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Abstract
This paper deals with the determination of the initial rotational stiffness of some types of bolted connections used
in steel structures. The assessment was performed using the finite element method. The connections were classified
by their initial rotational stiffness as either rigid, semirigid or pinned according to EN 1993-1-8. The internal forces
of a structure can be determined more accurately with the knowledge of connection stiffness which can contribute
to the safe and reliable structural design of members.
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1 INTRODUCTION

Steel connections are classified as rigid, pinned or semi-rigid. Rigid connections are completely stiff and do not
experience any rotation. The full moment is transmitted. Pinned connections, on the other hand, cannot transmit
any moment and have a large rotational capacity. Connections that do not fit into these two groups are classified
as semi-rigid. They can only partially transmit the moment.

The category of the joints in terms of EN 1993-1-8 [1] is determined by the initial rotational stiffness Sj, which
is defined as the slope of the moment-rotation relation. The moment-rotation curve is generally a non-linear
function that describes the behaviour of a connection subjected to a bending moment. It shows the relationship
between the applied moment and the rotation of the connection. The rotational stiffness can be expressed as the
moment corresponding to the unit rotation of the joint and can be deduced from tests or numerical models using
the magnitude of the applied moment and the respective angle of rotation. For the semi-rigid joints, the above-
mentioned design standard allows the use of the stiffness S; (secant stiffness) corresponding to the applied moment
M; q. Initial stiffness Sj;ini can be considered provided the applied moment does not exceed 2/3 of the design
moment resistance of the joint M;rq.

The limits of the joint stiffness categories are described in EN 1993-1-8 in the form of an M-¢ diagram with
boundary lines dividing the area into three zones. If Sj;,;is located in zone 1, the connection is rigid, i.e. its stiffness
is greater than a defined limit. If it is located in zone 2, the connection is semi-rigid. Otherwise, the connection
is classified as nominally pinned.

The connection is rigid if Sjini > ko E-Iv/ Lv. Factor ky is either 8 for braced systems or 25 for non-braced
systems. E stands for Young modulus of elasticity. I, is the moment of inertia of the connected member and Ly is
the length of this member for which the stiffness is determined. The connection is pinned if Sin <0.5-E-Iy/ L,

There was extensive research performed in the field of steel connection stiffness. In [2] authors came to the
conclusion that calculations with the actual semi-rigid behaviour of connections may result in more economical
structural design than when connections are idealized as completely rigid or pinned. The effect of semi-rigid
connections on the bearing capacity of steel tubular members in transmission towers was investigated in [3]. The
used method was based on the Gaussian Process Regression model, which showed good accuracy. The reliability
of steel tubular members increases when considering semi-rigid connections. In [4] semi-rigid steel end plate
connections were analysed. Their rotational stiffness was determined, and the results were compared with
experiments. The influence of the plate thickness, bolt type and presence of column stiffeners was analysed. In [5]
authors also analysed initial rotational stiffness according to the moment-rotation curve. In addition, they
determined the yield point. Some stiffeners can increase the initial rotational stiffness significantly but they can
also make the angle connection to enter the yield earlier. A number of studies were performed focusing on the
effect of slip due to clearances in the holes for the bolts on the stiffness of the bolted connections. The slip can be
characterized as displacement of the joint due to the clearances and it occurs at low levels of load [6]. In [7] results
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of experiments of bolted joints with clearances are presented and a multilinear moment-rotation model (taking into
account the initial slip of bolts) is proposed.

As the rotational stiffness of the joints in steel structures may considerably influence the distribution of internal
forces in the members and therefore affect the structural design, attention should be paid to the proper classification
of the joints from the point of view of their stiffness. It indicates the importance of the investigations in this field
which could contribute to safe and reliable structural design of the members.

