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Effect of chord
length on CHS-RHS .
T-joints with slender sections

The chord length is an essential geometric property that must be defined in the
analysis of isolated joints composed of hollow steel sections, as well as the boundary
conditions of the test. The analysis of these parameters’ effect on the behavior of joints
has been addressed by other studies, mostly with joints between circular hollow sec-
tions with compact or semi-compact cross-sections. Recent research about tubular
joints has addressed cases with slender sections, where the design of joints containing
these sections is still in development. In this context, this study aimed to evaluate the
effect of the chord length in the behavior of T-joints between circular hollow section
braces and slender rectangular hollow section chords through experimental tests and
a numerical study considering the application of axial compression at the braces. The
joint behavior was examined through the load-strain and load-deformation curves
and the von Mises stress distribution, which allowed the failure mode's determination
and the joint resistance value. Chord face failure was observed in the prototypes. It
was concluded that a minimum chord length of 0.6m would be the adequate value for
the study of the T-joints containing the geometric properties used in this study, which
would be equivalent to a chord length five times higher than the width of the cross-
section (Sb,).

Keywords: tubular joints, steel structures, slender sections, chord length.
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1. Introduction

The design of joints between tubular
sections is currently contemplated in several
design guides and normative prescriptions,
such as ISO 14346 (ISO, 2013), EN 1993-
1-8 (CEN, 2005), NBR 16239 (ABNT,
2013), and CIDECT Design Guide (Packer
et al., 2009). The design equations do not
contemplate joints containing chords with
slender cross-sections and were mainly
originated from studies of isolated joints,
in which the proper boundary conditions
must be considered to accurately analyze
the joint behavior (Vegte; Makino, 2010).
The boundary conditions must be properly
chosen in the analysis, which can exclude
the influence of bending moments in the
joint region.

Therefore, in the analysis of isolated
joints, a minimum chord length must be
considered to avoid its influence on the joint
ultimate bearing capacity, as well as the
proper boundary conditions. Vegte (1995),
in the analysis of X-joints with circular
hollow sections (CHS), concluded that, for
chord sections with slenderness values equal

2. Experimental program

2.1 Prototype properties

The experimental tests consisted of
two prototypes with the same geomet-
ric — Figure 1 — and material properties,
except for the different chord lengths (L)
of 0.65m and 1.00m, as shown in Table
1; since the main goal was to evaluate the

The length of the braces was
0.5m. Chord ends were capped with
30cmx25cmx2cm plates. The gas-metal

t0 25.4, a minimum chord length of 6 times
its diameter (d,) should be used.

In CHS T-joints under axial brace
loading, Vegte and Makino (2006) devel-
oped finite element (FE) models varying
the chord length (from 48cm to 114cm),
the slenderness of the chord section (from
25.4 t0 63.5), and the brace-to-chord ratio
(from 0.25 to 0.98); the same parameters
were varied in CHS X-joints in the study of
Vegte and Makino (2010).

From these two studies, it was con-
cluded that the slenderness was the pa-
rameter that most affected the ultimate
bearing capacity of joints due to the more
severe ovalization along chords with more
slender sections. For X-joints and T-joints
with compensating ending moments, it
was recommended the use of chord lengths
of at least 10d, and 6d, for X-joints with
sections with slenderness values lower than
25. These conclusions were similar to the
ones found by Voth and Packer (2012a,
2012b, 2012¢) when studying plate-to-CHS
connections, whereas several researchers

effect of the chord length, these two sizes
were chosen to be compared in the ex-
perimental analysis, and posteriorly were
used to validate the numerical model. The
thickness of the brace (t,) was constant
in both prototypes. Non-dimensional

t

di

Figure 1 - CHS-RHS T-joint configuration.

arc-welding process (MIG) was used in
fillet-welding the CHS braces with the
RHS chords; the electrode MIG ER70S-6
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adopted the 6d, minimum chord length
criteria (Chen; Wang, 2015a, 2015b; Gari-
fullin et al., 2018).

Another factor analyzed by Vegte
and Makino (2010) was the influence of
boundary conditions in X-joints, either with
or without chord endplates. It was observed
that in joints with chord lengths lower than
10d, and with rigid ends (with endplates),
the ultimate bearing capacity was higher
than in joints with free ends, a fact also
observed by Fan and Packer (2017, 2018)
in connections near an open chord end.

