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ARTICLE INFO ABSTRACT

Keywords: The design of demountable bolted beam-to-column joints between structural open profiles as
Tubular structures beams and structural hollow-section as columns (IR joints) is not easy. This is because placing
Welded studs bolts in the inner part of the hollow-section column is sometimes difficult or impossible due to
Bolted connections their inaccessible interior. The research community has proposed some new types of I-beam to

Joint characterization
Demountable construction
Component method

RHS column joints. Blind bolted angle connections, channel/angle connections or angle con-
nections with welded studs are some examples. IR beam-to-column joints with welded studs is
great of interest due to their easy on-site execution and their capacity to be disassembled,
allowing the members of the joints to be removed, reused, and recycled, contributing to a more
sustainable construction. Two analytical models for the stiffness estimation based on the
component method are presented in this article. The analytical equations are tested against finite
element simulations which has been previously validated through a comparison with the results
from full-scale experimental tests. The experimental results were obtained in a vast campaign
including single-side or double-side bolted beam-column joints. The results of the forty-nine
geometries of beam to column joints analyzed in this paper show that stiffness can be esti-
mated using the proposed analytical models with a reasonable level of accuracy. Finally, a
simplified analytical equation to estimate the initial stiffness of the studied joints has been also
proposed.

1. Introduction

In steel building construction, I or H open-section profiles have traditionally been used rather than hollow-section profiles due to
their lower price per ton. However, hollow-section profiles have advantages in terms of mechanical strength, greater resistance to fire
and lower maintenance [1]. Thus, designs using hollow sections can be more efficient than those with open sections in many cases.

When tubular section columns are used, welded joints are usually preferred to bolted joints because they generally imply greater
stiffness and resistance [2-4]. However, they have some disadvantages because they require more time and specialization from the
operators in the execution task and the joints cannot be easily disassembled. So, the possibilities of reuse or recycle them are notably
reduced. Design of bolted joints with structural hollow-sections is not easy because placing bolts in the inner part of hollow-section is
sometimes difficult or impossible due to their inaccessible interior. However, the use of bolted joints makes it possible to disassemble
the joints, reduces the risks associated with assembly, promotes a greater flexibility and capacity to adapt to new scenarios and, as the
members can be disassembled, they can be reused or recycled contributing to a more environmentally responsible building life-cycle
[5,6].

In the last years, the use of bolted joints connecting hollow steel columns and I-beam has been studied by some authors. Mélaga-
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Chuquitaype et al. [7,8] proposed the use of blind bolts or “Hollo-bolts” that only requires accessing from one side of the hollow
structural section. However, when using concrete-filled tubular steel sections, the joint cannot be disassembled while in non-filled
tubular sections a prying tool is necessary to disassemble the joint. Another alternative was proposed by Malaga-Chuquitaype et al.
[9] and Liu et al. [10,11] who proposed a kind of connection which requires a channel and an angle cleat as intermediate pieces. In this
joint, the channel must be previously welded to the column making the assembling expensive and more complex. An option that makes
the joint demountable, when using concrete-filled columns and non requires intermediate pieces, is the use of joints with welded studs.
This low-cost technique, which only requires welding threaded studs to the frontal face of the hollow section by using a stud welding
gun, was initially proposed in the CIDECT 5AG project by Maquoi [12,13] and later has been studied by Vandegans et al. [14-16],
Neves et al. [17] and Serrano et al. [18,19].

When designing and executing structures with these joints, it is necessary to know the mechanical behavior of the joints in terms of
stiffness and strength for the reliability of joints and connected members. Eurocode 3.(1.8) [20] includes procedures to estimate the
stiffness and resistance of different types of joints using the component method as a way to classify the joint by its rotational stiffness
(pinned, semi-rigid and rigid) and by its moment resistance (pinned, partial-strength and full-strength). To apply the component
method, firstly, the components which have more influence on the mechanical behavior of the joints (active components) must be
identified. Then, the active components are isolated, and their behaviors are simplified by considering them as uniaxial springs with
linear stiffnesses calculated through simple equations. Finally, the isolated components are assembled in a mechanical model of the
joint, allowing the mechanical behavior of the full joint to be calculated, including its rotational stiffness.

Even though the component method is highly useful and adaptable, as it was initially developed for joints involving open-section
profiles, joints formed by open-section beams and hollow-section columns are not included in the standardized analytical proposals of
application. For this reason, the prediction of the rotational stiffness of these joints should be obtained through finite element sim-
ulations or through expensive experimental tests. Nevertheless, if some validated analytical equations for the stiffness and resistance of
the specific components of tubular columns were available, the component method could be applied and the procedure for a reliable
characterization of these joints would be simplified.

In this work, beam-column demountable joints formed by tubular columns and open-section beams are studied. These joints are
bolted and are executed by means of threaded studs welded to the face of the tube and by using top and seat angle cleats. This type of
connection, also called flange-cleat joint, include unequal sided angle cleats to connect the beam flanges to the column faces. In this
paper, firstly, a set of 49 beam-column joints that can be used in low-rise building structures is designed. Secondly, a parametric finite
element model of these joints is developed, validated and the results are compared with those obtained in full-scale tests carried out by
the authors in previous works [18]. Then, two analytical models able to describe the mechanical behavior of the joints and based on the
component method are proposed. To achieve this aim, the equations for open sections proposed in Eurocode 3 have been adapted when
possible, and some new expressions have been proposed when it was not possible. Finally, a simplified equation to obtain the stiffness
of the joints is proposed and the range of applicability is discussed.

