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I ndividual elements in each steel
structure require connection. For
this purpose, several types of con-
nections are used: welded; twi-

sted; riveted and glued [1]. Easy con-
nection of structure elements during as-
sembly on the construction site is possi-
ble thanks to screw connectors [2]. Bol-
ted connections have many advantages,
e.g. easy and quick assembly or disas-
sembly of the structure, and at the same
time enable the repair and replacement
of damaged elements [1]. Connections
in steel structures play a very important
role because damage to the connection
not only causes the redistribution of in-
ternal forces, but may also lead to struc-
ture failure [3]. Properly designed con-
nections transfer the loads from indivi-

dual structure elements to the load-be-
aring elements, ensuring its safe opera-
tion [4].

Many researchers analyze various
design solutions for connections
operating in various conditions. Zhihua
Chen et al in paper [5] proposed an
innovative modular connection design
in steel structures with intermediate plug
device and beam-beam bolt system as
horizontal and vertical connections
respectively. The connection design is
designed to ensure easy installation,
eliminating on-site welding. The authors
performed two static uniaxial loading
tests and four cyclic loading tests on the
T-shaped joint to investigate its load-
-bearing capacity. The results showed
that due to the two-piece connection
structure, gaps develop between the
upper and lower columns, which affect
the deformation and stress distribution
in the joint, and the weld quality of the

joints is insufficient to ensure overall
safety. In turn, Yanxia Zhang et al. in
the article [6] proposed an innovative
pole-to-pillar connection using self-
-tapping screws, which also eliminates
welding on the construction site. The
authors conducted experimental tests
and tests using the finite element
method, and proposed formulas for
calculating the load-bearing capacity of
a new type of connection based on the
yield line theory. The results of the tests
showed that the proposed connection
using self-tapping screws is able to
effectively connect elements while
reducing implementation costs. Jianfen
Li et al. in their work [7] presented an
innovative form of prefabricated
H-shaped connections of steel beams
with steel pipes filled with concrete.
They investigated the behavior of novel
beam-to-column connections using
cyclic load tests. The test results showed
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that the proposed beam-column
connections were characterized by high
bending strength. Moreover, it was
found that the thickness and yield
strength of the steel column tube have a
significant impact on the bending and
deformation load-bearing capacity of
the connection.

Experimental and numerical results
show that the fatigue strength of joints
can be influenced by many factors, such
as the bolt pre-tension force, hole size
and bolt arrangement [8]. Their load-
-bearing capacity is also influenced by
the condition of the connection and
weather conditions, which, for
example, may favor corrosion. Shidong
Nie et al. in the article [9] presented
experimental tests of the load-bearing
capacity of bolted connections made of
high-strength steel subjected to
corrosion. They performed corrosion
tests initially on nine samples subjected
to accelerated corrosion, and then
examined the mechanical properties
of these joints with different degrees
of corrosion using static tensile tests.
On this basis, they formulated
a mathematical relationship between
the mass loss rate and corrosion time
and analyzed the mathematical
relationships between the mass loss rate
and mechanical indices, including slip
ratio, bolt prestress, slip load, or failure
load. Ultimately, they found that the
corrosion environment had a significant
impact on the slip load, slip coefficient
and preload of bolts in bolted joints. In
turn, Chao Jiang et al. in the article [10]
presented parametric studies of the
fatigue behavior of shear friction joints
and proposed a procedure for predicting
the fatigue life of steel friction joints
using the finite element method and
verified it with the results of fatigue
tests. They found that the fatigue
behavior of single shear plane
connections is greatly influenced by
the number of bolts, steel grade
and hole making process, while the
fatigue behavior of dual shear plane
connections is largely influenced by
bolt prestressing, slip coefficient, main
plate thickness, steel grade and the
process of making holes. The same
authors in the article [11] examined the
influence of corrosion on the fatigue

properties of friction screw connections
and showed, among others, that the
fatigue life of friction connections may
be significantly reduced by corrosion. If
the mass loss rate of the joints exceeds
7.8%, the fatigue strength is less than
100 MPa, which does not meet the
requirements of Eurocode 3.

