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In this study, a software has been developed for calculating static strength of bolted steel
plates. This software has been developed by adding equations covering the bending moment
that occurs during a tensile test as well as under real loading conditions. In order to test
the accuracy of this program, 5 samples with the M6 bolt connection were prepared. In
addition, the simulation result was compared with the experimental work performed with
tensile tests and the finite element analysis made in Ansys.
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1. Introduction

When we examine fasteners in general, we notce that there are many fastening methods, and
some of them are used as main methods. Firstly rivets, then bolts, and then welded joints are
used (Albiez et al., 2022).

Shear stress has a significant impact on structural behaviour of bolted steel construction
assemblies. There are studies using bolted plates to increase the bending capacity of beams
(Yao et al., 2022). Bolts are known to show significant differences in strength under combined
loads (Pitrakkos et al., 2021). The aim of this study is to create an algorithm that analytically
calculates both the plate material and bolt strength under static loading conditions when the
same type of plates are connected by bolts and to investigate its industrial applicability. Ribeiro
dos Santos et al. (2022) presented a study on the behaviour of bolts. Zhou et al. (2022) investi-
gated buckling of stainless-steel pipes due to bending and carried out a study that numerically
determined them. Considering bolted parts, Rakotondrainibe et al. (2022) potentially optimized
the shape and topology of each part as well as the position and number of the bolts. Li and
Young (2021) conducted an experimental study on open section members under an eccentric
load used in steel structures. Fink and Camanho (2011) investigated how composite materials
affect joint stiffness of metal plywood sheets, which were made of the same material as the
fastener, to increase strength in metal bolt/rivet connections. Qi et al. (2021) simulated experi-
mentally materials with Abaqus software and compared the results. He et al. (2021) studied the
high-temperature load distribution of a bolt joint structure. A two-dimensional asymmetrical
model of the bolt connection structure was created and a modification of the standard metric
thread profile was made according to the thread load distribution, taking into account certain
properties. Giannella et al. (2021) carried out finite element analysis by modeling three different
connections of bolts that connected various components in gasoline engines. The results were
compared in terms of preprocessing time and accuracy. Li et al. (2020) performed calculations of
dynamic stiffness of mounted beam structures and connection surfaces according to an empiri-
cal formula. They created an equivalent model of bolted connections using springs and dampers
and virtual material addition methods in the Ansys software. In addition, they conducted a
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modal test of the beam structure. The simulation results obtained from the theoretical model-
ing method were compared with modal test results. Accordingly, they demonstrated that the
modeling method using spring and damping elements had higher accuracy. Guzas et al. (2015)
created a finite element model for bolts. They conducted physical experiments involving static
and dynamic stress tests. They verified the models based on test data for static and dynamic
stress experiments and reported achieving a good correlation. Ibrahim (2020) worked on a finite
element model of a standard bolted connection using Siemens NX software. It was observed that
the modal frequencies of the three simplified models were accurately captured. Additionally,
the study emphasized the effects of beam discretization and computation time. Zylifiski and
Buczkowski (2010) conducted an analysis of bolted connections using the finite element method.
Nonlinear stiffness properties for the bolt and flange with gaskets were developed. Furthermore,
they compared the finite element analysis results with experimental results. Kim et al. (2007)
proposed four types of bolt models as finite element modeling techniques for a bolted connection.
The effectiveness and usability of the bolt models were validated by comparing static experi-
ments and modal test results. Piscan et al. (2010) conducted research on deformation of the
contact surface of a bolted connection using finite element analysis. In that study, the maximum
stress that the bolt can withstand due to the maximum stress it may be exposed to, based on
the bolt preload force, was determined. Additionally, the authors noted that surface contact
stiffness exhibited a nonlinear variation. Ramires et al. (2012) worked on a connection technique
they called a semi-rigid connection design. In this study, they optimized factors such as bolt di-
ameters and positions, spring coefficients and plate thicknesses using a genetic algorithm. They
managed to increase bolt stiffness while maintaining the same material cost.

2. Material and method

In this article, the aim is to examine the performance of plates of the same type connected
with bolted connections under static loading conditions. The goal is to develop an algorithm
that analytically calculates both the plate material and bolt strength. Today, metals, alloys and
composites are used in various manufacturing processes by combining them with dissolvable
connection techniques. In particular, quick assembly of different manufacturing plate-type con-
nections in steel structures is facilitated by joining them with bolted connections. From the past
to the present, bolts are frequently used as fasteners in steel construction assemblies, which is a
common type of structure. With the advancement of technology, there has been a growing need
for development of innovative designs of such bolts (Tanriver and Ay 2020).