In this context, the study of the chord
length influence in T-joints containing
chords with slender (the ratio of brace’s
width divided by its thickness higher than
40) rectangular hollow sections (RHS) has
not been approached by other studies and
is essential to the development of research
involving joints with high slender chord
sections. Thus, this research studied the
chord length effect on CHS-RHS T-joints
with slender chords through experimental
and numerical analyses.

parameters involving the brace’s diameter
(d,), the chord thickness (t,), width (b),
and height (h ) were determined to evalu-
ate the influence of the brace-to-chord
ratio (parameter ), the chord length (pa-
rameter o) and slenderness (parameter 2y).

was used, with a specified minimum yield
strength of 485MPa. The minimum in-
dented leg sizes (t_) of the welds were 1.5



times the lower value between the chord or
brace thicknesses, in accordance with the
recommendations from AWS D.1.1/1.1M

(2010); the measured values of leg sizes are
shown in Table 1. The difference between
the leg sizes occurred due to manufactur-
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ing conditions that are inherent to the
welding process and was taken under
consideration in the numerical analysis.

Table 1 - Geometric properties of the experimental prototypes.

Brace Chord Weld Parameters
Prototype
d,[mm] | ¢t [mm] | b [mm] | h [mm] | ¢ [mm] L, [m] t, [mm] a B 2y
PO1 50.0 2.60 120.0 80.0 2.00 0.65 3.75 10.8 0.42 59
P02 1.00 6.13 16.7

The prototypes contained braces
centered along the chord length and were
fabricated from cold-formed steel, using
ASTM A500 — Grade B (ASTM, 2018)
RHS chords and CHS braces. For each

RHS tube, the respective yield strength
(f,y), ultimate strength (f ), Young’s
modulus (E), tangent modulus (E), and
percentage elongation (AL) were measured
through tensile coupon tests in the Struc-

tural Laboratory for Testing of Materials
of IFMG-Congonhas Campus and were
shown in Table 2. More details of the
coupon tests can be found in the work of
Guerra (2020).

Table 2 - Material properties of the experimental prototypes.

Fyo [MPa]

f, [MPa] E [GPa] E [GPa]

AL [%]

326.9

413.3 174.4 0.350

37

2.2 Instrumentation and methodology

The static tests were performed
in a rigid beam, fixed in a reaction slab
to provide support for the experiment
components. The boundary conditions
consisted of one fixed end and one fixed
end with sliding. The prototype endplates
were connected through bolts with the
rigid beam or simply supported by rollers
within a support plate with translation in

The details for the instrumentation
setup of the experiments were shown in
Figure 3. Six linear variable displacement
transducers (LVDT) were used to record
displacements with a data acquisition sys-

the longitudinal axis enabled. In the center
of the prototype, a sliding support was
positioned to avoid the influence of bend-
ing moments in the joint region, which
consisted of a rigid plate of 0.3m along the
chord length. The general experimental
setup was shown in Figure 2, with high-
lights of the boundary conditions.

A hydraulic actuator system, fixed

in a reaction frame, was used to apply
compressive loads to the braces with
500N increments. A load cell was posi-
tioned, with a pin in its end to guarantee
axial loads, as shown in Figure 2. The
loads and linear displacements recorded
were monitored through an automatic
acquisition system and a software to
control the tests.

Figure 2 - Experimental setup.

tem. One LVDT was arranged to obtain
the upper chord face vertical deformation
(LVDT 1) and two to capture the maximum

deformation of the sidewalls at a point
30mm below the chord upper face (LVDTs
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2and 3).LVDTs 4, 5, and 6 were positioned
to monitor the entire prototype possible
displacements and verify its alignment
during the test. In the recordings of these
LVDTs, no rigid body or relevant unequal
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measurements were observed.
Electrical resistance extensometers
(ERE) were used to record the longitudinal

(a)

strains at different parts of the chord, as
shown in Figure 3. Since this research aimed
to study the influence of the chord length

in the joint behavior, EREs were positioned
near the prototypes' ends. Furthermore, in
P02, at a region closer to the joint.

