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Abstract

In Ecuador, the use of square tubular steel connections has increased in houses and shopping centers.
However, there is no regulation that explains the behavior of the connection. In this research, the experimental
behavior of this connection was evaluated. For this purpose, tests were carried out where the elastoplastic behavior of
welded joints with square steel tubes formed by G profiles of 60x30x10x2 and 80x40x15x3 mm, subject to
monotonic loads, were analyzed. Each test consisted of imposing a progressive load on the frame upper node, in
order to measure the displacements and distortion of the geometry of the beam-column join elements of the lower
connection. Results show that the experimental collapse load in frames 1, 2 and 3 (connection without
reinforcement) decreased 12.82 % with respect to the theoretical value, while the collapse in frames 4, 5 and 6
(reinforced connection) increased by 14.96 %. The reinforcement was constituted by platens installed in the column
of the lower connection. With this, the failure due to local buckling has been avoided and the formation of plastic
hinges in the beam of the welded joint has been guaranteed, thus fulfilling the criterion of weak beam-strong column.

Keywords: monotonic load, welded connection, G profiles, plastic hinge.

Comportamiento Experimental de Conexiones Soldadas entre
Tubos Cuadrados de Acero Conformados por Perfiles G de
60x30x10x2 y 80x40x15x3 mm Sometidas a Carga Monotonica

Resumen

En el Ecuador se ha incrementado el uso de conexiones con tubulares cuadrados de acero en viviendas y
centros comerciales. Sin embargo, no existe una normativa que explique su comportamiento. En esta investigacion se
evalu6 el comportamiento experimental de dicha conexién. Para ello, se realizaron ensayos donde se analiz6 el
comportamiento elastoplastico de juntas soldadas con tubos cuadrados de acero conformados por perfiles G de
60x30x10x2 y 80x40x15x3 mm, sometidas a carga monot6nica. Cada prueba consistié en imponer carga progresiva
en la conexion superior del pértico, para medir los desplazamientos y distorsion de la geometria de los elementos
union viga-columna de la conexion inferior. Los resultados evidencian que la carga de colapso experimental en los
porticos 1, 2 y 3 (conexion sin refuerzo) disminuydé 12,82 % con respecto al valor tedrico, mientras que en los
porticos 4, 5y 6 (conexién reforzada) se increment6 en 14,96 %. El reforzamiento estd conformado por platinas
instaladas en la columna de la conexidn inferior. Con ello, se ha evitado la falla por pandeo local y se ha garantizado
la formacion de rotulas plasticas en la viga de la union soldada, cumpliendo asi el criterio de viga débil-columna
fuerte.

Palabras clave: carga monot6nica, conexion soldada, perfiles G, rétula plastica.
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Introduction

Until recently the elastic behavior of materials (Hibbeler, 2017) was used for designing structures
(Kassimali, 2015), due to the little knowledge about the behavior of materials subject to deformations exceeding the
elastic ones. However, important advances in models based on the theory of frames, have attempted to represent the
stages of the real behavior of structures, and this is how nonlinear plastic models that consider large displacements
and deformations, under static and dynamic requirements (NEC-SE-CG, 2014; NEC-SE-DS, 2014), have been
developed.

As explained earlier, Ugarte et al. (2006) evaluated the behavior of square tubulars to bending with
monotonical load, whose modeling is implemented using the software Abaqus. However, the study focuses on
tubular elements without reinforcement. Carapaz (2015) studied the behavior of steel tubulars subject to axial load
with the alternative of internally filling the tubular with concrete. Gonzélez (2016) evaluated the behavior of bolted
joints of squared tubulars cold formed without using reinforcement plates and welding as join element. Fadden
(2013) studied the connection between cold formed squared tubular elements subject to monotonic and cyclic loads,
the reinforcement consisted in placing a stiffening sheet that surrounds the perimeter of the column and rests on the
flanges of the top and base beams using full penetration welding.