Tensile tests can be performed to investigate tensile performance of fasteners (Guo et al.,
2020). In the literature, there are numerous studies where tensile load test results of bolts are
both experimentally conducted and analyzed using the finite element method (Liu et al., 2021).

In addition to these, in this study, calculations were made using software with an improved
equation. Furthermore, the results were compared using a triple validation method. The ultimate
goal here is to measure whether widely used fasteners can withstand static forces. The accuracy
of the software developed in this study was assessed by comparing the experimental results and
the finite element method.

2.1. Material

For this article, 5 test specimens of the same type and characteristics were prepared. As a
sample, two ST 37 plates with 10 mm thickness (hi, he), 100 mm width /., and 100 mm length [
were used. The ST 37 plate has a modulus of elasticity of 210 GPa, yield strength of 235 MPa
and tensile strength of 375 MPa.
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A zinc-coated M6 steel bolt was used at the exact center of the plates for connection. The
bolts have a length of 60 mm and were selected as hex head, 8.8 quality, and fully threaded
according to the DIN 933 standard. The test specimen is shown in Fig. 1.
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Fig. 1. Test sample

2.2. Method

The international standards currently used in tensile tests of metal materials include ISO
6892-1: 2016 and ASTM E8: 2016 standards. The test setup for this article was prepared in
accordance with the ISO 6892-1: 2016 standard. The experiments were performed on the In-
stron 5569 tensile testing machine. The test specimen consists of two plates placed on top of
each other and connected by a single bolt in the exact center. In this case, five specimens with
the same properties were subjected to tensile load successively, with the lower jaw fixed and the
upper jaw moving, forcing the bolt to be cut between the two plates. For each specimen, the
tensile speed was set to 2mm/min, and the load was gradually increased until the bolts were
cut, ending the test. The first test specimen during the test and a visual of the test device are
shown in Fig. 2. The test specimens were named M6-Cv1, M6-Cv2, M6-Cv3, M6-Cv-4, M6-Cv-5,
respectively. The tensile test was applied to test specimens one by one in the order mentioned
above.

Additionally, to investigate the static behaviour of bolted connections, analytical methods
that provide stress distribution can be developed, and finite element models can be used to
check their suitability. In Ansys, which is the software using these methods, numerical analysis
of experimental studies on the buckling of shells and the shear load can be performed (Karasev
et al., 2020).

To examine the static behaviour of bolted connections, analytical methods that provide
stress distribution can be developed, and finite element models can be used to verify their
appropriateness (Hammami, 2022). In this article, finite element analysis was carried out using
the structural Ansys R19.2 analysis module. The shear stresses were investigated afterwards.
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3. Result and discussion

3.1. Experimental study and finite element analysis

Before performing the stress analysis, it is necessary to examine the loads applied to the
structure. The stress-strain curves obtained from the tensile tests of the specimens are given in
Fig. 3, respectively.
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Fig. 3. Stress-extension curves
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Although the test specimens were geometrically identical to each other before the tensile
test, they showed differences in the test results. Some of them exhibited much more elongation
resulting in fracture at lower tensile forces compared to others. In some cases, more noticeable
bending occurred. A summary of the test results is given in Table 1.

Table 1. Tensile test results summary

| Test specimen | Tensile extension [mm] | Tensile stress [MPa] | Load [N] |

M6-Cv-1 14.73 170.08 10204.56
M6-Cv-2 7.85 187.69 11261.14
M6-Cv-3 12.10 289.94 17379.37
M6-Cv-4 9.37 172.81 10368.61
M6-Cv-5 14.83 198.89 11933.46
Average value 203.88 MPa 12229.42 N