Bolted connections are commonly
used in steel structures, and the load-
-bearing capacity of bolted connections
decreases at elevated temperatures
[12]. In their works, many authors ana-
lyzed screw connections under elevated
temperature conditions [13], [14], [15].
Weiyong Wang et al. in [13] showed
that at elevated temperature, the sliding
load decreases faster than the failure
load, and the critical temperature from
brittle failure to ductile failure is abo-
ut 500 °C. Zhihao Chen et al. in the
article [14] presented fire tests of end-
-plate made of high-strength steel.
They investigated the mechanical pro-
perties at ambient temperature and
fire resistance of end-plate joints with
different endplate thicknesses and
showed that endplate thickness had
a large impact on increasing the joint
stiffness at ambient temperature,
while the critical temperature and fire
resistance were not significantly im-
proved when thicker endplate was
used. In turn, the authors in article [15]
tested the load-bearing capacity of
class 8.8 bolts in natural fire condi-
tions. They showed that the behavior of
the bolts is not reversible when heated
to 500°C and the load loss can be 40%,
and the ductility of the bolts increases
significantly when the peak cycle tem-
perature is 800°C.

The analyzed connections are
classified as flexible connections, which
reduce the load-bearing capacity of
structures. The rotational stiffness of the
connection is influenced primarily by
the geometry of the node elements
together with the bolts and adjacent
elements of the connected beams [16].
The authors in publication [17]
presented an analysis of the tests carried
out on end-plate joints and showed that
all joints are deformable and their
rotational stiffness and load-bearing
capacity have different values. The
authors showed that the difference in

rotational stiffness is influenced by,
among others, deformations of end
plates. The flexibility of connections
affects the load-bearing capacity and
stability of the structure. The
compliance of a node can be assessed
from the relationship between the
bending moment occurring in the
connection and the angle of rotation
of this connection, i.e. using the M-φ
curve [17].

In this article, we present a
preliminary analysis of non-standard
steel I-beam connections compared to
commonly used connections. The
analysis of the proposed non-standard
assembly contacts aims to develop a
way to reduce the number of screw
connectors in such a way that benefits
resulting from faster implementation
of the assembly process, which is
ultimately to be carried out by the robot
arm, can be obtained. Technological
development and increasing requi-
rements for new technologies deter-
mine the search for new design
solutions, including connections that
can be implemented using robot arms.
Currently, we do not offer solutions that
are intended to replace those that require
human hands.

The process of building a structure
can be divided into the implementation
phase and the operation phase. In the
implementation phase, the structure is
assembled and acquires the assembly
load-bearing capacity, while in the
operation phase it must ensure safety
resulting from the designed load-
-bearing capacity. By separating these
individual stages, the process of erec-
ting objects could be carried out by
different devices, so in the first phase the
structure elements would be assembled
by screwing, and in the second by
welding, obtaining the full designed
load-bearing capacity and high stiffness.
Therefore, the new technological
solutions proposed in the article are
an introduction to the discussion, thanks
to which in the future they can be
introduced into the construction
industry, using dedicated robots in
the assembly process. The analyzed
connections were compared on the basis
of stress distribution and initial
rotational stiffness.
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The aim and scope of work
The aim of the work was to check

non-standard connections of steel
I-beams in terms of effectiveness of use
in structures. Their initial rotational
stiffness was assessed in comparison to
standard, commonly used assembly
joints, using dedicated technological
solutions, which, as a result of
developing an appropriate connection
standard, will increase the efficiency of
the structure assembly process or its
operation itself. The diagrams of the
analyzed I-beam connections are shown
in the Figure 1.

In order to perform a numerical
analysis of the connections, two single-
-span static diagrams were considered,
including a cantilever beam (Figure 2a)
and a simply supported beam (Figu-
re 2b), in which traditional bolted,
end-plate and overlapping connections
were introduced in the middle of their
span (Figure 1a, b, c) and developed
custom modified connections (Figure
1d, e, f, g).

An analysis was performed of 1.3 m
long beams made of hot-rolled I-shaped
IPE160 profile made of S235 steel. The
cantilever beam was loaded with one
concentrated force F1 of 21.67 kN,
which was applied at a distance of 1.2 m
from its restraint (Figure 2a), while the
simply supported beam was loaded with
two forces F2 of 65 kN each, which
were applied at distances 0,4 m from
each beam support (Figure 2b). The
declared force values were accepted as
permissible in the adopted diagrams
using up to 95% of the ultimate limit
state and serviceability of the beam
cross-section.