Rezaifar and Younesi (2017) carried out an analytical study of the beam-column connection with
trapezoidal stiffeners welded to the flanges of type I-beams, as opposed to the case proposed in this study where
plates that surround the perimeter of the square-section column are installed.

One of the constructive forms extensively used in Ecuador is joining cold-bent G profiles (Novacero, 2017)
and form square-section steel tubulars through the use of fillet or full penetration welding. However, there is
uncertainty in the plastic behavior of the welded beam-column connection between these elements (Pellicer, 2014).

As explained earlier, in this research it was evaluated the behavior of such connection by means of
experimental tests, in order to appreciate the distortion of the cross section of the weld connected beam and column
(With and without reinforcement) (Romero, 2010).

The experimental tests allow the elastic and plastic behavior analysis of the weld joint elements, which is

essential to avoid possible failure mechanisms that may occur in the building (NEC-SE-AC, 2014), especially, if the
node does not fulfill the strong column-weak beam criterion (ANSI/AISC, 2010).

Experimental

Determination of the collapse load in the tested frames

The collapse load of the tested frames was determined with the theory of plastic analysis (Segui, 2013). For that a
collapse mechanism is proposed (Figure 1).

A M Mp nod
p node p node
A M S/ M —
J
Q
Q a
L
Mp emp Mp emp
M M
N\ N\
Collapse mechanism in the frames. Plastic hinge mechanism.

Figure 1. Plastic analysis of the frames collapse mechanism (Segui, 2013).
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The calculations were carried out using Equation 1 (Segui, 2013).
Wext:Wim (1)

Where:
W,,¢; is external work; W;,,, is internal work.

PA=2 (Mpemp+Mpnode) * 6, but A is equal to A= 0*L, then
P*0*L =2 (Mp,,, +Mp, ) * 0

From this Mp, . is equal to Mp_ . The calculations for the collapse load “P” were carried out using Equation 2.

p_4M, _4*125*S1F, @)
L L

Where:
Mn is nominal plastic moment; Se is elastic section modulus (AISI, 1996); Fy is yield stress (Cervera, 2015); L is
length of the element, set at 45 cm; 1.25 is shape factor to convert from elastic moment to plastic moment.

Substituting in Equation 2, the mechanical properties 1.25 Se, Fy and L, as shown in Table 1, the load "P" in each
case resulted as:

Table 1. Collapse load in the tested frames.
Frame Se(cm®)  Fy (kgflcm?) L (cm) P (N)

Frame 1 beam and column

60x60x2mm square tube 9.22 2,531 45.00 25,436
Frame 2 beam and column
80x80x3mm square tube 24.52 2,581 45.00 67,646
Frame 3 beam 60x60x2mm square
tube column 80x80x3mm square 24.52 2,531 45.00 67,646

tube
Se: elastic section modulus, Fy: yield stress, L: length of the element, P: applied load.

Analysis and design of the nondeformable support framing

The geometry of the rigid framing for the assembly of the tested frames is shown in Figure 2.

Suppott frame
Section HEB 220

91.00

@’
.,23’ Support frame

&
S / Section HEB 22
=

59.50 69.60

145.00
Figure 2. Geometry of the rigid framing for the assembly of the tested frames. Specifications cm.
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The analysis of the framing was developed with the SAP 2000 (2017) software, while the design for
bending and the shear evaluation was performed with the theory of permissible stress (McCormac, 2012). The
calculations were carried out employing Equations 3 and 4 using a load in service condition of 78,453 N, i.e.,
approximately 1.2 times more the collapse load of 67,646 N for the most rigid frame tested, with this the shear and
maximum moment resulted: 16,381.5 Kgf and 4,386.5 Kgf.m (Figure 3).

Support frame Support frame
Sedtion HEB 220 Section HEB 220
G 80x40x3 mm | G 80x40x3 mm |
: 3
¥ Z
e 2
88.80 o 88.80 o0 =
7 . 2 ~
D G 80x40x3 mm R G 80x40x3 mm
& &
& 16,3855 Kg & 4,386.5 Kgf.m
) Maximum shear in frame Maximum moment in frame
Maximun
59.50 69.60 -0 68,
145.00
145.00
Maximum shear in support framing. Maximum moment in support framing.