Based on these results, the arithmetic mean of tensile stresses of the 5 test specimens with
M6 bolt connections is found to be 203.88 MPa. Similarly, taking the average of shear forces
of the bolts according to the same results, the shear force is determined to be 12229.42 N. In
this study, the data obtained from the experimental results are planned to be used in both the
finite element Ansys R19.2 analysis and a MATLAB code for the targeted studies. Therefore,
in the “Software” Section, it is aimed to write a code based on the equations developed for
this study using the MATLAB code. In Ansys R19.2 structural analysis module, simulation was
performed by applying an average shear force of 12229.42 N obtained from the experimental
results for the same test specimen. The analysis used a total of 235804 finite elements and
985 717 nodes. The sweep meshing method was used, and the mesh size was set to 1 mm. The
contact between the plates was defined as a surface-to-surface contact. Similarly, the connection
contact between the plate-groove and the bolt threads was also defined as the surface-to-surface
contact. Furthermore, for the surface-to-surface contact, tangential and normal behaviour were
defined as the penalty friction and hard contact, respectively. To simulate the real constraints
in the tests and to limit the displacement of one of the plates, fixed support was defined in
the Y-direction. The problem was solved using the Maximum Shear Stress method. The finite
element model is shown in Fig. 4.

A: Static structural
Maximum shear stress
Type: maximum shear stress
Unit: MPa

Time: 1
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Fig. 4. Maximum shear stress analysis

Accordingly, in the finite element analysis, the maximum shear stress was found to be
221.72 MPa. The ratio between the average of the experimental results in Table 1 and the
finite element result is 1.09. When we examine the studies conducted in the literature, the ratio
between the experimental results and the finite element results appears to be 1.77 (Guo et al.,
2020), 1.08 (Rajanyam et al., 2020) and 1.02 (Nguyen et al., 2022). It seems that the value in
this article is among the values in the current studies.
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3.2. Modeling the plate under moment

In the literature review, it has been indicated that bolt geometry and generation of moments
are improved when loads are connected eccentrically (Ansari et al., 2023; Esmaeili et al., 2014;
Hammami, 2022; Pitrakkos et al., 2021). However, no study formulating and explaining these
findings through additional formulas has been found.

There are studies that claim that the load exerted on bolted connections is not actually
proportional to the number of bolts and model and compare it with experimental results (Kon-
toleon et al., 2003). Actually, it should be noted that this is because of inability to perform
axial tension. The contact surface of the bolt holes providing the bolt-plate interaction should
be taken into account (Ye et al., 2022).

When plates are subjected to a tensile load, it is assumed that they are subjected to tensile
stress in the y-axis plane as shown in Fig. 5a, and calculations are made accordingly. However,
in tensile tests, it is known that this cannot be the case under real loading conditions, and the
eccentricity ratio in the load test can reduce load carrying capacities (Nguyen et al., 2022). Due
to a non-central application of the tensile load, the plates are forced to bend, and a moment is
generated.

When the stresses generated by this moment are added to simulations while calculating the
shear load on the bolts, and the calculations become more accurate. The bending moment occurs
at an angle in the section plane. The plate model under the moment loading is shown in Fig. 5b.
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Fig. 5. The model of the plate under the moment: (a) theoretical (b) real condition

The angle « that will occur in the section plane, distance [; of the vertical force to the pivot
point, distance [ of the horizontal force to the pivot point, the vertical force Fy;, the horizontal
force F, generated by these forces, and the moments M; and My formed by these forces are
given below

! !
a:tan*llﬁ h=g5+m ly=h+m h=hy = hy

1
F, = Frsina F, = Prcosa (3.1)
My = F,ly My = Fylp

Here, h represents plate thickness, [ — length of the plate under tension, d — diameter of the
bolt to which the tension jaws are connected, m effective length of tension connection, and Fp —
tensile force.
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The designed software consists of two stages. The first one is to determine whether the plate
can withstand the forces it is subjected to, and the second one is to investigate whether the
constructive strength of any bolts to be used as fastener is appropriate. In the first stage, it is
necessary to calculate whether the plates can withstand the tensile force statically, and then to
calculate the shear stress for bolt strength. The area affected by the tensile force A, moment of
inertia I, stress o to which the plates are exposed, the safety stress o4, and the plate material
strength condition are given below

h3
A=1h =1
12 (3.2)
o= Ly %h Ooap = L o< o
A Iz saf s X Osaf

Here, h represents plate thickness, [, — plate width, I, — force acting on the plates in the y-axis,
I, — moment of inertia, M; — moment, o, — yield stress of the plate material, and s — safety
factor.

Now, we need to examine whether the constructive strength of any of the bolts to be used as
fasteners is appropriate, which is the second stage of the designed software. Due to the angled
effect of the tensile force, the M; and Ms moments were generated in the plates. Since the
directions of these moments are opposite to each other, the resulting net moment M,¢, and the
tensile-compressive stress oy generated by this moment are given as

Mnet
I,
Here, h represents plate thickness and I, — coefficient of the moment of inertia.