Based on analytical calculations,
the maximum internal forces were
obtained and the load-bearing and
serviceability limit state condi-
tions were checked for the beam
cross-section adopted on the basis of
PN-EN 1993-1-1 [18]. The maximum
deflections of the considered beams
due to the adopted boundary
conditions were read in the Ansys
program (the model is described later
in the article). Diagrams of internal
forces and deflections of a continuous
reference beam without a connection
are shown in Figure 3.

The ultimate limit state conditions for
bending and shear and the permissible
deflections of the adopted beam were

calculated in accordance with the
standard [18]. The utilization of the
cross-section in the ultimate limit state
of both the cantilever beam and the
simply supported beam in the case of
the adopted static and load patterns
was 89.38%. The permissible deflection
was assumed to be L/250 for secondary
beams in accordance with the standard
[18]. The serviceability limit state
condition for the cantilever beam was
92.03%, and for the simply supported
beam it was 36.77%. In addition,
standard beam connections were dimen-
sioned (Figure 1a, b, c) in accordance
with the standard [19]. The load-bearing
conditions of the connections are
presented in Table 1.

A preliminary assessment of the
performance of commonly used steel
structural connections, in the case of the
adopted static schemes of I-beams, was
made by comparing their vertical
displacements with the displacements
obtained as a result of the impact of the
same type of loads on the reference
beam, modeled as a continuous IPE 160
profile made of S235 steel. Then, the
developed modified connections for
steel I-beams were subjected to
numerical tests. The structural diagrams
of commonly used connections are
shown in Figure 4, while the diagrams
of modified connections are presented in
Figure 5. The numerical analysis of all
structural connections for steel I-beams
was performed using the finite element
method using the Ansys Research 2021
program (the model is described later in
the article). The results obtained for the
considered types of connections were
compared with each other in relation to
the values of stresses, displacements and
initial rotational stiffness.

Fig. 1. Analyzed connections of steel
I-beams: a) end-plate joint; b) end-plate
joints with bolts extended beyond the
cross-section; c) overlapping; d) partially
welded with bolts inside the cross-section;
f) with a cross-bolt on the web and bolts
inside the cross-section; f) partially
welded with bolts extending beyond the
cross-section; g) with a cross bolt on the
web and bolts extended beyond the cross-
-section
Rys. 1. Analizowane połączenia stalo-
wych belek dwuteowych: a) doczołowe;
b) doczołowe ze śrubami wysuniętymi poza
przekrój; c) zakładkowe; d) częściowo spawa-
ne ze śrubami wewnątrz przekroju; e) ze śru-
bą krzyżową na środniku oraz śrubami we-
wnątrz przekroju; f) częściowo spawane ze
śrubami wysuniętymi poza przekrój; g) ze śru-
bą krzyżową na środniku oraz śrubami wysu-
niętymi poza przekrój

a) b)

c) d)

e)

g)

f)

Fig. 2. Static diagrams of beam attachment: a) cantilever; b) simply supported beam
Rys. 2. Schematy statyczne zamocowania belki: a) wspornik; b) belka swobodnie podparta

a) b)oś połączenia

a1 = 1,2 m

a2 = 0,4 m a2 = 0,4 m

L2 = 1,2 m

1,3 mL1 = 1,3 m

0,6 m 0,6 m 0,6 m 0,6 m

F1 F2 F2

oś połączenia
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In a partially welded connection with
bolts inside the cross-section (Figure
5a), the assembly joint is achieved by
mutual pressure between the I-beam
sections and the welded sheet on both
sides of the web, e.g. by laser welding,
which is intended to position the
assembled elements and ensure
connection during the implementation
phase. The shape of the sheet was
adopted due to the increase in the length
of the weld. The connection is then
prestressed with bolts passing through
the ribs and the sleeves between them,
thus ensuring load-bearing capacity
during the operational phase. In turn,
in combination with the cross bolt on
the web (Figure 5b), the assembly joint
is achieved by mutual pressure of the
I-beam sections and by a twisted cross
connector in order to position the
assembled elements and ensure
connection during the implementa-
tion phase. Then the connection is
prestressed using bolts passing through
the ribs and sleeves between them,

analogously to the first one. In partially
welded connections (Figure 5c) and
with a cross bolt (Figure 5d), the
assembly connection is carried out
analogously to the previous connections
(Figures 5a and b), while the operational
load-bearing capacity is obtained by
prestressing the bolts extended beyond
the cross-section of the connected
beams. The presented studies consti-
tute an introduction to the analysis
of complex assembly joints. Ultima-
tely, individual solutions in the
implementation and operation phases
can be replaced with alternative,
innovative solutions enabling the
assembly of structures by dedicated
machines, i.e. without the use of human
hands.