2 METHODOLOGY

The rotational stiffness of three types of bolted connections used in steel structures was determined and compared
in this paper. These are beam-to-column connections with either two, four or six bolts. The dimensions and
positions of the bolts and their spacings are shown in Fig. 1. Both a column and a beam consist of circular hollow
sections (tubes). The profile of the column is CHS 273/10, the beam is of the profile CHS 139.7/6.3. The thickness
of the plates is 10 mm. The material of the members is structural steel of S355 grade and the bolts are M16 with
8.8 strength class. The plates are welded to the beam or column, respectively. The end of the beam is closed with
a cap made of a circular piece of plate of the identical diameter as the beam.
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Fig. 1 Scheme of the connections

The analysis was performed using the ANSYS 2023 R2 [8] system based on the finite element method.
The material model was bilinear (elastic-plastic) isotropic with small strain hardening. The recommended value
of the modulus of elasticity (210 GPa) in terms of [9] was used. The value of the yield strength corresponded to
the strength class of the structural steel or the material of the bolts, respectively. Volume (solid) finite elements
were used for the numerical analysis. Frictional contacts between the plates on the column and the beam
(i.e. between the plates used for the bolted connection of the members) as well as between the bolts and adjacent
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surfaces of the plates were considered (the frictional contact areas were considered on heads, shanks and nuts of
the bolts). The model can be seen in Fig. 2.

0,000 0,500 1,000 (m)
B .
0,250 0,750

Fig. 2 Meshed model.

The elements used for the model were SOLID186 for the bodies, CONTA174 and TARGE170 for the contacts
and PRETS179 for the bolt pretension. The element size of the bodies is shown in Tab. 1. The number of nodes
and finite elements in the models is presented in Tab. 2. The welds were simulated as bonded contacts. The
diameter of the holes in the plates for the bolts was 18 mm (thus the clearances were considered within the
analysis). The length of the column in the model was 1.5 m. The length of the beam was 0.7 m. The column was
fixed on both ends.

Tab. 1 Element size.

Column Beam Plates Cap
size[m]  4-102 4107 1.5:102 2-10

Tab. 2 Number of elements and nodes.

Number Number Number of
of bolts  of nodes elements

2 13,960 2,223
4 16,425 2,652
6 19,704 3,193

The aim of the analysis was to apply the bending moment on the beam to be resisted by the connection. Its
magnitude (and corresponding rotation) is necessary for the determination of the rotational stiffness. The
displacement-controlled load was applied at the end of the beam in the form of the defined vertical displacement
of 0.2 m. This magnitude of the applied displacement was found to be sufficient to produce a wide-range load-
deformation relationship required for the subsequent evaluation.

The geometrically and materially nonlinear numerical analysis (GMNA) was performed in two steps. First, the
bolt pretension of a low magnitude (500 N) was applied. Then the displacement of 0.2 m was applied to the end
of the beam in 50 substeps. In every substep, deformation was recorded in one control point. The angle of rotation
6 of the connection was calculated using this displacement (indicated as u), as shown in Fig. 3.

The moment in the connection M was calculated using the mechanical model in Fig. 4. The calculation was
based on the moment equilibrium condition (1). The reactions Nr, Vr and Mr (corresponding to the applied load
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and required for the calculation) were obtained as the results of the numerical analysis (they were recorded in
every substep).
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Fig. 3 Determination of the connection rotation. Fig. 4 Mechanical model.
M =Vy L—My— Mg 1)

where M is the moment in Nm, Vr is the reaction in N, Mr is the moment in Nm, L is the length in m.

With the knowledge of moment M and rotation € in every substep, the moment-rotation curve can be created.
The rotational stiffness was determined using the rotation corresponding to the bending moment equal to 2/3 M rq.
The design moment resistance of the joint Mjrq was taken as the minimum from the moment capacities of the
bolts, plates and welds. The connection was then classified as rigid, semi-rigid or pinned.

