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Although beam-to-tubular column joints are mostly welded instead of bolted because the
difficulty to access to the inside of tubes, the use of threaded studs welded to the tube front face
of rectangular hollow sections could avoid this problem and allows removable joints to be used.
An important issue of these connections is the characterization of their rotational stiffness. A
research on bolted I beam-to-tubular column joints using welded threaded studs, which proposes
a new methodology to obtain the joint stiffness from modal data, is presented in this paper. The
studied joints include angle cleats connected to the beam flanges with standard bolts and to the
column face with welded threaded studs. A simplified finite element model comprising beam
elements has been developed to reproduce the dynamic behavior of this kind of connections.
The model is updated by minimizing the discrepancies between the analytical and experimental
natural frequencies. The experimental frequencies were obtained through modal impact tests.
The initial rotational stiffness, which is an essential parameter to characterize semi-rigid joints,
can be easily obtained from the updated model. On the experimental side, the proposed
procedure just needs a portable analyzer and an accelerometer. The goodness of the model has
been validated with experimental monotonic tests and results are really promising.

Keywords: Modal identification, Model updating, Rotational stiffness, Bolted connections,
Rectangular hollow sections.

1 Introduction

It is known that hollow steel sections are a good alternative to H-sections in columns due to
several advantages regarding the mechanical behavior, higher fire resistance or just to improve
the aesthetics Edkhout (2011), Wardenier et al. (2010) and Kurobane et al. (2004).A good option
in ordinary buildings is to combine open section beams that present high flexural resistance with
tubular columns with high efficiency acting as beam-column members. Due to the inability to
access to the inside of tubes, these beam-to-tubular column joints are typically welded, welding
the entire beam open profile or sometimes welding only the beam flanges, Serrano et al. (2019).
The available bolted solutions based on using blind bolts are expensive, nevertheless a bolted
joint based on threaded studs that are easily welded to the tube walls could be an interesting
alternative Serrano et al. (2019). An important issue regarding connections is their
characterization in terms of rotational stiffness to be considered in the structural analysis,
Eurocode 3-1.8 (2005). Traditionally, the initial rotational stiffness is obtained through static
tests based on the moment-rotation curve plotted from the recorded data. An alternative
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approach could be based on modal data of full-scale joints, Tiirker(2009) andZapico-Valle et
al.(2012).

In this paper, a non-destructive procedure to estimate the initial rotational stiffness of bolted
beam-to-tubular column joints through modal data has been developed. The modal data were
obtained from impact tests carried out on nine different full-scale specimens of this kind of joint.
The experimental data are used to calibrate a finite element model comprising beam elements
through a model updating procedure. The updating is posed as the minimization of the
discrepancies between the experimental and analytical natural frequencies. The initial rotation
stiffness is obtained from the updated model. Finally, the static and dynamic estimations of the
initial stiffness are compared.

2 Experimental part

2.1 Descriptions of the specimens

Nine different configurations of bolted beam-to-tubular column joints have been considered in
this paper. Each configuration combines open section I beams (HEB200 or IPE300) with tubular
columns (SHS200 or RHS200x150). Six different columns were used varying wall thicknesses
(6, 8 and 10 mm). These configurations are common in buildings with ordinary loads. The
configurations are summarized in Table 1 along with identification code from SMS1 to SMS9.

Table 1. Sections of beam-column joints.

Specimen Column Beam
SMS1 SHS200x6 HEB200
SMS2 SHS200x8 HEB200
SMS3 SHS200x10 HEB200
SMS4 SHS200x6 IPE300
SMS5 SHS200x8 IPE300
SMS6 SHS200%10 IPE300
SMS7 RHS200x150%6 IPE300
SMS8 RHS200x150%8 IPE300
SMS9 RHS200x150%10 IPE300

Each specimen included two non-symmetrical angle cleats 120x80x10 bolted to the column
face and the beam flanges. The long leg of the angle cleat was bolted with four ordinary bolts to
the flanges of the beam. The short leg of the angle cleats was connected to the column through a
pair of welded threaded studs. The length of angle cleats was equal to the corresponding beam
flange width. That means 200mm for the HEB and 150mm for the IPE beams. S275 grade of
steel were used in tubes, beams and angles. Standard bolts M16 grade 10.9 were used to connect
the long leg of the angles to the beam flanges by means of a calibrated torque wrench of 250
Nm. The threaded studs were M16 grade K800x40, the total length of the stud being 40 mm.
The studs were welded to the tube front face without any specialized workforce using a portable
welding machine INOTOP 1704 and welded pistol KE30. After welding and positioning the
pieces, the nuts on the studs were tightened by means of a calibrated torque wrench of 190 Nm.