Numerical model
Numerical models of all connections

were made in the Ansys Research 2021
program by declaring geometry,
boundary conditions and loads identical
to the analytical calculations. In order

to maintain the symmetry of the system
in a simply supported beam, non-sliding
supports were adopted on both sides
of the beam to determine the rotatio-
nal stiffness of the connections. In
both cases, it was assumed that the
beams were protected against buckling
by blocking the belts from moving
horizontally. Examples of numerical
models of one of the analyzed
connections are shown in Figures 6
and 7.

For steel profiles and connection
elements, 3D SOLID finite elements
with an adaptive mesh size, but not
larger than 0.005 m, were used. The
bolts in the connections were modeled
from three elements: two nuts and a pin
(Figure 8). BONDED contact is used
between the nuts and the rod. The values
of the initial prestressing forces in the
bolts were adopted in accordance with
the standard [20], assuming the nominal
values of the required prestressing
forces Fp,C. In the case of M12 screws,
class 10.9, a prestressing force of 59 kN
was assumed, while in the case of M16
screws, class 10.9, a prestressing force
of 110 kN was assumed. On the contact
surfaces, the contacts between the
connection elements were assumed to
be frictional, while the value of the
friction coefficient between the
elements was assumed to be µ = 0.2.
The linear-elastic material properties
of the beam and connection elements
made of S235 steel were adopted on the
basis of the standard [18], while in the
case of class 10.9 bolts they were
adopted on the basis of the standard
[19]. Due to the preliminary compara-
tive analysis of various types of assem-
bly connections, a type of static linear
analysis was adopted. Numerical calcu-
lations were made in two time steps, the
first step included the initial prestres-
sing force of the bolts, while in the se-
cond step external loads were added.

Discussion of the numerical
analysis

In the analyzed models, stresses and
displacements were taken into account.
The distribution of longitudinal normal
stresses (along the X axis) in the case of
one of the connection variants is shown
in Figure 9.

Fig. 3. Diagrams of bending moments – MEd, shear forces – VEd and deflections – f for the
analyzed beam attachment: a) cantilever; b) simply supported
Rys. 3. Wykresy momentów zginających – MEd, sił tnących – VEd oraz ugięć – f w przypadku
analizowanych schematów belek: a) wspornikowej; b) swobodnie podpartej

Table 1. Ultimate limit state conditions of the analyzed standard beam connections, shown
in Fig. 1a, b, c
Tabela 1. Warunki stanu granicznego nośności analizowanych standardowych połączeń belek,
przedstawionych na rysunku 1a, b, c

Connection type Load capacity condition for
a cantilever beam [%]

Load capacity condition for
a simply supported beam [%]

a) end-plate 47.90 95.70

b) end-plate joints with screws
extended beyond the cross-section 49.00 98.00

c) overlapping 46.64 93.28

26 kNm

21,67 kN 21,67 kN
0

0 0 0

0 0

f

f1 = 8,805 mm f2 = 1,765 mm

65 kN

MEd

VEd

65 kN

26 kNm 26 kNm

a) b)
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The distribution of normal stresses
(along the X axis) in the cantilever
(Figure 9a) shows that in the steel
beam, tensile stresses predominate
mainly in the upper section of the
section near the restraint, i.e. in the
place of the highest bending moment
(stresses do not exceed 235 MPa).
Moreover, the stress distribution in a
simply supported beam (Figure 9b)
shows that in a steel beam, compressive
stresses also predominate in the upper
section band in the middle of the beam
span, i.e. at the place of the highest

bending moment. These stresses also
do not exceed 235 MPa, which pro-
ves compliance with the analytical
calculations of the cross-section's load-
-bearing capacity. A summary of the
distribution of reduced stresses in all
analyzed connections is shown in
Figure 10. This summary concerns an
unfavorable scheme, i.e. a simply
supported beam, because the maximum
bending moment occurs in the joint
axis.