2. Experimental and numerical studies

Thirteen full-scale hollow-column to I-beam bolted joints with double angle cleat were tested to obtain the actual moment-rotation
curve of the joint. From it, the two main representative values of the joint behavior were obtained: rotational stiffness and moment
resistance. The experimental moment-rotation curves allowed its comparison with the results from numerical simulations carried out
through the finite element method. Once the numerical simulations were validated through the tests, they were used to extend the
model to other untested geometries, which allowed obtaining the rotational stiffness of those different geometries. The results obtained
through the experimental and numerical moment-rotation curves were finally used to validate the analytical expressions proposed to
obtain the stiffness and resistance of the whole joint. They are mainly the result of assemble the main components that could be
identified and characterized through simplified equations.

Fig. 1. Type of beam-column joint tested. (a) Beam connection to one side of the column (SMS); (b) Connection with beam on both sides of the column (DMS).
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2.1. Experimental program

For the experimental evaluation of the stiffness of the beam-to-column joints with welded studs, two different types of joints were
considered: a) a beam connected to one side of the column (denoted as SMS here) and b) beams connected to both sides of the column
(coded as DMS). An example of each type can be seen in Fig. 1. The detailed experimental study was published by the authors in a
previous article [18].

The SMS-joints are made up of a square (SHS) or rectangular (RHS) hollow section column with a nominal length of 900 mm, an
HEB 200 or IPE 300 beam with a nominal length of 840 mm and angle cleats with unequal sides type L. 120 x 80 x 10 connecting the
flanges of the beam to the frontal face of the tube. In this type of joints, metric thread bolts, of 16 mm in diameter and quality 8.8 were
used to connect one side of the angles to the flanges of the beam. The connection of the other side of angles to the frontal face of the
tube was done by means of welded threaded studs with reduced diameter in the non-threaded area, with a metric thread M16, quality
K800 and 40 mm length. The different beam-column joint configurations at one side can be seen in Table 1 (specimens SMS), where the
relationship between the beam width and the column width (denoted as parameter f) is shown in the last column.

The DMS-joints are made up of a square (SHS) or rectangular (RHS) hollow section column with a nominal length of 900 mm, two
HEB 200 or IPE 300 beams with a nominal length of 470 mm and four angles with unequal sides L. 120 x 80 x 10. These sections
allowed the study of joints with ratios between beam width and column width of p = 1 and p = 0.75. To connect the angle cleats to the
beams, 16 mm 8.8 bolts were used, while to connect the other side of the angle cleat to the column, welded studs with a reduced
diameter in the non-threaded area were used. The studs were 16 mm and 4.8 grade and their length were 35 mm. The different beam-
column joint configurations with beams on both sides of the column can be seen in Table 1.

Table 2 shows the dimensions of the studs used according to the geometric parameters showed in Fig. 2. The geometry of the angle
cleats with the positions of the holes can be seen in Fig. 3. The distances of the holes to the edge were selected according to the
minimum and maximum distances established by Eurocode 3.(1.8) [20]. The bolts were prestressed with a tightening torque of 190
Nm applied in two steps. Thus, a torque of 150 Nm was initially applied, while in a second step the bolts were prestressed up to 190 Nm.

2.2. Numerical model of the joints

The numerical simulations of the beam-column joints (Fig. 1) were carried out by means of the Finite Element software ANSYS
18.1. Parametric models that allow an easy adaptation to different dimensions of the joints were developed considering geometrical
and material non-linearities. Different levels of detail were tested in the simulations in order to finally select the simplest one that
shows enough accuracy for obtaining the initial rotational stiffness in a parametric study.

2.2.1. Simulation with solid elements

A complete finite element simulation with solid elements including bolts, nuts, studs and all the corresponding contacts was
performed to compare its results with both the experimental ones and those from a simpler FE model. Three solid 186 elements were
considered through all wall thicknesses and geometric and material non-linearities were considered. A complete non-linear stress-
strain curve was taken for the material properties of the cold-formed hollow sections. The experimental results of yield limit and
ultimate strength from coupons extracted of different sections were considered for this material and the complete curve was created by
following the Ramberg & Osgood [21] nonlinear model until the yield limit (1). After this point, the Mirambell & Real [22] proposal
(2) was used.

A S A A AN EET AR .
o Eo» ’ (E“ f02 Ep, > ( u _f>> T2 ifo>f, (2)

Where f, is the yield limit (0.2% proof stress) and the slope at 0.2% proof stress is Eg 2 (3) and the strain at that point is 9.2 (4).