2.2 Dynamic tests

The physical models were dynamically tested under free boundary conditions. For this purpose,
each specimen was suspended in the air by means of a bridge crane connected to the specimen
through a sling, as shown in figure 1. Impact tests were performed with an ordinary hammer and
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only one accelerometer (100 mV/g) located at different positions. A CSI 2120 portable analyzer
was used to process the signal and to obtain the FRF and its corresponding natural frequencies.
In a preliminary stage, several accelerometer and impact positions were tried in order to extract
as much information as possible. The first mode was easily obtained impacting horizontally on
the beam end and locating the accelerometer vertically on the tube (Figure 1-left). And the third
mode was obtained locating the accelerometer horizontally in the beam (Figure 1-right) and
impacting in the same point. Both frequencies were accurately obtained in all the specimens.
The obtained first and third experimental frequencies, respectively labelled as ff and f5, for
each specimen are presented in Table 2.

Table 2. Experimental frequencies f¢ and fffrom impact tests.

Specimen ff [Hz] f# [Hz]
SMSI1 168 628
SMS?2 226 620
SMS3 207 611
SMS4 186 1057
SMSS5 253 1058
SMS6 302 1082
SMS7 302 754
SMSS8 332 1103
SMS9 416 1024

Figure 1.Dynamic test set-up. Left: First mode. Right: Third mode.

2.3 Static tests

The nine beam-column joints (SMS1 to SMS9) described in the above section 2.1 were tested
under displacement control and monotonic loading at a speed of 4 mm/min. The load was
applied by means of a hydraulic actuator Ibertest GIB 500-MD2W attached to a multi-positional
reaction frame. This actuator is able to reach a maximum load of 500 kN and a maximum
displacement of 200 mm. A vertical displacement was applied on top of the free end of the beam
as can be seen in figure 2. To prevent any horizontal movement of the joint, the top and bottom
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parts of the column were tied to the frame by means of 20 mm rods that were firmly tightened. A
DIC (digital image correlation) equipment Aramis model 5M was used during the tests. This
was synchronized with the jack, allowing the applied force to be recorded and the deformations
over the specimen surfaces to be measured by means of high resolution 3D images at the same
time. The beam rotation was measured with the DIC and the corresponding bending moment at
the connection section of the beam was calculated in a continuous way. This allowed the
moment rotation curves to be plotted and the experimental initial rotational stiffness of the joints
to be extracted from them. Figure 2 shows the general set up for a pair of joints during their tests
(SMS2 on the left and SMS8 on the right).

MU

Figure 2. General set-up of static tests

3 Analytical part
3.1 General approach

The analytical modelling of the specimens is essential to succeed in calibrating the initial
rotational stiffness of the joint. The analytical model should contain the features of the physical
one. The main particularity of the studied joints is that the beam-to-column connection is
localized at the angles, which are placed at the edges of the beam end. This gives rise to an
additional shear flexibility of the joint that affects significantly the dynamic behavior of the
specimens and therefore should be taking into account. It is also hypothesized that the
transmission of forces between beam and column is concentrated at the studs. The further
modelling will be based on these assumptions.

3.2 Finite element modelling

A finite element model composed by beam elements is used to characterize the in-plane dynamic
behavior of the specimens (Figure 3-left). The sling is modelled through a bar element, E, fixed
at an end (node 25) and pinned to the beam end (node 22). Both the beam and the column are
modelled as Timoshenko beams corresponding to their axes, A and B, which are split into eight
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and twelve elements, respectively (nodes 14 to 22 and 1 to 13). The geometrical properties
adopted for the elements are presented in Table 3.

Table 3. Nominal properties of the cross-sections.

Section Area [m?] Equivalent shear area | Second moment of area
[m?] [m*]

SHS200%6 4.561073 2401073 2.83310°°
SHS200%8 5921073 3.20 1073 3.566 10~°
SHS200%10 7.26 1073 4.00 1073 4.251107°
RHS200%150.6 3.96 1073 2401073 2.268 105
RHS200%150.8 5121073 3.20 1073 2.82910°°
RHS200%150.10 6.26 1073 4.00 1073 3.348 10°°
HEB200 7.81 1073 2481073 5.696 1075
IPE300 5381073 2571073 8.360 1075

Two additional elements, C and D, are used to model the joint itself. Elements C (nodes 14,
23 and 14, 24) are rigidly connected to the beam end (node 14). These are mass-less and rigid
elements. The rigidity is achieved by choosing an area and second moment of area of the cross-
section several orders of magnitude higher than those of the sections (Table 4). Nodes 23 and 24
are aligned with the stud axes. Elements D (node 5, 23 and 9, 24) are rigidly connected to the
column (nodes 5 and 9) and pinned to the ends of elements C (nodes 23 and 24). These elements
coincided with the stud axes and are modelled as mass-less Bernoulli beams. The area and
moment of area of the cross-sections of these elements, A, and I, provide respectively the
rotation and translation flexibility to the joint. They are chosen as the parameters to be updated.
Young’s modulus and Poisson’s coefficient were set respectively equal to 2.1 101! Pa and 0.3
for all the elements.