By analyzing the distribution of
stresses in the connections (Figure 10),

the efficiency of the connections can be
assessed. In the end-plate connection
(Figure 10a), the stresses in the end plate
near the screws in the tension zone
are clearly visible, but the total stresses
do not exceed the permissible ones.
In a end-plate connection with bolts
extended outside the cross-section
(Figure 10b), forces are transferred
much more effectively through the
connectors and the end plate than in
the connection with bolts inside the
cross-section, despite the thinner end
plate and smaller diameter of the bolts.
In aoverlapping joint (Figure 10c), the
stresses are evenly distributed in the
overlaps in both the flanges and the web.
In modified connections with bolts
located inside the cross-section (Figure
10d and 10e), increased stresses occur at
the contact between the ribs and the
sleeves in the tension zone, while by
using a welded overlay to the web
(Figure 10d), it was possible to reduce
the thickness of the ribs and the diameter
of the bolts. The cross bolt (Figure 10e)
is located mainly in the neutral axis of
the cross-section, so it transfers smaller
forces, resulting in higher stresses in the
ribs and sleeves in the tension zone in
relation to the connection with the cap
welded to the web (Figure 10d). In
modified connections with bolts located
outside the cross-section (Figures 10f
and 10g), bolted connectors extended
outside the cross-section transfer forces
more effectively, while the cap welded
to the web (Figure 10f) effectively
transfers forces from the web. Increased
stresses appear in the tension zone
where the cover plate meets the web.
The cross bolt (Figure 10g), similarly to
the connection (Figure 10e), transmits
smaller forces, which is why there are
greater stresses in the front connectors.
Despite increased stresses in some
places at the joint joints, they do not
exceed 235 MPa. The presented
connections therefore allow you to
effectively connect beams within the
yield strength of steel. Attention should
be paid to the high stresses in the screws
themselves, because they are made of
a material with a different yield strength,
which is 900 MPa, while the stress
maps in Figure 10 cover the range up to
235 MPa. The distribution of stresses

Fig. 4. Construction diagrams of commonly used connections for steel I-beams [mm]:
a) end-plate joint; b) end-plate joints with bolts extended beyond the cross-section;
c) overlapping
Rys. 4. Schematy konstrukcyjne powszechnie stosowanych połączeń stalowych belek
dwuteowych [mm]: a) doczołowe; b) doczołowe ze śrubami wysuniętymi poza przekrój;
c) zakładkowe

a)

b)

c)
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in the bolts is shown in Figure 11. They
do not exceed 700 MPa, which proves
compliance with the analytical
calculations of the bolt load capacity.

Figure 12a shows that the largest
displacement occurs at the end of the
cantilever span, while Figure 12b shows
that it occurs in the middle of the
span at the connection point. The
displacement of a connected beam can
only be determined using a numerical
model, because the standard [17] does
not specify a method for calculating
the displacements of beams with
connections. A summary of the
maximum displacements for all
analyzed connections is presented in
Table 2.

Fig. 5. Diagrams of the developed modified connections [mm]: a) partially welded with
bolts inside the cross-section; b) with a cross-bolt on the web and bolts inside the cross-
-section; c) partially welded with bolts extending beyond the cross-section; d) with a cross -
-bolt on the web and bolts extended beyond the cross-section
Rys. 5. Schematy opracowanych połączeń zmodyfikowanych [mm]: a) częściowo spawane ze
śrubami wewnątrz przekroju; b) ze śrubą krzyżową na środniku oraz śrubami wewnątrz
przekroju; c) częściowo spawane ze śrubami wysuniętymi poza przekrój; d) ze śrubą krzyżową
na środniku oraz śrubami wysuniętymi poza przekrój

Fig. 6. Numerical model of one of the
analyzed variants of the cantilever beam
with the marked force and boundary
conditions
Rys. 6. Model numeryczny jednego z analizo-
wanych wariantów belki wspornikowej z za-
znaczonymi siłami oraz warunkami brzego-
wymi

Fig. 7. Numerical model of one of the
analyzed variants of a simply supported
beam with marked forces and boundary
conditions
Rys. 7. Model numeryczny jednego z analizo-
wanych wariantów belki swobodnie podpar-
tej z zaznaczonymi siłami oraz warunkami
brzegowymi