Table 1

Set-up of the beam-column joints tested with beam on one side (SMS) and beam on both sides (DMS).
Specimen Column Beam Angle cleat Bolts Studs B [by/bol
SMS1 SHS 200.6 HEB 200 L120 x 80 x 10 8 x M16 8.8 4 M16 x 40 K800 1
SMS2 SHS 200.8 HEB 200 L120 x 80 x 10 8 x M16 8.8 4 M16 x 40 K800 1
SMS3 SHS 200.10 HEB 200 L120 x 80 x 10 8 x M16 8.8 4 M16 x 40 K800 1
SMS4 SHS 200.6 IPE 300 L120 x 80 x 10 8 x M16 8.8 4 M16 x 40 K800 0.75
SMSS SHS 200.8 IPE 300 L120 x 80 x 10 8 x M16 8.8 4 M16 x 40 K800 0.75
SMS6 SHS 200.10 IPE 300 L120 x 80 x 10 8 x M16 8.8 4 M16 x 40 K800 0.75
SMS7 RHS 200.150.6 IPE 300 L120 x 80 x 10 8 x M16 8.8 4 M16 x 40 K800 1
SMS8 RHS 200.150.8 IPE 300 L120 x 80 x 10 8 x M16 8.8 4 M16 x 40 K800 1
SMS9 RHS 200.150.10 IPE 300 L120 x 80 x 10 8 x M16 8.8 4 M16 x 40 K800 1
DMS1 SHS 200.8 HEB 200 L120 x 80 x 10 16 x M16 8.8 8 M16 x 35 4.8 1
DMS2 SHS 200.6 IPE 300 L120 x 80 x 10 16 x M16 8.8 8 M16 x 35 4.8 0.75
DMS3 SHS 200.8 IPE 300 L120 x 80 x 10 16 x M16 8.8 8 M16 x 35 4.8 0.75
DMS4 RHS 200.150.8 IPE 300 L120 x 80 x 10 16 x M16 8.8 8 M16 x 35 4.8 1
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Table 2
Geometric properties of the studs.
d; class 1, [mm] dy [mm] d3 [mm] Ymin [mm] h; [mm] Ceramic ferrule
M16 K800 40 13.2 18 11 6 RF16
M16 4.8 35 13.2 18 11 6 RF16
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Fig. 2. Geometric parameters of the studs: before welded (left) and once welded (right).
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Fig. 3. Geometry of the angle cleats and position of the holes.
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The parameters m and n are constants that depend on the material being considered. With the experimental characterization tests
the parameters were adjusted to n = 8 and m = 2. The comparison between the stress-strain experimental and the mentioned material
model with n = 8 and m = 2 is presented in Fig. 4 for the cold-formed SHS200 x 6 (S275J0H).
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Fig. 4. Comparison between material model and tensile test SHS200 x 6.

The material model was bi-linear for the hot-rolled steel pieces, with a strain-hardening slope Eg, = 0.015 E, as recommended by
Foster et al. [23] when f,,/f;>1.3.

The mechanical behavior of studs and bolts was simplified as a bi-linear curve with Eg, = 0,0001 E, which is the recommended
value in EC3-1.5 [24] when strain hardening is not expected to be significant.

The geometry was meshed adopting an element size of 3 mm in the most critical areas and components: bolts, angle cleats, studs
and compression and tension zones in the hollow section (see Fig. 5). In order to save computational time, double symmetry was
considered since the numerically simulated tests was the double-side monotonic (DM) for joint DMS3 (Fig. 5a).

2.2.2. Simulation with shell elements

In order to develop a simplified model useful for wide parametric studies and practitioners, shell 181 elements were taken for the
walls of tubes as well as for the flanges, the web of the connected beams and the angle cleats. These types of elements were calibrated
and validated recently for welded I-to-RHS connections in Ref. [25] or for I-to-RHS end-plate bolted connections in Ref. [26] and they
were demonstrated to give good results and efficient computation time.

Two simple considerations of bolts and studs were tested in the simulations by considering a bonded contact between the hole edges
and the stud perimeter welds and by using preloaded line elements. The first simplification is implicitly neglecting the bolt and stud
deformations against the deformation of the other components, but the difference between both methods was not significant when low
and medium loads are considered due to the preload that was applied to the fasteners. Therefore, the simplest model can be used in
most of cases for obtaining the initial stiffness. When the moment resistance does not depend on the premature fracture of the studs it
was necessary to simulate them with preloaded line elements to take into account their deformation and to obtain a good approxi-
mation to the experimental moment-rotation curve (see detail in Fig. 5c).

The use of shell elements for the connection studied here is partially supported by the work in Ref. [15], where only the component
“frontal face in tension” is modelled. However, a validation of the complete shell model is still necessary since it includes many other
sources of uncertainty like the mentioned contacts or the simplified consideration of bolts and studs.

For all pieces, the stress-strain curve was assumed to be bilinear elastic-plastic with a linear strain hardening part that has a slope of
Esp = 0.015 E = 3090 MPa in the plastic zone of the curve. This is the recommendation by Foster et al. [23] when f,,/f;>1.3 for hot
rolled I sections and when f,/f;>1.15 for cold-formed hollow sections. The actual yield limits for tube walls and IPE were considered
from the tests results on coupons extracted from the faces of the hollow sections and webs and flanges from the open profiles [18].

Due to the symmetry of loads and geometry, just half of the full joint was considered in the DMS models allowing to save
computation time (see Fig. 5c). The model for the validation was created by considering the measured dimensions of the specimens.
The DMS tests were simulated introducing a vertical displacement, according to the applied compression load, on top of the column
while the double-sided beam-column joints were simply supported at the ends of both beams. The SMS simulations were designed with
a vertical imposed displacement on the beam end as in the experimental tests.

The bending moment was calculated in the connection plane and was registered to be plotted versus the corresponding rotation of
the beam measured 60 mm away (point denoted as ‘A’ in Fig. 5b).

The mesh size was calibrated prior to the experimental validation by considering quadrilateral shell elements of about 5, 7.5 and
10-mm sizes in the columns and angles. Since the beam is expected to have much less influence on the joint behavior, the main size of
its elements was taken as the double of the mentioned values. As an example, the result of this calibration for the DMS4 specimen is
shown in Fig. 6. It shows no differences between the three moment-rotation curves at low deformation levels and even at higher
rotations, the differences are almost negligible between the finest and medium mesh if we consider that the rotation for a transverse
deformation of the column of 3%by [2] that determines the failure is at about 0.026 rad. This transverse deformation was obtained in
the studs under tension of the FE models (see Fig. 5b).The results leaded to take a mesh of 7.5 mm for the column and the angles and a
mesh size of 15 mm for the beam.