As a result of the tensile-compressive stress o4 generated in the plates, an additional virtual
shear force will be generated that acts in the opposite direction to the bolts in the plates. The
F;,, virtual force is the maximum force that will act when the stress profile is assumed to be
triangular. The intensity of the bolt within the plates changes in proportion to the area of this
triangle. Therefore, the average force corresponding to the area of the triangle will be a half of
the Fj,, force. The virtual force Fj,, is shown in Fig. 6.

Myer = My — My Otc = h (33)

M6 bolt

First plate hy/2
hy/2
Second plate hy/2
ho/2

Fig. 6. Imaginary force

The crushing area A.. and the virtual shear force Fj,,, with plate thickness h, are expressed
by the following equations

Fyp = 04cAer Aer = hDyoyy (34)
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Here, h represents plate thickness, and Dy, — diameter of the bolt.
The total shear force per bolt Fj, cross-sectional area per bolt A, net shear stress per
bolt 7, and the bolt shear stress strength condition are given below

F, F; D?
Fg=—2 + —;m Aport = T —fflt
" (3.5)
Tnet = Fon Tsaf = i Tnet ST,
net Abolt saf s net X Tsaf

Here, n represents the number of bolts, Dy represents diameter of the bolt, F, represents the
force acting on the plates in the y-axis, Fj,, is the virtual force, 7, — shear stress of the bolt
material, and s is the safety factor.

3.3. Software

In this Section, the equations involving bending moment have been transferred into the
MATLAB code, and the code has been executed on a sample model. Additionally, to measure
its accuracy, the software results have been compared with both experimental and finite element
results. In the previous Section, the arithmetic average of the tensile test results for 5 samples
with M6 connections, shown in Table 1, was 12229.42 N for the F}., load. This load was used in
the Ansys maximum shear stress analysis, and the resulting stress value 7,,s was 221.72 MPa.

Start

| Input material parameters for plate |

!

| Input material parameters for bolt |

l

| Input bolt numbers |

]

| Input bolt coordinates on the plate |

!

| Input eccentricity for load |

ﬁ| Is calculated stress suitable for plate? }&'

Continue calculating
for bolt/s

1

Calculating via
conventional equations

|

Calculating via
developed model

|

Shear stress result for
a bolt

Back to top

Fig. 7. Flowchart of the software procedure and result
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Now, to make a proper comparison, the MATLAB program has been run on the same model
dimensions shown in Fig. 1, which were used in the tensile test and finite element analysis. The
load used was again the arithmetic average of the tensile test results for the 5 samples with M6
connections, shown in Table 1, with a Fj..y load of 12229.42 N. As a result, the critical stress
calculated by MATLAB was 220.70 MPa. The flowchart of the software procedure and the result
is shown in Fig. 7.

According to the results obtained here, the output of the MATLAB software designed for this
study is 16.70 MPa higher than the average T,eq (203.88 MPa) of the experimental results for
the M6 bolted connection samples conducted in the laboratory environment. Additionally, it is
observed that the result is 1.18 MPa lower than the output of the Ansys finite element analysis.
The error rates of the MATLAB results have been determined based on both the experimental
and Ansys finite element method results. The error rate relative to the laboratory test results is
given as Err test Rate, while the error rate relative to the Ansys finite element results is given
as Err ans Rate. The error rates are provided below

Err test Rate = _net— Treal (3.6)

Treal
Here, with 7,,.; = 220.70 MPa and 7., = 203.88 MPa, the error rate Err test Rate is found to
be +8.2%

Err ans Rate = et Tans (3.7)

Tans
Here, with 7, = 220.70 MPa and 7,,s = 221.72 MPa, the error rate Err ans Rate is found to
be —0.46%.
If this innovation and change was made, the simple shear stress would be given in the equation
below
Dl?olt FT

Ay g, = —boit = 3.8
bolt ™ 4 Tholt—old Abolt ( )

Here, with the bolt diameter Dj,;; being 6 mm, the bolt cross-sectional area Ay is found to be
28.27 mm?.