Fig. 8. Numericalmodel of the bolt with the
indicated pretension force
Rys. 8. Model numeryczny śruby ze wskaza-
ną siłą wstępnego sprężenia

a)

b)

c)

d)
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Analyzing the maximum deflections
of the cantilever beam presented in
Table 2, it can be seen that the
connection ensuring the smallest

vertical displacement is the end-plate
connection with bolts extended outside
the cross-section (Figure 10b), because
the displacement is 9.079 mm, which

is closest to the maximum deflection
of the cantilever beam without the
connection, for which the deflection
is equal to 8.835 mm. The next
comparable connections are: partially
welded with bolts inside the cross-
-section (Figure 10d) with a vertical
displacement of 9.114 mm; overlapping
(Figure 10c) with a displacement of
9.126 mm; end-plate connection with
bolts in side the cross-section (Figure
10a) with a displacement of 9.140 mm
and a partially welded connection with
bolts extended outside the cross-section
(Figure 10f) with a displacement of
9.198 mm. Due to the exceeded
permissible deflections, the connections
with cross-head screws were the worst
(Figure 10e and 10g) with displa-
cements of 9.760 mm and 9.912 mm,
respectively.

Analyzing the maximum deflections
of the simply supported beam with the
analyzed connections, it was shown that
the smallest deflections are provided by
a partially welded connection with bolts
extending beyond the cross-section
(Figure 10f) and a end-plate connection
with bolts extending beyond the cross-
-section (Figure 10b). These connections
provide deflections of 1.840 mm and
1.843 mm, respectively, which are
closest to the maximum deflection of
a simply supported beam without a
connection with a deflection of 1.765
mm. The end-plate connections (Figure
10a) and the partially welded connection
with screws inside the cross-section
(Figure 10d) are slightly worse, with
deflections of 1.893 mm and 1.962 mm,
respectively. The worst-performing
connections in terms of vertical
displacements are the connections with
cross bolts (Figures 10e and 10g) and
the overlapping joint (Figure 10c) with
displacements of 2.045 mm, 2.077 mm
and 2.032 mm, respectively. Despite
obtaining larger displacements, all
connections meet the condition of
permissible deflection in the case of a
simply supported beam. It indicates the
effectiveness of their work in terms of
vertical displacements in the analyzed
static diagrams of steel I-beams.

Moreover, based on the read
displacements, their difference was
calculated in the case of beams without

Fig. 9. Distribution of normal longitudinal stresses for the analyzed model of a end-plate
connection with bolts extended beyond the cross-section (Pa): a) cantilever beam;
b) simply supported beam
Rys. 9. Rozkład naprężeń normalnych podłużnych w przypadku analizowanego modelu
połączenia doczołowego ze śrubami wysuniętymi poza przekrój (Pa): a) belka wspornikowa;
b) belka swobodnie podparta

Fig. 10. Stress distribution in the analyzed connections for a simply supported beam [Pa],
as shown in Fig. 1. Deformations shown at 35x magnification – description in text
Rys. 10. Rozkład naprężeń w analizowanych połączeniach w przypadku belki swobodnie
podpartej [Pa], zgodnie z rysunkiem 1. Deformacje pokazane w 35-krotnym powiększeniu –
opis w artykule
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and with connections, and then, using
trigonometric relationships, the angles
of rotation in the connections, resulting
from the work of the connections
themselves, were determined. An
analysis of the initial rotational stiffness
was also carried out in the case of
bending moments in the linear-elastic
range of 0 – 19 kNm, i.e. approxima-
tely 2/3Mpl,Rd of the beam's bending
capacity. The deflections were also
read for intermediate values of ben-
ding moments with a step of 3 kNm.
The calculated values of the initial
stiffness of the rotary joints are shown
in Figure 13.

Analyzing the calculated initial
rotational stiffness of the connections, it

was found that the stiffest are the
partially welded connection with bolts
extending beyond the cross-section
(Figure 10f) and the standard end-plate
joint with bolts extending beyond the
cross-section (Figure 10b). These
connections provide initial rotational
stiffness of 104,000 kNm/rad and
100,000 kNm/rad, respectively. Lower
rotational stiffness is characteristic of
the end-plate connection (Figure 10a)
and the partially welded connection
with bolts inside the cross-section
(Figure 10d) with joint stiffness of
60937 kNm/rad and 39594 kNm/rad,
respectively. The least stiff connec-
tions were the connections with cross
bolts (Figures 10g and 10e) and
the overlapping joint (Figure 10c)
with stiffnesses of 25,000, 27,857 and
29,213 kNm/rad, respectively. The
relationship diagrams between the
bending moment in the connection and
its angle of rotation (M-φ curves) are
shown in Figure 14. A completely rigid
node is characterized by the ordinate
axis 0-M, while a perfectly articulated
node is characterized by the 0-φ axis,