3 RESULTS

The moment-rotation relationships for the investigated cases are presented in Fig. 5. The values of moment and
rotation for the calculation of the rotational stiffness are highlighted. The borders between the stiffness categories
(rigid, semi-rigid, pinned) are represented by the dashed lines, as seen in Fig. 6, which shows the comparison of
the moment-rotation relationships of the three analysed connections. It should be noted that the precise numerical
models used for the analysis were created with respect to the actual geometry of the connections including
clearances in the holes for the bolts (the diameter of the hole was greater than the diameter of the shank of the
bolt). It can be seen from the resulting moment-rotation characteristics that in the initial phase there is only
displacement of the bolts in the holes resulting in certain rotation of the connection with almost negligible
transmission of the bending moment (only a minimum amount of the moment may be transmitted due to small
friction). Once the bolts touch the surfaces of the holes, the connection starts to fully resist the bending moment
which is apparent in the moment-rotation characteristic as a sudden change of the slope of the curve. Then the
curve flattens due to material nonlinearity. Selected results of the numerical analysis are displayed (deformation
and distribution of the equivalent stress; illustrative figures for the connection with four bolts) in Fig. 7.
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Fig. 5 Moment-rotation characteristics — 2 bolts (left), 4 bolts (middle), 6 bolts (right).
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Fig. 6 Moment-rotation characteristics (6 bolts).
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Fig. 7 Deformation and distribution of the equivalent stress.

The stiffness limits are listed in Tab. 3. The calculation was in terms of EN 1993-1-8 [1]. They are calculated
according to the equations (2) and (3).

E' lb
Sip=ky = @)
b
E ‘lb
Sp =05 3)
b

where Sjris the limit for rigid connections in MNm/rad, Sjpis the limit for pinned connections in MNm/rad, the
factor ky is 8, E is the Young modulus of elasticity in GPa, I, is the moment of inertia in m*, Ly is the length in m.

The length of the member in the formulas for the limit values was considered 6 m (the expected length of the
member necessary for the determination of the limits). The results are listed in Tab. 4, S;i, was compared to the
stiffness limits and the joints were classified.

Tab. 3 Stiffness limits.

In Ly E kv Si.R Si.p
[m*] [m] [GPa] [-] [MNm/rad] [MNm/rad]
5.89-10° 6 210 8 1.649 0.103
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Tab. 4 Stiffness classification.

Number M ra 2/3 Mira 0;2 j? Sj,ini S > §: G S joint
of bolts ' bini 7 OpR - ORmER O Gassification
[Nm] [Nm] [rad] [MNm/rad]
2 3,920 2,613.3 0.022 0.119 no no semi-rigid
4 8,050 5,366.7 0.016 0.343 no no semi-rigid
6 8,050 5,366.7 0.013 0.422 no no semi-rigid

4 DISCUSSION

The results show that every analysed connection was classified as semi-rigid. The rotational stiffness of the two-
bolts connection was 0.119 MNm/rad which is very close to pinned connection (S = 0.100 MNm/rad). The
stiffness of the connection with four bolts was about three times higher than the initial rotational stiffness of the
connection with two bolts. The difference in stiffness between the connection with four and six bolts was not that
significant. The stiffness of the six-bolt connection was less than four times higher than the stiffness of the two-
bolt connection. The values of the rotational stiffness obtained from the numerical investigation can be used within
the global analysis of a structure with these types of connections to obtain the actual distribution of internal forces
with the effect of the semi-rigid joints. Considering only rigid or pinned connections may not lead to correct results.
As the limit values of the stiffness depend on the member length, the classification should be always done for the
specific case taking into account the actual lengths of the members.

S CONCLUSIONS

Specific stiffness values can be conveniently used in the design of steel structures. As the stiffness of the joints
may considerably affect the distribution of the internal forces and therefore dimensions of the members, it should
be considered as an important parameter for the global analysis of structures. The specific values of the stiffness
can be determined using numerical analysis in computational systems based on the finite element method. In this
paper, the rotational stiffness of selected bolted connections was determined using precise numerical models.
Based on the results, the connections were classified as semi-rigid in terms of the actual design code. The values
of the stiffness can be entered into numerical models for analysis of structures with these connections and more
accurate magnitudes of internal forces can be obtained. It can be concluded that correct numerical models can
demonstrate realistic behaviour of the joints under applied load, including the moment-rotation relation necessary
for the determination of the rotational stiffness.
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