Figure 3. Analysis of the support framing in the (SAP 2000, 2017) software. Specifications cm.

Fb=0.60Fy=fb= = ®3)

Where:
Fb is permissible bending stress; Fy is yield stress of the steel; fb is acting bending stress; M is acting moment; Sx is
elastic section modulus.

— -V 4
Fv=0.40Fy>fv= a 4)

Where:
Fv is permissible shear stress; V is acting shear; Aw is the profile web thickness; d is the web height; Fy is yield
stress of the steel.

Substituting the maximum moment in service condition of 438,650 kgf.cm Equation 3, the elastic section modulus

Sx resulted:
M 438,650 kgf.cm

T0.6°F, 0.6%2,531(kgflcm?)

Sx =288.85 cm’

With this result, a HEB160 profile (Novacero, 2017) was obtained. However, to prevent the failure due to shear, it
was selected a HEB220 profile; with a web area of 17.86 cm2 and a yield of 2,531 kg/cm2 (ASTM, 2014), such that
when substituting in Equation 4 the acting shear stress resulted:

~ 16,381.50 kgf

1786 o =917.2 kgf/em? < 1,012.42 kgf/cm?
.86 cm

Calculation of the reinforcement platens

In order to determine the dimensions of the reinforcement platen, the beam-column connection of square
cross section constituted by G 80x80x15x3 mm profiles was considered, and the theoretical foundation that the
resisting moment of the column should be 1.10 times larger than the one corresponding to the beam (NEC-SE-AC,
2014). For this purpose, it was developed an Excel sheet whose data is shown in Table 2 and results in Table 3.

Rev. Téc. Ing. Univ. Zulia. Vol. 44, No. 2, May-August, 2021.
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Table 2. Input data of the column reinforced with a platen of 25x2 mm.

Profile data in mm/cm

h 84 8.40
b 42 4.20
h; 15 1.50
t 3 0.30
r 3 0.30

h: profile height, b: profile width, hl: folding
length of the flange, t: thickness, r: radius of
curvature.

Table 3. Nominal plastic moment results for the reinforced column.

Profile without reinforcement Profile with reinforcement (e) (mm)
Wx (cm®) 12.26 Wx (cm®) 13.59 2.000
Mn (Kgf.cm) 77,751 Mn (Kgf.cm) 85,984 2.000

Wx: section modulus, Mn: nominal plastic moment, e: reinforcement platen thickness.

From the results it is observed that the nominal moment of the section with reinforcement (plate with a
thickness of 2 mm) is 85,984 Kgf.cm, i.e., 10.58 % larger than the one corresponding to the section without

reinforcement which is 77,571 Kgf.cm.

Hence, it was obtained a plate thickness of 2 mm. However, it was selected a commercial plate (Novacero,
2017) with the thickness of the most rigid tube, i.e., 3 mm, and 25 mm width.

Tests performed.

The mechanical properties of the G profiles that were welded to form the square section of the beam-column
connection of the tested frames are shown in Table 4.

Table 4. Mechanical proper
ties of the cold formed G profiles (Novacero, 2017).
G profiles (mm)  Area IX ly Wx  hit
cem*  cm*  em*  om?
60x30x10x2 254 1488 528 490 30

80x40x15x3 511 49.04 10.85 12.26 27
IX: inertia in the x direction, ly: inertia in the y
direction, Wx: section modulus, h/t: height/thickness

ratio.

The geometry of the tested frames without and with reinforcement are shown in Figures 4 and 5.