2.3. Comparison solid elements vs. simplified simulation

Fig. 7 shows the comparison between the results from the complete FE simulation with solid elements and the simplified shell
model for the DMS2 test. The test result is also reproduced in the graph. The numerical curves show good agreement between them and
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Fig. 5. DMS3 simulation: one quarter model mesh (a) and Horizontal displacement (b) with solid elements and Von misses stress of the half model with shell ele-
ments (c).

between them and experimental results. In order to fairly assess the results, it should be taken into account that neither the complete
simulation nor the simplified one are able to predict the fracture. As it was said by Van der Vegte et al. [27], common FE models cannot
simulate cracking and fracture and some other more sophisticated models such as critical strain or damage criterion are required.

The squared points marked in the FEM curves show the instant when a transverse deformation of 3%bg (6 mm for the SHS200 x 6)
is reached in the simulations. Although in the simplified shell simulation the moment-rotation curve shows more divergence beyond
that point, the stiffness overestimation by the solid model, together with the good agreement of the simplified FE model before that
point and its very low computation time led to consider it as suitable for further parametric studies.

According to these results, the work continues with the complete validation of the simplified FE simulation with experimental

results since it has been demonstrated that it can provide enough accurate response curves in the part where initial stiffness is
measured, with a very limited computation time and number of elements.
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2.4. Experimental validation of the simplified simulation

Table 3 presents a comparison of the results obtained for the initial rotational stiffness Sj,; from the experimental tests and their
corresponding FE simulation for joints with a beam section HEB200 and a width ratio § = 1. The initial stiffness was taken as the slope
of the linear regression for the data points prior to a rotation angel of 3 mrad (0.003 rad). Table 4 presents the above-mentioned
comparison in case of beam sections IPE300 and considering separately joints with width ratios p = 0.75 and § = 1.0. Good agree-
ment was obtained in most cases with a mean value of deviations lower than 5%. It should be considered that there are inherent
difficulties on the initial rotational stiffness measurement due to the variability of the connecting components fit and the nonlinear
behavior of the joint since the beginning of the loading process. However, the proposed simplified finite element model provides
enough accuracy for the stiffness assessment and can be used in further extensions of the study.

The comparison between the simplified FE model and experimental tests shows good agreement for low rotations. Therefore, it can
be an efficient method for the simulation of the initial stiffness. Some tests (mainly the DMS set) show some differences at higher loads
when some downward peaks caused by premature cracking in the studs or in their welding area appear, and they cannot be simulated
by the model. However, after them, finite element simulations and experimental results tend to converge.

Figs. 8-11 present the experimental moment-rotation curves and their FE simulation for comparison for the batches of joints DMS,
SMS1-SMS3, SMS4-SMS6 and SMS7-SMS9. Since DMS experimental tests presented a much more ductile behavior on their 4.8 studs
after the first cracks, those were simulated until high rotations. The failure of the K800 studs used in SMS tests gave experimental
curves with lower rotation capacity. In both cases the simulation cannot predict neither the cracks nor the fragile failure of the studs or
their welds. Therefore, an analytically predicted fracture of the studs considering the failure mechanisms of the equivalent T-stub [9],
is presented in the FEM curves as a squared point. The calculations to obtain these resistance values have been carried out assuming the
actual material properties provided by the manufacturer [28] in the case of DMS simulations and with the experimental material
properties obtained from the results of section 2.2.1 in case of the SMS models. In addition, some cross points have been placed
marking the values in which the analytical front-face failure (according to Grotmann & Sedlaceck [29]) predicted smaller values than
the resistance of the bolts.

A quite good general agreement can be observed not only in terms of initial rotational stiffness as above commented but also for the

Table 3

Sini [kNm/rad] of joints with an HEB200 as a beam.
Width ratio p = 1.0 DMS1 t = 8 mm SMS1 t = 6 mm SMS2 t = 8 mm SMS3 t = 10 mm
Test 2744 1973 2801 3671
FEA 2529 2086 2920 3591
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Table 4
Sini [kNm/rad] of joints with an IPE300 as a beam.
Width ratio p = 0.75 DMS2 t = 6 mm DMS3 t = 8 mm SMS4 t = 6 mm SMS5 t = 8 mm SMS6 t = 10 mm
Test 1384 2882 2050 3795 4945
FEA 1472 2643 1790 3421 5476
Width ratio f = 1.0 DMS4 t = 8 mm SMS7 t = 6 mm SMS8 t = 8 mm SMS9 t = 10 mm
Test 5924 3828 5886 9303
FEA 5524 3878 5786 8890
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value of joint resistance. It is worth noting that, since the proposed models cannot simulate a fragile fracture, they present ductile
behavior after yielding and until the predicted failure of studs is reached.

The combination of FE simulation and the approximate calculation of stud resistances gives good agreement in both terms of
stiffness and resistance if we consider the first crack for this (see Fig. 8).

2.5. Extension of the simplified simulation

Once the FE model was validated, it was extended to another 36 different geometries of joints in order to study the stiffness of
several beam-column joints that are likely to be used in low-rise and medium-rise residential buildings. All the joints considered in the
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study were joints connecting IPE-section for beams and SHS hollow sections for columns, joined by two types of unequal angle cleats:
L120 x 80 x 10 and L120 x 80 x 12. 20 mm welded studs with reduced diameter and 16 mm bolts were used to connect the angle
cleats sides to the column and to the beam, respectively. The geometries of the joints that were simulated numerically can be seen in
Table 5.