E 500 mm

900 mm

Figure 3. Finite element model scheme along with section types and main dimensions. Left: Dynamic
model. Right: Static model.
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Table 4. Mechanical properties of the elements.

Element Area [m?] Second moment of area Density
[m*] [kg/m®]
A Corresponding beam Corresponding beam 7850
B Corresponding column Corresponding column 7850
C 10 10 0
D Ap Ip 0
E 7-1077 0 0

3.3 Model updating

The updating of parametersAp and I,is posed as the minimization of an error function that
accounts for the discrepancies between the experimental natural frequencies, fj(e), and those

predicted by the model, fj(a). Modes 1 and 3, which exhibit a remarkable rotation and translation

of the joint (Figure 4), are chosen for the updating. A quadratic error function, Eq.(1),is selected
to quantify the discrepancies
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The minimization is carried out through an adaptive stochastic algorithm described in
Zapico-Valle et al. (2010). Results of the updating are presented in Table 5. In all the studied
cases the final fitting error was lower than 10729,

Mode 3

Mode 1 16

Beam length [m]
e
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Beam length [m]
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Column length [m] Column length [m]

Figure 4. Modes for updating purpose. Discontinuous line: Initial position. Bold line: Mode shape.

Table 5. Updated parameters for each joint.

Specimen Ap [m?] Ip [m*]
SMS1 2.144 1075 1.644 1077
SMS2 5.098 107> 1.777 1077
SMS3 4932105 1.846 1077
SMS4 1.2921075 | 4.4401077
SMS5 3.059 107> 48831077
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SMS6 5.396107° | 5.5521077
SMS7 3.3091075 | 1.8251077
SMSS8 5.056 107> | 5.2351077
SMS9 10.76 1075 | 4.509 1077
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3.4 Initial stiffness

The initial rotational stiffness is estimated through two different approaches. One is based on the
moment-rotation data coming from the monotonic static tests and another relies on the updated
finite element models. In the static approach, the first 100 moment-rotation points identified
from the experiments are fit to a first-order polynomial by the least squares method (Figure 5).
The first coefficient of the polynomial is chosen as an estimation of the initial stiffness,S3,;. The
range of the selected points corresponds to a maximum rotation around 5 - 1073 rad.
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Figure 5. Moment-rotation curve for joint SMS7. Dots: experimental data. Line: Linear fit.

In the dynamic approach, the updated finite element model is modified to reproduce the
boundary conditions of the static test (Figure 3-right). The sling is remove from the model and
nodes 2, 12 and 13 are fixed by pinned supports. Moreover, a force, F, is applied at node 22. The
rotation, 8, of node 14 due to a unitary force, F = 1, is computed through this model and from
the results the initial stiffness is estimated by Eq. (2),where 0.84 m is the arm of the force.

0.84 @)
Sini = —5—

Results of both dynamic and static approaches are presented in Table 6 along with the
discrepancies, &g, of the dynamic results relative to the static results. In six out of nine cases the
dynamic results are higher than the static ones, the discrepancies being in average around 10%.
An explanation of these outcomes could be that the displacement during the dynamic tests are
very low, while those of the selected points in the static tests are higher giving rise to softening
effects. Results are nevertheless very close from a practical point of view allowing the propose
method to be validated.
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Table 6. Initial stiffness comparative between dynamic, S ;, and static, S5,;, estimation.

Joint S&. [Nm/rad] | Sg,; [Nm/rad] & [%]

SMSI1 1.696 10° 1.832 10° -7.44
SMS2 3.878 10° 3.019 10° 28.46
SMS3 3.792 10° 3.755 10° 0.99
SMS4 1.905 10° 1.967 106 -3.15
SMS5 4.391 10° 4.416 10° -0.57
SMS6 7.511 10° 6.036 10° 24.45
SMS7 4.675 10° 3.626 10° 28.93
SMS8 6.999 10° 6.197 10° 12.93
SMS9 13.81010° | 12.52110° 10.29

4 Conclusions

Static and dynamic tests have been carried out on a set of nine full-scale bolted beam-to-tubular
column joints using threaded studs welded to the tube. Angle cleats bolted to the beam flanges
connect them to the tube by means of the studs. The aim of this paper was to obtain the initial
rotational stiffness of the joint by a different and easier procedure than the traditional one. The
procedure relies on a finite element model compose of beam elements. The model includes the
main features of these joints and is calibrated against modal data. The procedure has been
applied to nine different specimens of this joint. The comparison of results with those obtained
from static test on the same specimens allows the procedure to be validated. The proposal is of
practical application because it does not need the use of expensive facilities.
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