60x60x2 mm__|— 80x80x2 mm |— 80x80x2 mm |——
g =
= = E
Frame 1 g 51.00 Frame 2 § 53.00 Frame 3 é 53.00
= X E
= = =
n |— 20.00 80x80x2 mm |——+ 20.00| 80x80x2mm [—

20.00 60x60x2 mn

—s500— b s500— L 45.00—

Figure 4. Geometry of the tested frames 1, 2 and 3, without reinforcement.
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80x80x2 mm 0x80x2 mm |—

Frame 6 53.00

.00

=
=
o~
w
o
o0
=
o
00

80x80x2 mm - '—"

! : 250
Platen 25x3mm |, o 4500

20.00

Platen 25x3 mm

Figure 5. Geometry of the tested frames 4, 5 and 6, with reinforcement.

The set constituted by support framing and frames was placed at the of the universal testing machine
(UTM). Each test consisted in imposing a progressive load at the upper joint of the frame (Figure 6a).
Subsequently, it was systematically measured the displacement of the lower joint using a measuring tape (Figure 6b).
Then, to evaluate the distortion of the cross section in the elements of the lower connection, it was necessary to
measure with a vernier, as shown in (Figure 6c¢), parameters such as: widening of the cross section of the column and

beam, called (C1) and (V1), respectively.
(©)

Figure 6. (a) Application of progressive load to the upper joint of the tested frames, (b) Measurement of the

displacement of the lower joint of the tested frames, (c) Measurement with a vernier of the widening of the cross
section of the welded joint beam, (V) doing the same for the columns (C,).

Results and Discussion

Tables 5 to 10 show the results of the tests, which were used as sources for the plots shown in Figures 9 to
11; applied load vs. vertical displacement, applied load vs. widening of the cross section of the column (C;) and
applied load vs. widening of the cross section of the beam (V). Figure 12 represents the experimental behavior of

the connection.

It may be observed in Tables 5 to 7 that the experimental collapse load in frames 1, 2 and 3 (connection
without reinforcement) decreases 12.82 % (arithmetic mean) with respect to the theoretical one, which is due to a
failure as a result of an excessive load that distorts the cross section of the column (local buckling), thus a plastic

hinge is formed in those elements.

It may be observed in Tables 8 to 10 that the experimental collapse load in frames 4, 5 and 6 (column of the
lower connection reinforced with plates) increases 14.96 % (arithmetic mean), while the displacement with respect to
frames 1, 2 and 3 decreases 47.36 % (arithmetic mean). This is due to the increase of the frame lateral rigidity as a

result of the addition of the reinforcement.

Rev. Téc. Ing. Univ. Zulia. Vol. 44, No. 2, May-August, 2021.
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Table 5. Record of experimental data for frame 1, square beam and column formed with 60x30x10x2 mm G profiles.

Frame 1
Experimental Theoretical Displacement Column 60x60x2 mm Beam 60x60x2 mm
load (N) load (cm) Widening (Cy) (mm) Widening (V1) (mm)
(N)
0 25,436 0.00 0.00 0.00
4,000 0.00 0.03 0.00
8,000 0.30 0.07 0.02
12,000 0.40 0.21 0.02
16,000 0.55 0.34 0.03
20,000 0.95 6.96 0.04
19,900 2.40 10.41 0.04

Table 6. Record of experimental data for frame 2, square beam and column formed with 80x80x15x3 mm G profiles.

Frame 2
Experimental Theoretical Displacement Column 80x80x3 mm Beam 80x80x3 mm
load (N) load (cm) Widening (C,) (mm) Widening (V1) (mm)
(\)

0 67,646 0.00 0.00 0.00
4,000 0.30 0.00 0.00
8,000 0.40 0.00 0.00
12,000 0.45 0.00 0.00
16,000 0.50 0.00 0.00
20,000 0.50 0.00 0.00
25,000 0.55 0.00 0.00
30,000 0.60 0.00 0.00
40,000 0.65 0.39 0.00
45,000 0.70 0.39 0.11
45,000 1.00 0.39 0.15
50,000 1.40 0.39 0.15
60,000 2.00 0.39 0.17
63,000 3.20 3.64 1.02
65,000 3.70 8.63 1.30
66,000 4.60 11.36 1.60
63,000 5.50 14.11 1.71
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Table 7. Record of experimental data for frame 3, square beam formed with 60x30x10x2 mm G profiles and square
column formed by 80x40x15x3 mm G profiles.