All the joints were designed using angle cleats with the same length as the width of the beams, like in the experimental campaign.
The dimensions of the holes and the distances to the edges were the same as those used in the specimens tested experimentally (Fig. 3).
For the material properties, the nominal yield strength of S275 steel was used for the beams and columns, and the nominal properties of
the K800 stud (E = 210 GPa, f, = 640 MPa) were used for the studs. The obtained initial rotational stiffnesses for the joints simulated
numerically can be seen in Table 5. The joints were classified according to the stiffness classification proposed in Eurocode 3.1.8 [20].
In the classification, typical spans of 30 or 20 times the depth of the HEB or IPE beams were taken. Fig. 12 shows the stiffness clas-
sification of the beam-column joints together with the rigid (S; i = 8EI, /Lb) and pinned limits (Sj; = 0.5 EI, /Lb). From this figure it

can be inferred that all the tested beam-column joints and the FEM extended specimens behave as semi-rigid in non-sway frames, with
the only exception of DMS2 that is just in the lower limit.

3. Analytical modelling of the joint stiffness

In general, any typical connection configuration can be idealized as an assemblage of uniaxial springs following the component-
based method [20,30]. This section evaluates two analytical models based on the component method for the estimation of the rota-
tional stiffness of the proposed joints. Model 1 is a close adaptation of the EC3-1-8 model for open-sections, but it slightly modifies
some of the existing component equations or the parameters introduced in them, to be applied to rectangular hollow columns. Model 2
combines some of the equations proposed in EC3 and proposes new ones for the estimation of the stiffness of key components of the
RHS column. The two models are then compared in the subsequent section to evaluate the concordance between the rotational stiffness
obtained through the analytical models and the experimental and numerical stiffness.

3.1. Spring model 1

Model 1 is a direct adaptation of the EC3-1-8 model for open-sections and takes into account the basic components: lateral faces

Table 5
Geometry and rotational stiffnesses S; yum of the joints numerically simulated.
Joint Beam IPE Column SHS Column thickness to [mm] t; = 10 mm t; =12 mm
Sj;num [kNm/rad] Sj;num [kNm/rad]

FEBCO1 240 120 6 2587 3630
FEBC02 240 120 8 3358 5040
FEBC03 240 120 10 4103 6480
FEBC04 270 140 6 3247 4470
FEBCO5 270 140 8 4504 6750
FEBC06 270 140 10 5237 8030
FEBCO07 300 160 6 3990 5340
FEBC08 300 160 8 5594 8220
FEBC09 300 160 10 6555 9750
FEBC10 330 160 6 4982 6660
FEBC11 330 160 8 6508 9310
FEBC12 330 160 10 8043 11,900
FEBC13 360 175 6 5798 7650
FEBC14 360 175 8 8222 11,700
FEBC15 360 175 10 9540 13,900
FEBC16 400 180 6 7284 9430
FEBC17 400 180 8 9618 13,400
FEBC18 400 180 10 11,930 17,100
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Fig. 12. Stiffness classification of the beam-column joints.

under shear (k;), lateral faces under compression (ky), lateral faces in tension (ks), frontal face in bending (k4), angle cleats in bending
(ke) and studs in tension (ko). The spring model adopted for the proposed model 1 is presented in Fig. 13, while the joint’s geometric
parameters, the level arm of the joint (z) and the basic components are identified in Fig. 14. The expressions to determine the stiffness
coefficients for basic components have been adapted from the EC3-1-8, section 6.3.2.

3.1.1. Component lateral faces under shear
The stiffness coefficient of the lateral face under shear k; has been estimated according to the following equation, proposed in EC3
for the column web under shear when conventional open profiles are used:

0384,

ki, =
: Prez

)

Where Ay is the shear area of the column. In case of rectangular hollow sections with a load parallel to the depth hgy, Ay can be
calculated according to equation (6), where At is the cross-sectional area, hy and by are respectively the depth and width of the tube,
and fr is a transformation parameter obtained from Eurocode 3.1.8. This parameter varies depending upon loading conditions so,
when the column has moments applied to one side of the joint it can be approximated by 1 while if moments are equal and applied to
both sides, the parameter pr is equal to 0. z is the lever arm defined according to Eurocode 3.1.8 for a joint with angle cleats (see
Fig. 14).

A _Arehy

,= 6
by + hgo (6)

ky kg ke ki

z o) M,
Ky ky ]

Fig. 13. Simplified spring model of the joint adopted in the proposed model 1.
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Fig. 14. Sketch of a deformed single-sided joint. Definition of the joint’s geometric parameters and lever arm (z). Identification of the main components of the joint
(k;). The basic component identified with “** is only included in model 2. Notation: M, bending moment; Ft, tensile force; Fc, compression force; V, shear force.

3.1.2. Component lateral faces under compression
The stiffness coefficient of the lateral face under compression ky can be determined with equation (7), which is used for the column
web under compression in the European code:

k _07eby 01
) = d.

7)
Where b is the effective width of the lateral faces of the column under compression, which, adapting it to RHS, could be calculated
using equation (8), in which t; is the thickness of the angle cleat, r; is the radius of the angle cleat, ty is the thickness of the column, ry is
the radius of the column and d. is the width of the tube minus 3 times its thickness.

b =21, +0.6r; + 5 ® (fy + ro) (8)

3.1.3. Component lateral faces in tension
The coefficient of stiffness of the lateral face in tension ks has been obtained according to equation (9), based on the one for the
column web under tension in Eurocode.

_07e/ 01

ks d.

9
Where / ¢ is the effective width of the lateral faces of the column in tension, which can be calculated according to proposed equation
(10), where m is the distance between the stud and the beginning of the radius of curvature of the column, e is the distance from the
axis of the stud to the center of the column face, t( is the thickness of the column and d. is the width of the tube minus 3 times its
thickness.

/o =min(2am,4m+1,25¢ ) (10)

3.1.4. Component frontal face in bending
The stiffness coefficient of the frontal face of the column in bending k4 has been determined by adaption of the equation proposed in
EC3 for open sections (11).