Fig. 11. Distribution of reduced stresses in numerical models of bolts [Pa]: a) M16 bolt;
b) M12 bolt
Rys. 11. Rozkład naprężeń zredukowanych w modelach numerycznych śrub [Pa]:
a) śruba M16; b) śruba M12

Fig. 12. Displacement maps for the analyzed model of the end-plate joint with bolts
extended beyond the cross-section, deformations shown at 35x magnification [m]:
a) cantilever beam; b) simply supported beam
Rys. 12. Mapy przemieszczeń w przypadku analizowanego modelu połączenia doczołowego ze
śrubami wysuniętymi poza przekrój, deformacje pokazane w 35-krotnym powiększeniu [m]:
a) belka wspornikowa; b) belka swobodnie podparta

Table 2. Maximum deflection in a cantile-
vered beam and a simply supported beam
for the analyzed schemes of beam connec-
tions, shown in the same way as in Fig. 1
Tabela 2. Maksymalne ugięcie w belce wspor-
nikowej oraz swobodnie podpartej w przypad-
ku analizowanych schematów połączenia be-
lek, pokazanych na rysunku 1

Analyzed
connection
model

Deflections for a

cantilever
beam [mm]

simply suppor-
ted beam [mm]

a. 9.140 1.893
b. 9.079 1.843
c. 9.126 2.032
d. 9.114 1.962
e. 9.760 2.045
f. 9.198 1.840
g. 9.912 2.077

Fig. 13. Graph of the initial rotational stif-
fness of the connections, as shown in Fig. 1
Rys. 13. Początkowa sztywność obrotowa
połączeń, zgodnie z rysunkiem 1

Fig. 14. Graph of the initial rotational
stiffness of the analyzed joints, as shown in
Fig. 1
Rys. 14. Wykres początkowej sztywności ob-
rotowej analizowanych połączeń, pokazanych
zgodnie z rysunkiem 1
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so the straight M-φ is closer to the 0-M
axis, the connection has greater
rotational stiffness. As can be seen in
Figure 14, the rotation angle of the
connections calculated numerically
increases linearly depending on the
increasing bending moment, while
experimental studies show that the
characteristics of most nodes are
curvilinear throughout the entire range
of tests [17], this is related to the
adopted linear-elastic in this work.
Taking into account the assessment of
the susceptibility of connections, as a
result of the numerical analysis, it is
possible to compare connections and
evaluate them in terms of initial
rotational stiffness.

Conclusions
As a result of the preliminary

numerical analysis, the effectiveness of
beam connections in terms of stresses
and displacements was assessed. The
best among the analyzed connections
were the partially welded connection
with bolts extending beyond the cross-
-section (Figure 1f) and the end-plate
joint with bolts extending beyond
the cross-section (Figure 1b). These
connections are characterized by
stresses not exceeding the permissible
stresses for the adopted S235 steel and
the highest initial rotational stiffness.
However, it should be noted that in
a prestressed end-plate connection with
a full end plate (Figure 1b), appropriate
flatness of the end plate surfaces is
required, because unevenness created
during welding the plate to the beam
may prevent proper tensioning of the
bolts. Moreover, in deformed contacts,
uneven distribution of forces in the
screws may occur, which may lead to
their breakage. Additionally, these
connections contain elements pro-
truding beyond the cross-section, which
in many cases is impossible to use in
the structure. Another interesting
connection is a partially welded
connection with bolts inside the cross-
-section (Figure 1d), which also allows
for effective connection of beams, while
being a connection closed within the
outline of the connected cross-section.
The weakest connection variants turned
out to be connections with cross bolts

(Figures 1e and 1g), in which the
permissible deflections for the
cantilever beam were exceeded.
However, it should be noted that high
stiffness is not always desirable. The
type of connection adopted therefore
depends on the type of structure.

The results obtained for the numerical
analysis of modified connections of
steel I-beams showed that they may be
an interesting alternative for use in
connections of steel structure beams.
Moreover, the analysis showed that
there are alternative construction
solutions to traditional ones that will
effectively transfer the loads resulting
from the operation of the structure. In
the next stage of the research, the
authors will pay attention to the
efficiency of the developed connections
of steel I-beams as a result of dynamic
loads and will technologically improve
the proposed solutions.
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