If the lowest stress value in Table 1, 10204.56 N F7p force in M6-Cv-1 sample, is considered,
Tholt—old 18 found to be 288.48 MPa. When considering the average value of 12229.42 N Fr force,
Tholt—old 18 calculated as 432.58 MPa. If the highest stress value in M6-CV-5 sample, 17379.37 N
Frp force, is taken into account, Tp¢—o1q is found to be 614.76 MPa. Since 288.48 MPa is a closer
value, the error rate is expressed below considering this value

Err test Rate = _net— Treal (3.9)

Treal

Here, with 7po1i—oiq = 288.48 MPa and 7,4 = 203.88 MPa, the error rate Err test Rate is found
to be +41.5%.

As can be seen here, if the conventional bolt shear stress calculation was done, the current
error rate would be 41.4%. However, with the modifications and calculations done by using the
MATLAB program, the error rate is found to be 8.2%. The new calculation provides 33.3% more
accurate results compared to the old calculation, offering designers a safer margin and benefits in
terms of staying within the safety zone. In addition to all of these, a regression analysis has been
performed between the values of different bolt diameters with the average force of 12229.42 N
using the program. The regression analysis graph is shown in Fig. 8.

Accordingly, the determination coefficient R? is found to be 0.9816, approaching 1. With a
constant load of 12229.42 N, the equation predicts the critical stress per bolt with the indepen-
dent variable of bolt diameter at a rate of 98.16%. The critical stress values written opposite
the bolt diameter are taken from the MATLAB algorithm; therefore, it can be concluded that
the code provides a correct stress value at a rate of 98.16%.
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Fig. 8. Regression analysis graph

4. Conclusion

In the literature review, there are studies that show the improvement of bolt geometry and the
formation of moments when the loads are connected eccentrically when compared with existing
models. However, no study has been found that develops and explains this by converting these
quantities into equations and adding additional formulas. For that reason, codes have been
added to the MATLAB software in order to calculate the moments formed by eccentricity
during tension, in addition to conventional studies, and the software has been improved. The
designed software consists of two stages. The first stage is to determine whether the plate used
can withstand the forces it is subjected to, and the second stage is to investigate whether the
constructive strength of any of the bolts used as fasteners is appropriate.

In order to investigate tensile performance of fasteners, tensile tests are performed. Gen-
erally, there are studies comparing experimental results with finite element results. There are
also studies that validate numerical and experimental results for estimating the shear capacity
of bolted connections. In this study, additionally, calculations are made with the help of the
MATLAB software, and the results are compared in a triple validation method with both finite
element and experimental method.

Although the specimens were geometrically identical to each other before tensile tests, they
showed differences in the test results. In some of them, elongation was much greater compared
to others, resulting in failure at lower tensile forces. In others, more visible bending occurred.
According to the test results, an arithmetic average of stresses of 5 M6 connected samples with
the same properties was taken, and the average stress was found to be 203.88 MPa. Also, based
on the same results, the average shear load was determined to be 12229.42 N. The finite element
analysis in the Ansys R19.2 structural analysis module was performed using the average shear
load of 12229.42 N. Consequently, the maximum shear stress in the finite element analysis was
found to be 221.72 MPa. Considering these values, the ratio between the average of the test
results and the finite element analysis was 1.09. It is a value within the range of ratios between
experimental and finite element results found in the literature.

Additionally, the code written with the added equations was run in MATLAB using the
average shear load, which indicated a critical stress of 220.70 MPa. Based on these results, the
MATLAB software developed with the improved additional formulas has error rates of +8.2%
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when considering the experimental results and —0.46% when considering Ansys finite element
results.

If this innovation was not made and the conventional bolt shear stress calculation was used,
the current error rate would be 41.4%. The new calculation offers a 33.3% more accurate estimate
compared to the old calculation, providing designers with a safer margin and benefiting them
by staying within the safety zone.

In addition to these, a regression analysis has been performed for different bolt diameters.
Accordingly, the coefficient R? was found to be close to 1, 0.9816 in exact. With a constant load
of 12229.42 N, the critical stress per bolt, with the bolt diameter as an independent variable,
was predicted with an accuracy of 98.16%. Since these values were obtained in MATLAB, it wae
also concluded that the code provided stress values with an accuracy of 98.16%.

In the future, it is aimed to develop the presented study by adding an optimization module.
Thus, by preparing constraint functions for plates and bolts, the most suitable coordinates for
the bolts can be determined. This will provide a more efficient and effective design process,
ensuring that the connections are optimized for a specific application and requirements.
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