_0'9’/ef°t8

m3

ks (11)
where L. is the effective width of the column (equation (10), tg is the thickness of the column and m is the distance between the stud
and the beginning of the radius of curvature of the column. This component has been considered once in the assembly (see Fig. 14),
referred to the front face in bending of the tension area, being coherent with the proposal of EC3-1.8 for the column flange in double
(top and seat) cleat angle connections.

11
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3.1.5. Component angle cleat in bending

The stiffness coefficient of the angle cleats in bending k¢ can be evaluated by (12), by means of the equivalent T-stub procedure
suggested in EC3, taking l.¢ equal to 0.5 times the length of the angle cleat, t is the thickness of the angle cleat, and m is the distance
between the axis of the stud in tension and the beginning of the radius of curvature of the angle cleat.

~09el,; e t?
-—

ke (12)
3.1.6. Component studs in tension

The stiffness coefficient of the studs in tension ki has been estimated in concordance with equation (13), used in EC3 for bolts in
tension, where Ag is the reduced area of the stud, and L is the length of the stud subjected to tension, taken as the thickness of the angle
plus the washer and half the height of the nut.

1.6eA;
LS

kio = (13)
3.1.7. Assembling the uniaxial springs

Taking into account the aforementioned stiffness coefficients, the initial stiffness of the full joint Sj; calculated according to the
proposed model 1, can be obtained according to equation (14) of assembly of the components.

E e 72
1 1 1 1 1 1
W T TR T T e

kio

Sim = a4

3.2. Spring model 2

Model 2 is an improved adaptation of the model proposed by EC3-1-8 for open sections and takes into account the components:
lateral face in shear (k;), lateral faces in compression and tension (ko and k3), frontal face in bending: stud-rows under compression (kg
o), frontal face in bending: stud-rows under tension (k4,1), angle cleat in bending (ke) and studs in tension (ko). The spring model
adopted for model 2 can be seen in Fig. 15, while the level arm of the joint can be seen in Fig. 14. The main differences with Model 1 are
the equations for the lateral faces in tension and compression and for the front faces in bending. In addition, those were considered for
both the tension and compression area (see Fig. 15) while in the previous model the effect of the compression component for the front
face was neglected.

3.2.1. Component lateral faces under shear
The stiffness of the lateral face under shear k; has been determined in the same way as in model 1, according to expression (5).

3.2.2. Components lateral faces under compression and tension

The coefficients of stiffness of the lateral face in compression and tension ko, k3 have been obtained by adapting the empirical
expression proposed by Aribert et al. [31] for the web of open-section profiles. The original fourth root has been modified, replacing it
by an eighth root after an empirical adaptation to joints with RHS profiles, according to studies carried out by some of the authors in
previous works on welded beam-column connections (Lépez-Colina et al. [4]; Lozano [32]. The stiffness coefficient of the lateral faces
under compression and tension can be calculated with equation (15):

b
ko=k; = 0.45015 0 { |~ (15)
ho

Where t is the thickness of the column wall, by is the width and hg is the depth of the column.

3.2.3. Components frontal face in bending

The coefficients of the frontal face in bending in the compression stud-rows k4c and in the tension stud-rows k4t have been obtained
with equation (16), where t is the thickness of the column wall, v is the Poisson’s ratio of the material, C; can be calculated according
to equation (17) and ’a’ is half the width of the frontal face minus the thickness of the RHS (18).

The value of C; has been determined according to previous works [32] where a coefficient (§), dependent on the relationship
between the width of the column and the width of the tube, is defined. However, in this paper a new f* coefficient is defined, being
different in the tension and compression zones. This is because in the stud-rows under tension, the frontal face of the column is
tensioned through the studs, but in the stud-rows under compression the load is applied perpendicularly to the column frontal face,

Fig. 15. Simplified spring model of the joint adopted in the proposed model 2.
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through the entire surface of the short flange of the angle cleat. Thus, in the case of compression, the new coefficient p* was defined as
the ratio between the length of the angle cleat (which in our connections is equal to the width of the beam by) and the width of the
column (by), while for tension it is the ratio between the spacing of the studs and the width of the column (bp). According to previous
works [32], the range of applicability of the equation is limited to values of p* lower than 0.87. For higher values, the effect of the
component of stiffness should be neglected.

P met
k4cik4ril2o(1 —12) e C 0a? (16)
C,= —0.08 ¢ " + 0.07 with g* < 0.87 a7z
_by—1o
a== (18)

3.2.4. Components angle cleat in bending and studs in tension

The coefficient of the angle cleat in bending ke has been obtained with the expression (12) proposed in Eurocode 3 and which is the
same as that used in model 1. Similarly, the estimation of the coefficient of stiffness of the studs in tension k;( has been estimated in
accordance with expression (13), proposed by Eurocode 3 and is the same as that used in model 1.

3.2.5. Assembling the uniaxial springs
Taking into account the previously mentioned stiffness coefficients, the initial stiffness of the full joint Sj v, calculated according to
model 2, can be obtained by equation (19).

Ee7?
e te Tt tet

kic © kar kio

(19)

Sjmz =

4. Discussion

The analytical stiffnesses for the beam-column joints tested experimentally can be seen in Table 6. For an easy comparison, the table
shows the initial stiffnesses S; gxp obtained in the experimental tests carried out on full scale joints, together with the analytical initial
stiffness obtained for those joints through the model 1, Sjw; (equation (14)) and the model 2, Sj 2 (equation (19)).