Frame 3
Experimental Theoretical ~ Displacement Column 80x80x3 mm Beam 60x60x2 mm
load (N) load (cm) Widening (C;) (mm) Widening (V1) (mm)
(N)

0 67,646 0.00 0.00 0.00
4,000 0.20 0.00 0.00
8,000 0.30 0.00 0.00
12,000 0.40 0.00 0.00
16,000 0.50 0.00 0.00
20,000 0.60 0.05 0.00
25,000 0.80 0.30 0.15
30,000 0.90 0.92 0.18
35,000 1.05 0.95 0.20
40,000 1.40 1.07 0.37
45,000 1.61 2.12 0.51
50,000 2.00 2.38 0.58
55,000 2.50 3.21 0.68
60,000 3.50 4.37 0.77
61,000 3.70 5.37 0.96

Table 8. Record of experimental data for frame 4, square beam and column formed with 60x30x10x2 mm G profiles,
column reinforced with 25x3 mm platens.

Frame 4

Experimental Displacement Column 60x60x2 mm Beam 60x60x2 mm

Load (N) (cm) Widening (C;) (mm) Widening (V1) (mm)
0 0.00 0.00 0.00
4,000 0.00 0.00 0.00
8,000 0.16 0.00 0.00
12,000 0.20 0.02 0.16
16,000 0.28 0.06 0.25
20,000 0.46 0.12 0.31
24,000 1.14 0.16 0.36
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Table 9. Record of experimental data for frame 5, square beam and column formed with 80x40x15x3 mm G profiles,
column reinforced with 25x3 mm platens.

Frame 5

Experimental load Column Column 80x80x3 mm Beam 80x80x3 mm

(N) (cm) Widening (C;) (mm) Widening (V1) (mm)
0 0.00 0.00 0.00
4,000 0.15 0.00 0.00
8,000 0.20 0.00 0.00
12,000 0.30 0.00 0.00
16,000 0.40 0.20 0.50
20,000 0.50 0.28 0.60
25,000 0.61 0.35 0.80
35,000 0.78 0.42 0.90
45,000 1.00 0.50 1.10
50,000 1.15 0.67 1.40
55,000 1.40 0.79 1.50
60,000 1.70 0.85 1.63
65,000 2.20 0.90 1.69
69,000 3.10 0.99 1.75

Table 10. Record of experimental data for frame 6, square beam formed with 60x30x10x2 mm G profiles and square
column formed by 80x40x15x3 mm G profiles, column reinforced with 25x3 mm platens.

Frame 6

Experimental load Displacement Column 80x80x3 mm Beam 60x60x2 mm

(N) (cm) Widening (C;) (mm) Widening (V) (mm)
0 0.00 0.00 0.00
4,000 0.10 0.00 0.00
8,000 0.15 0.00 0.08
12,000 0.22 0.00 0.15
16,000 0.29 0.00 0.21
20,000 0.35 0.00 0.24
25,000 0.41 0.17 0.30
30,000 0.52 0.23 0.38
35,000 0.60 0.28 0.46
40,000 0.70 0.35 0.52
45,000 0.77 0.40 0.58
50,000 0.88 0.47 0.67
55,000 1.01 0.56 0.79
60,000 1.15 0.68 0.88
65,000 1.40 0.87 1.10
70,000 2.00 1.60 2.01
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(a) (b) (©

DISPLACEMENT cm DISPLACEMENT erm
SPLACEMENT cm

—e— Frame 1 ©—Frame 4. —&— Frame 2 ©— Frame 5. —&— Frame 3 ©— Frame 6.

Figure 7. Applied load vs. vertical displacement (a) frames 1 and 4, (b) frames 2 and 5, (c) frames 3 and 6.

