
(106)

F,, =57 865.644 N



Fy, =9486.276 = 0.25 + 32 744.297

(107)
Fy, = 35115.866 N
Fy, =9486.276 * 0.25+ 76 065.212
(108)
F,, =78436.781 N
Fy, 0 = Fpy = 78436.781 N (109)
Maximum stress
B (110)
max At
T *d,>
A, = (111)
t 4
_ m*18.7007
£ 4 (112)
A; = 274.646 mm?
_ 78 436.781
Imax = 574 646 (113)
Omax = 285.592 MPa
Factor of Safety (FOS) °
ay o
S (FOS) = (11
Umax
900
= 1
S 285.592 (
S =3.151

realized in the software.
factor of safety was ca
The factor of safety wi ated as 3.151 in the
software applicajiomg As it was seen that the
theoretical so nd theyOutputs obtained with the
software wefes 10 tible. It was concluded that
safe resyds welg pro d with the developed software.

4. RESULTS DISCUSSION

In this study, a software for analysis-based design and
optimization of bolted joints under eccentric load was
developed and the process was automated. The software
receives inputs for the selected type of joint and finds
optional and optimum results for each data in the
database. The software results and the theoretical
solutions were compared and it was concluded that they
provide a strong compatibility.

The results obtained with the software developed in this
study are given below.

In today's design and analysis programs, the
slowness of the processes, the complexity and
laboriousness of the manual operations, and the
design-analysis cycles to achieve the targeted
conditions lead to a large workforce and a large
amount of time loss. With the software developed,
the design and optimization of bolted joints was
carried out automatically according to the targeted
conditions. In this way, the optimum bolted joint
design was achieved in one go, avoiding the design-
analysis cycle, saving workload and time.

With the real-time software, calculations and
operations were  performed g instantaneously.
Compared to manual solutions a e long time it
takes to design and an i
software, the results \gergre
software develope®. In i

Thanks to the
ability to

ade for different design options
um bolted joints were realized. The
has a flexible structure, offers users
pge of designs.

the interactive database system, design and
ization can be performed according to special
nditions and situations.

A graphical user interface was designed for the
software, which is not common in the studies in the
literature, and interaction, visualization and
convenience were provided.

The developed software can effectively perform the
design and optimization of bolted joints of various
types and designs under different load conditions in
a short time thanks to the interactive interface and
can be used as a tool to increase productivity.

Based on this study, the following topics can be studied
in the future.

Studies and systems can be developed for the design,
analysis and optimization of bolted joints subjected
to complex loads.

The scope can be extended with different
environments and conditions, various methods and
mathematical models can be applied.

Joining methods such as riveted joints, welded
joints, etc. can be studied.

Different optimization techniques such as topology
optimization can be added to provide different
perspectives.
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