All these results from Table 6 are graphically presented together with those from the extension of the finite element model in
Figs. 16 and 17. The figures compare the initial stiffnesses obtained in the tests Sjgxp, or from the extension of the numerical model of
FE with the analytical estimation through models 1, S (equation (14) in Fig. 16) and model 2, S;v2 (equation (19) in Fig. 17). The
solid diagonal line indicates a perfect fit, while the dashed lines show the +20% interval of error. From the figures it can be inferred
that in most cases the model 1 overestimates the actual stiffness of the joint, i.e., the stiffnesses obtained through the model 1 are higher
than those obtained experimentally or numerically, while the stiffness obtained through model 2 are in general more precise and with
predictions on the safety side.

According to the previous results, an acceptable concordance between the analytical predictions and the experimental results is
observed. In the case of model 1, a mean absolute error (MAE) of 23.55% was obtained for the SMS specimens and a MAE of 54.43% for
the DMS specimens. The discrepancies are smaller when model 2 is compared with the experimental results, with an average absolute
error of 14.65% for the SMS specimens and an average absolute error of 16.56% for the DMS specimens. Similar results were observed
when all the available results (numerical and experimental) are compared together with the analytical predictions. In the case of model
1, a MAE of 21.78% was observed when all the stiffness values are included. The discrepancies were again smaller when the results
obtained through model 2 were compared, obtaining a mean absolute error (MAE) of 13.26% for the set of all the specimens. Finally, it
is observed that the SMS9 specimen does not fit with the trend of the rest of specimens. Since its stiffness is well above the stiffness
obtained experimentally for the same joint geometry but with a tube thickness of 8 mm (SMS8 specimen), it is understood that this

Table 6

Initial stiffness obtained in the test S; gxp and initial stiffness obtained through the model 1, S; v and the model 2, S n.
Specimen Sj,exp [kNm/rad] Sj,m1 [kNm/rad] Sj,m2 [kKNm/rad]
SMS1 1973 2973 1935
SMS2 2801 3589 2708
SMS3 3671 3834 3212
SMS4 2050 2824 1941
SMSS 3795 4387 3203
SMS6 4945 5360 4220
SMS7 3828 4687 3424
SMS8 5886 5503 4545
SMS9 9303 5773 5104
DMS1 2744 3897 2892
DMS2 1384 2963 2003
DMS3 2882 4637 3322
DMS4 5924 5969 4851
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Fig. 16. Assessment of beam to column stiffness analytical approach (model 1).
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Fig. 17. Assessment of beam to column stiffness analytical approach (model 2).
result comes from an undetermined mistake on experimentation.

5. Validation of the analytical proposal

The effect of joint flexibility in the global structural analysis of framed structures must be considered when the joints have semi
rigid behavior. However, the use of analytical equations or numerical models to estimate the initial stiffness implies a certain deviation
with respect to the actual stiffness of the joints. Thus, considering a joint as a purely pinned connection when the actual stiffness is
higher, implies neglect the rotational restraint of the connection. Consequently, this leads to an underestimation of the load capacity of
the frame and an overestimation of the deflection. On the opposite side, considering a purely rigid connection when the actual stiffness
of the joint is lower, leads to overestimate the connection restraint and thus may overestimate the load capacity of the frame or the
moment in the connections. Therefore, the global structural analysis of framed structures requires a good approach to the joint stiffness
to get an efficient structural design.

The Eurocode provides analytical equations which allow the joints to be classified as rigid, semi-rigid or pinned. When the stiffness
of a beam-column connection in non-sway framed structures is higher than 8 times the flexural stiffness of the beam, the global
structural analysis can be carried out with a nominally rigid joint. According to previous studies [33], this simplification implies a drop
of no more than 5% of the critical global elastic buckling load of the frame, which corresponds to a drop of 2% of the bearing capacity
of the frame.

Based on this, some authors [34,35] have proposed equations to calculate the boundaries within the difference between the actual
and the approximate stiffness does not imply a drop of 5% of the critical global elastic buckling load of the braced frames (2% of the

load capacity of the frame). The lower boundary (LB) can be obtained through equation (20) and the upper boundary (UB) can be
obtained through equation (21).
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10eS;,,, ® E @ I,

UB=—— "t~ = "7h
8eFEel, +Si,peL,

(21)

Where S;,app is the approximate joint stiffness to be validated, E is the Young’s modulus, I, is the inertia of the beam and Ly, is the length
of the beam.

To determine the validity of the approximations obtained through the proposed analytical equations, the upper (UB) and lower (LB)
boundaries were calculated for each type of joint, considering the approximate stiffness obtained through analytical model 2 (S;,app =
Sj,m2). Ly was taken equal to 20 times the depth of the beam. Next, the ratios between the real (experimental or numerical) stiffness (S;,
real) and the lower and upper border (coefficients C; and Cy) were calculated using expressions (22) and (23), respectively. In this way,
a coefficient C; and Cy lower than 1 means that the prediction is within the frontier. When both conditions are met (C; and C; less than
1), the error in the stiffness prediction does not result in a drop of more than 5% of the critical elastic buckling load. The coefficients C;
and C, obtained for the tested specimens and for the joints numerically simulated can be shown in Fig. 18. The points that fall into the
green area meet both conditions. As can be seen in the graph, all the joints except two of them (specimens SMS9 and DMS2) meet both
conditions.

LB
C = (22)
! S real
Sjrml
= 2
G UB (23)

6. A fast-simplified analytical proposal for the proposed joints

When estimating preliminary stiffness of joints, simplified equations are usually required. Therefore, in this work equation (24),
which makes it possible a fast preliminary sizing of the stiffness of joints with welded studs, is proposed. The equation only depends on
the parameters E, which is the Young’s modulus, z that is the lever arm of the joint, to which is the thickness of the tube and D that is a
coefficient obtained by iterating until minimizing the model error.