It may be observed in Figure 7a that the collapse load of frame 4 increases 20.6 % with respect to frame 1,
while the displacement decreases 52.5 %. With respect to Figure 7b, it is observed that the collapse load of frame 5
increases 9.52 % with respect to frame 2, and the displacement decreases 43.63 %. It may be observed in Figure 7c
that the collapse load of frame 6 increases, representing 14.75 % in percentage with respect to frame 3 and the
displacement decreases 45.95 %.

The collapse load increase or vertical displacement decrease is due to the increase of the frame lateral
rigidity as a result of the addition of the reinforcing “platen” in the perimeter of the column of the welded joint.

(c)
(a) (b)
n D 4 €0.000 ——
f/ = s
—e— Frame 1 —o— Frame 4. —o— Frame2 —© FrameS5. —e— Frame 3 —o— Frame 6.

Figure 8. Applied load vs. widening of the cross section of column (C,), (a) frames 1 and 4, (b) frames 2 and 5, (c)
frames 3 and 6.

It is observed in Figure 8 the widening of columns (C,) in frames 1-4, 2-5 and 3-6. Such widening in frame
4 (Figure 8a) decreases 98.46 % with respect to frame 1. In the case of frames 5 and 2 (Figure 8b) the percentage of
decrease represents 92.98 %, while the decrease is 70.20 % with respect to frames 3 and 6 (Figure 8c).

It is observed in Figure 9 the widening of the beam (V) of frames 1-4, 2-5 and 3-6. The widening of the beam of
frame 4 (Figure 9a) increases 36 % with respect to frame 1. In the case of frames 5 and 2 (Figure 9b) the increase is
2.33 % and for frames 6 and 3 (Figure 9c) the percentage grows to 109.38 %.

a b
(a) ®) (©)
=/ =
7 S
—o— Frame 1 o Frame 4. —e— Frame2 —e— Frame 5. —— Frame 3 ©— Frame 6.

Figure 9. Applied load vs. widening of the cross section of the beam (V,), (a) frames 1 and 4, (b) frames 2 and 5, (c)
frames 3 and 6.
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(a)

Figure 10. Local buckling distortion of the cross section of the column of the welded joint (a), (b) nd (c) frames 1, 2
and 3 (without reinforcement). Distortion of the cross section of the connection beam (d), (e) and (f) frames 4, 5 and
6 (with reinforcement).

Figures 10a, 10b and 10c show the failure (local buckling) (Romero, 2019) that occurs in the column; it is
emphasized the distortion of the cross section of the element leading to the formation of the plastic hinge in such
element of the welded connection. It is also possible to observe that the reinforcement platens installed in the
perimeter of the cross section of the column prevent the failure (local buckling) in the column, thus forming the
plastic hinge in the beam of the welded joint (Figures 10d, 10e and 10f), complying with the condition that the beams
are plasticized before the columns, and that the energy dissipation mechanism is developed in the beams.

Conclusions

The platens installed in the perimeter of the cross section of the column of the lower connection of frames 4,
5 and 6 prevent the failure (local buckling) and guarantees the formation of the plastic hinge in the beam of the
welded joint, thus fulfilling the weak beam — strong column criterion.

The usefulness of the present study is that housings and shopping malls constructed or to be constructed
with square tubular profiles might improve their performance by placing reinforcement plates around the column in
order to oblige that the beams are plasticized before the columns, that an energy dissipation mechanism is
implemented in the beams and that it is prevented the formation of a collapse mechanism.
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It has been presented a reinforcement alternative different than the one consulted in the literature, which has
produced good results in terms of resistance gain, decrease of displacements, preventing local buckling of columns
and guaranteeing the formation of plastic hinges in beams as an energy dissipation mean.

As future work it is recommended to conduct a study of the beam-column connection under cyclic loads,
and to observe what is the behavior of the hysteresis loop and its energy dissipation mechanism when using the
reinforcement mechanism presented in this work.
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