30 mm 30 mm
30mm | ypr g 30mm ’_q %‘
4 % LVDT 6 LVDT 1 LVDT 5 }—\
/—< LVDT 6 LVDT 5 5 £
’ £ rERE 1 ERE 2 8 ERE 3 ERE 4
ERE 1 g ERE 2 j Q j j
W S| —wvor2 j =
° —_
/‘r o o e—— ;r \ ':l L
- - L \—LVDT 2 )
g
: E wvorad £ = wore]
(=3 =3 v =4 . g
| “—Fixed end - N Sliding endb—/ U \—1F1xed end ~ Sliding endb—/
Prototype P01 Prototype P02
(c) 50mm; 125mm 50mm 275mm 275mm 50mm; 125mm 50mm
ERE 1 ERE 2
ll/ <> \ - bo
PO Iy
T
ERE 1 ERE 2 ERE 3 ERE 4
-/ -/ @ \ - - bo
P02 v

Position of the eletrical resistance extensometers (EREs)

3. Experimental results

3.1 Deformation limit

The joint resistance can be deter-
mined by the deformation limit criterion,
proposed by Lu et al. (1994), verified
for cold-formed steel sections by Zhao
(2000), and used in recent research
regarding tubular T-joints (Gomes et
al., 2019; Lima et al., 2018; Pereira et

3.2 Joint resistance

The load-deformation behav-
iors of the prototypes were shown in
Figure 4 (a) and (b), according to the
connection and sidewall deformations,
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Figure 3 - Experimental instrumentation.

al., 2019). It consists of determining the
joint resistance according to the load
equivalent to a 3% chord face deforma-
tion (N, ). Furthermore, a serviceability
criterion of 1% deformation can also be
applied, especially in joints with slender
sections. Thus, if the ratio between the

respectively. The experimental joint
resistances (N ) obtained using the
deformation limit criterion, and the
maximum numerical displacements of

REM, Int. Eng, J., Ouro Preto, 74(4), 433-442, oct. dec. | 2021

loads at 3%b, (N, ) and at 1%b, (N,,,)
is higher than 1.5, the serviceability
criterion becomes dominant, and the
joint resistance is equivalent to 1.5 N,
(Zhao, 2000). In the analysis of sidewall
deformations, the 1%h, and 3%h, loads
must be evaluated.

the upper face of the chord (A_ ) and
the chord sidewall (8 ) were shown
in Table 3.
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Figure 4 - Load-deformation behaviors.
Table 3 - Experimental results.
Loads Displacements
PrOtOtype N1% NB% N3%/NW% Nexp Amax 6max Ame\x/ 6max
[kN] [kN] [-] [kN] [mm] [mm] [-]
PO1 7.42 14.07 1.90 11.13 12.51 3.80 3.29
P02 6.78 14.61 2.16 10.17 11.16 3.58 3.12

3.3 Load-strain
Figure 5 shows the load-strain be-
havior of the two tests for each ERE and

prototype. Firstly, it was observed that
none of the EREs recorded plastification of

the chord (1874 pm/m), with a maximum
recorded level lower than 400pm/m.

ERE 1

ERE 2
P01

O
O

ERE1 ERE2
P02

ERE3 ERE4

Kl Model - ERE
4 ¥-P01 -
~-P01 -
8-PO2 -
—o-P02 -
—0-P02 -

In analyzing the strains for stages
of loads lower than the joint resistances
(11.13kN for P01 and 10.17kN for
P02), values of strains did not surpass
110 pm/m, which are values consider-
ably lower than the elastic yielding
strain (1874 pm/m). All EREs showed
a change of curve inclinations post-
yielding, especially for loads higher than

4. FE modeling and results

4.1 Numerical model

The FE model (Figure 6) was
developed through a commercially
available software — ANSYS 12.1
(ANSYS Inc., 2011) —, reproduc-

1 1 1 1 1
100 150 200 250 300
N Strain [pm/m]

Figure 5 - Load-strain behavior.

15kN, when the membrane effect could
already be observed.

When analyzing the EREs in the
same prototype, the EREs near the
fixed ends (ERE1) presented higher
deformation values than the ones near
the sliding ends. When comparing the
two prototypes, the differences between
ERESs’ results near the ends (ERE1 in PO1

ing the experimental conditions to
provide a proper comparison. This
comparison is enabled by the possibil-
ity to simulate and predict the static

REM, Int. Eng, J., Ouro Preto, 74(4), 433-442, oct. dec. | 2021

L
350

compared with ERE1 in P02 and ERE2 in
P01 compared with ERE4 in P02) could
be explained by geometric imperfections
and a variation of conditions intrinsic to
experimental techniques, since no signifi-
cant differences were observed. Thus, the
chord length variation did not preset a
clear trend of influence in the prototype
behavior during the experiments.

behavior of the tubular joints that fail
by plastification (Vegte; Wardenier;
Puthli, 2010).
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Translations