Ee7 et
Sipre = TO 24

The equation can be applied to joints made with 10-mm and 12-mm thick angle cleats. These two thicknesses were selected due to
the reason that they are available in the market for any angle cleat geometry with unequal sides. The denominator D was estimated as
39 for the specimens with a 10-mm thick angle cleat and 26 for the specimens with a 12-mm thick angle cleat. With these values, an
average absolute error of 13.34% was obtained.

This simplified equation is applicable to joints in which there is only one row of studs in tension and the row consists of two studs
welded to the frontal face of the column as far apart from each other as possible. This means the studs are placed as near the lateral
faces of the column as possible, but taking into count the distances of the holes to the edge of the angle cleat according to the minimum
and maximum distances established by Eurocode 3.(1.8) [20]. In addition, the length of the angle cleat should be equal to the width of
the beam and the ratios beam width-column width should be over 0.75.

For both the tested specimens and the simulated specimens, the initial stiffness was estimated through equation (24). The esti-
mations are shown in Table 7 and Table 8. The validity of the approximations was checked to ensure that an uncertainty in the
approximation of the stiffness of the joints does not imply a drop greater than 5% of the critical global buckling elastic load, which
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Fig. 18. Coefficients C; and C, (model 2).
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Table 7

Initial stiffness obtained with the fast-simplified analytical proposal, Sjpre, lower (LB) and upper (UB) boundaries and coefficients C; and C; calculated for the tested

specimens.
Specimen tp =10 mm

Sjpre [KNm/rad] Cy Cy

SMS1 1852 0.71 0.79
SMS2 2495 0.66 0.80
SMS3 3195 0.63 0.80
SMS4 3625 1.26 0.38
SMS5 4883 0.88 0.49
SMS6 6255 0.83 0.46
SMS7 3575 0.67 0.73
SMS8 4966 0.58 0.75
SMS9 6259 0.44 0.87
DMS1 2535 0.68 0.77
DMS2 3618 1.90 0.27
DMS3 4875 1.19 0.39
DMS4 4951 0.59 0.79

Table 8

Initial stiffness obtained with the fast-simplified analytical proposal, S;j e, lower (LB) and upper (UB) boundaries and coefficients C; and C, calculated for the

numerically simulated specimens.

Joint t; = 10 mm =12 mm
Sjsnum [kKNm/rad] C Ca Sjnum [kKNm/rad] C; Ca

FEBCO1 2540 0.66 0.71 3630 0.61 0.67
FEBC02 3320 0.59 0.73 5040 0.55 0.63
FEBC03 4030 0.53 0.79 6480 0.48 0.66
FEBC04 3190 0.65 0.73 4470 0.60 0.71
FEBCO5 4450 0.57 0.76 6750 0.52 0.69
FEBC06 5170 0.54 0.77 8030 0.50 0.64
FEBCO7 3930 0.64 0.76 5340 0.59 0.75
FEBCO08 5500 0.58 0.76 8220 0.53 0.71
FEBC09 6490 0.55 0.76 9750 0.52 0.63
FEBC10 4900 0.67 0.72 6660 0.62 0.71
FEBC11 6450 0.63 0.70 9310 0.59 0.63
FEBC12 7930 0.57 0.74 11,900 0.54 0.62
FEBC13 5710 0.66 0.76 7650 0.61 0.76
FEBC14 8050 0.60 0.76 11,700 0.55 0.71
FEBC15 9350 0.59 0.74 13,900 0.55 0.63
FEBC16 7120 0.68 0.74 9430 0.64 0.73
FEBC17 9510 0.65 0.71 13,400 0.61 0.64
FEBC18 11,700 0.59 0.73 17,100 0.57 0.62

corresponds to a 2% drop in the load capacity of the frame. For this, the coefficients C; and C, were calculated again using expressions
(22) and (23). The results are shown in Table 7 for the tested specimens and in Table 8 for the numerically simulated joints. All these

data can be graphically seen in Fig. 19.

As it can be seen from the results, all the specimens except for three (SMS4, DMS2 and DMS3) are within the borders, which can be
considered good for an initial pre-sizing stage and even acceptable for the final calculation, despite the great simplicity of the

expression.

]
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Fig. 19. Coefficients C; and C, (fast-simplified analytical proposal).
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7. Conclusions

The experimental tests and the numerical simulations of the proposed flange cleated beam-RHS column joints with welded studs
showed that the initial rotational stiffness of these joints increases by increasing the thickness of the tube, by increasing the parameter f§
(ratio between the beam width and the column width) and by increasing the depth of the beam connected to the column. All the beam-
column joints were classified as semi-rigid in non-sway frames.

The tests of the beam-column joints were successfully simulated by using a simplified finite element parametric model. The ele-
ments used were Shell181 centered on the faces of the tube and on the flanges and web of the beams, while the studs were modelled by
using line elements. The actual mechanical properties from some material characterization tests were used in bilinear material models.
This simplifies the parametric model and decreases the computing time of the parametric extension.

The component-based analytical models proposed for the estimation of the initial stiffness of the beam-column joints present
acceptable agreement with the experimental and numerical results. In addition, they both can be easily implemented in the extension
of the component method to hollow section joints. Some efforts are being carried out in this sense in the most popular codes for design
of joints. Comparing the analytical results with the experimental results, a higher mean absolute error was obtained for model 1 than
for model 2. This means that when using specific equations for key components of the tube (model 2), the analytical stiffnesses were
safer and closer to those obtained experimentally.

A simplified analytical equation to estimate the initial stiffness of the studied joints has been also proposed. This approach is useful
in the pre-design of joints with threaded welded studs and very easy to apply, showing good performance with enough approximation
to the results derived from experimental tests or from the extended data base from the validated numerical model.
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