The material properties found on
the coupon test were used for the chords,
while the nominal data from ASTM A500
(ASTM, 2018) was assumed for the braces.
A bilinear diagram was adopted to consider
the steel stress-strain behavior, considering
the yield stress, Young's modulus, and the
tangent modulus shown in Table 2. The
tangent modulus was found based on the
post-yield inclination considering strain-
hardening, as described in a modeling
material behavior in EN 1993-1-5 Section
C.6 (CEN, 2006a). The multilinear curve
obtained from the coupon test was also test-
ed in the software. The results, compared

Displacements were applied to the
brace, and boundary conditions were
imposed to replicate the experiments,
with node coupling in the ends. Transla-

4.2 Results comparison

The load-connection deforma-
tion FE results were shown in Figure
8 alongside the experimental curves.
The joint resistances — Table 4 — ob-
tained from the numerical models

4. Translations

i of

Figure 6 - Numerical model.

to the analysis using the bilinear diagram,
were equal. Since the parametric study was
performed using the bilinear diagram with
the EN 1993-1-5(CEN, 2006a) recom-
mendations, it was adopted in all analyses.

The chord corners' inner and outer
radii adopted in the modeling were 2.0 and
1.0 times the chord's thickness (z,), respec-
tively, according to the recommendation for
cold-formed hollow steel sections (CEN,
2006b). A 3-D modeling element used
to simulate solid structures — SOLID185
— was the finite element chosen, being de-
fined by eight nodes having translations on
three of the nodal directions at each node

20 —— —
. 19 . 0,
i 1%b, k- 3%b,
I |
isp ] |
I I
I
I Y-
10+ I =
I
] ~=-PO1 (FE) - 2mm
5l 2 -~ POI (FE) - Smm|
! —PO01 (FE) - 8mm
: o POl
OC’ Ml | . . l . s
0 1 2 3 4 5 6

Connection deformation, A [mm]

Figure 7 - Mesh size variation.

tions were restricted to simulate the fixed
end. Translation in the longitudinal axis
was enabled to simulate the sliding end,
and in the transversal axis to simulate

(N ) were 1% and 18% higher than
the PO1 and P02 experimental resis-
tances, respectively. A linear trend
until the 1%b, deformation and a
post-buckling membrane effect were

REM, Int. Eng, J., Ouro Preto, 74(4), 433-442, oct. dec. | 2021
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(ANSYS Inc., 2011).

Using the mechanical and geometric
properties of the experimental prototypes
P01 and P02, different finite element mesh
configurations were tested in the numerical
model. The results of load-deformation
behaviors were shown in Figure 7 for the
medium mesh sizes of 2, 5, and 8mm. As
anticipated, higher dispersion levels were
found in the coarse mesh (8mm medium-
size elements) compared to the experimen-
tal results. A medium (Smm) and a fine
mesh (2mm) were also tested, being the
medium the one adopted, since it presented
adequate correlation values (Figure 7).

the central support. Geometric and
material non-linearity were considered,
and a solution convergence through the
iterative method of Newton-Raphson.

observed in the numerical and experi-
mental curves. Therefore, the numeri-
cal model was considered adequate
to simulate the joint behavior of the
prototypes analyzed.
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Figure 8 - Comparison between numerical and experimental results.

Table 4 - Joint resistances of the numerical models.

Model N1% N3% N3%/N1% Nnum Nexp Nexp/Nnum
[kN] [kN] [] [kN] [kN] []
PO1 7.48 13.80 1.84 11.22 11.13 0.99
P02 8.26 14.74 1.78 12.39 10.17 0.82

5. Numerical analysis of chord length and boundary conditions variations

with seven models of different lengths
—Table 5 - and two different boundary
conditions: the exact experimental con-
ditions described and shown in Figure 2
(with central support) and a condition
similar to the experiments, but without

Using the validated numerical
model, the influence of the chord length
size and the boundary conditions in
the joint behavior were evaluated.
The joints contained the properties
described in the experimental study,

the central support. This condition
without central support is similar to the
condition shown in Figure 2, with the
difference of translations free along the
Y-axis near the joint region, allowing
the occurrence of bending moments.

Table 5 - Geometric properties of the parametric study and results.

Brace Chord Weld Parameters Results with Results without
central support central support

Model 59 " T e, o, T h [ & [ 4, | d N N
N o B 2Y NS%/NW"/ - N37/N1% s
[mm] | [mm] | [mm] | [mm] | [mm] [ [m] |[mm] [ [kN] i [kN]
MO1 50.0 | 2.60 | 120 80 2.00 | 220 | 3.75 | 3.76 | 0.42 59 2.06 9.73 2.06 9.72
MO02 250 417 2.08 9.08 2.07 9.07
MO03 500 8.33 2.03 8.61 2.01 8.45
Mo04 600 10.00 2.04 8.60 2.02 8.33
MO05 1000 16.67 2.04 8.59 2.06 7.58
MO06 1500 25.00 2.03 8.59 2.23 6.10
Mo07 2000 33.33 2.03 8.59 2.52 4.32

In Figure 9, it is shown that all models have different joint resistances for the case without central support.

10 T T .
:(— L, =600 mm
gl 1
%\ 5 .i o
N“O
*o 6F I
> I
= 1
1
“ l
1
oL 1
: 0 with central support
| —o—without central support
0 1 " ’

15 20
a @l

10 25 30 35

Figure 9 - Influence of chord length size in the joint resistance.
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Therefore, the chord length directly
influenced the results, which could be
explained by bending moments in the
joint region. Thus, the condition with
central support enabled the analysis of

the chord length influence in the joint
resistance, since bending moments were
not acting in the joint region.

For the cases with central sup-
ports, the chord length did not in-

L,= 600 mm
(a=10.00)

fluence the joint resistance for mod-
els with lengths higher or equal to
600mm, which was also observed in
the von Mises stress distribution in
Figure 10.

L, = 1000 mm
(o =16.67)

[ B e — |

-50

0

50 200 400

100 300

600

500

Figure 10 - Von Mises stress distributions of the models with central support [MPa].

The results from the load-displace-
ment curves of the parametric study are
shown in Figure 11. It was observed that the
initial linear trend inclination until the 1%b,
displacement became different between

models with different boundary conditions,
which influenced the joint resistance shown
in Table 5. The behavior of T-joints contain-
ing chord with slender sections with chord
face plastification was also discussed by

Guerra et al. (2021) and Neto et al. (2021),
who observed that the serviceability limit
was dominant in these cases. This was also

observed in this parametric study, as shown
by the N, /N,,, results in Table 5.

(a) (b) (c)
305 — 3'%130 30b — 3'%b0 30F 1 — 3‘%b0
I I i i i h
251 1 1%D, 251 1 1%, 251 1 1%0, o
' : 1 i : 1 7ad
200 i =>20F i =20 i <
A I g5 g o
il | il il ||
A 18 S S
10F ; 10F 1 ‘ 108 )
i | I I I |
! Mo1 : Mo02 p 3 Mo03
Sré l —with central support St ; —with central support Srdt 1 —with central support
. i -o-~without central support 1 H -e-without central support ! ! -o-without central support
0 L L 0 i L L i n 0 1 1 n s ———————
0 5 10 15 20 0 ) 10 15 20 0 5 10 15 20
Connection deformation, A [mm] Connection deformation, A [mm] Connection deformation, A [mm]
MoO1 Mo02 Mo03
(d) By ' sof | e 3%b, ‘ sl T 3%,
i i i | | |
o5l e 1%b 251 W 1%b o5| W 1%b
' 0 ° ' o 0} o
i i .,J"" : : é i i
=20 : < =20 i o =20 :
2 |4 1 & g |8 ¢ o 214 1 o
215 E E &° g1s E E = 15t E i l',n-"'
3 ' d = ' ! .l"'“ s ! S -
i .I' f ‘." 1 1
10 : : 10 ! :’__.: 10 : ....’ o
p i M04 p ' MO5 Al Mo6
St : —with central support Sr A : —with central support 5t Ad i —with central support
: ' -e-without central support : ' -o-without central support i i -e~without central support
0d— L h ; 0d— L 0é— . b z
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
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0p 1 1 e
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0é— L
0 ) 10 15 20
Connection deformation, A [mm]
MoO7

Figure 11 - Load-displacement behaviors of the parametric study.
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6. Conclusions

In the experimental tests with two
different chord lengths — 0.65m and
1.00m -, both prototypes presented
chord face failure after applying axial
forces of compression at the braces.

The joint resistance, obtained
from the deformation limit criterion,
in the prototype with a 0.65m chord
length was 9.4% higher than in the
prototype with a 1.00m chord length.
These joint resistances were calculated
based on the loads at a 1% chord face
deformation. Considering the loads at
a 3% face deformation, the difference
between prototypes became lower,
equal to 3.8%.
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