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This study reports a series of experimental and numerical investigations of circular hollow
section (CHS) T-joints strengthened by external stiffeners. Six full-scale specimens divided into
three groups were tested, including three brace to chord diameter ratios of 0.25, 0.50, and 0.73.
The detailed parameters of specimens as well as the experimental devices are presented,
meanwhile the test results including failure modes, load-displacement curves are analysed and
compared. Compared with unreinforced specimens, the reinforced specimens show a significant
enhancement in joint capacity in tension, with an increase of about 14% to 33% for ultimate
strength and up to about 30% respectively for initial stiffness in comparison to unreinforced
specimens. SHELL181 element is used to build finite element modeling which accurately
predicts the structural performance of six T-joints, including deformed shape and ultimate
strength.

Keywords: Circular hollow section, T-joint, Axial tension, External stiffener, Full-scale testing,
Finite element modeling.

1 Introduction

The use of circular hollow section (CHS) tubular structures is becoming increasingly popular
over past decades. Nowadays, CHS tubular structures are used in diverse buildings, such as
airports, railway stations, bridges and long-span roofs (Luo et al. 2016, Yang et al. 2016, Yang
et al. 2017). In these structures, the connection is the most important part and there are many
methods to improve the mechanical properties of the joints.

However, most previous studies have focused on compression behavior, with very limited
research into the ultimate strength of reinforced T-joints under axial tension. Choo et al. (2005)
and van der Vegte et al. (2005) investigated the mechanical behavior of CHS T-joints
strengthened by collar and doubler plates through experimental studies and numerical
simulations. The static test results indicated obvious strength enhancement. Such collar and
doubler plate reinforcements were further studied by Feng and Tan (2005), Hossein et al. (2016),
and Sui et al. (2013). Wang et al. (2014) presented calculation equations for the bearing capacity
of internal ring-stiffened joints. Six full-scale CHS X-joints were tested under tensile stress in
order to investigate the mechanical performance (Ding et al. 2018).
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In view of the lack of relevant research work for the reinforced T-joints in axial tension, this
paper focuses on the behavior of external stiffener strengthening CHS T-joints subjected to
brace axial tensile load. The specimens tested in the experiment covered three different values
(0.25, 0.50, and 0.73) of the brace to chord diameter ratio. In addition, the chord deformation,
failure modes and ultimate strength were carefully recorded. Furthermore, finite element (FE)
models were built to simulate the whole loading process of joints and the accuracy of it was
verified by experimental results.

2 Experiment Program

2.1 Test setup

The experimental device of T-joints is shown in Fig. 1. The specimen was fixed at the brace end
and each chord end was subjected to a vertical upward force from a 100-ton actuator acting
directly on the end plate to replicate brace axial tension. The distance of the load points of the
two actuators was 2300mm (Fig. 1). The brace end was fixed to the ground. Each specimen was
loaded by displacement-controlled method, and two loading rates were used during experiment.
Specifically, in linear load range, the initial rate was 1.0mm/min for the linear load range and
then declined to 0.3mm/min at elastic-plastic load range.

The boundary condition of the specimen was equivalent to the simply supported condition
and no chord axial load was produced during the experiment. As shown in Fig. 1, a linear
variable displacement transducer (LVDT1) was placed on the mid-span of the chord to measure
the chord ovalization. LVDT2 and LVDT3 were placed at the brace end plate and one transducer
(LVDT4 and LVDTS) was placed at each chord end, monitoring the vertical displacement
between chord and brace end.
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Figure 1. Experiment setup Figure 2. Schematic arrangement of specimens

2.2 Specimen geometry and material properties

Fig. 2 shows the geometrical parameters of T-joint specimens. Generally, a complete definition
of a T-joint strengthened by external stiffeners includes the following parameters: the chord
diameter (do), the brace diameter (d;), chord length (/), brace length (/1), chord wall thickness
(%), brace wall thickness (#), the stiffener thickness (), the stiffener length (/) and height (%),
chord length to radius («), brace to chord diameter (f), chord diameter to double chord wall
thickness (y), and brace wall thickness over chord wall thickness radio (z). For each joint, /s and
hs were double di meanwhile 7, was 8mm. One steel plate of 45 mm thickness which had bolt
boles was welded on the top of the brace, and two 45 mm thickness end plates with stiffeners
were welded at chord ends. The specific parameters are shown in Table 1.
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Table 1. Specimen parameters

Specimen Type do(mm) | di(mm) | fo(mm) | #i(mm) | i(mm) | S y T
T-025 unreinforced | 300.0 76.0 8.10 6.10 368.5 | 0.25 | 18.52 | 0.75
T-025-R reinforced 300.0 76.0 7.86 5.92 375.6 | 0.25 | 19.08 | 0.75
T-050 unreinforced | 300.0 151.0 8.34 8.59 745.6 | 0.50 | 17.99 | 1.03
T-050-R reinforced 300.0 151.0 8.18 8.52 746.5 | 0.50 | 18.34 | 1.04
T-073 unreinforced | 300.0 219.0 8.10 8.15 1122.5 | 0.73 | 18.52 | 1.01
T-073-R reinforced 300.0 219.0 8.12 8.33 1123.6 | 0.73 | 18.47 | 1.03

All the CHS tubes used to fabricate joints were hot-rolling seamless and low carbon steel
tubes. To ensure the consistency of material properties, all six chords were taken from one tube.
The chord was welded with the brace using the fillet weld and the weld size was determined in
accordance with Eurocode 3 recommendations (2016), and the throat thickness was 11mm.
Three coupons were cut from each of the steel plate, which was used to make chord, brace and
stiffener members. Young's modulus and yield stress for each component were determined by
coupon tests, according to the Chinese standard (2010). The Young's modulus of the chords and
stiffeners were 193.7GPa and 246.5GPa, the yield stress were 284.7MPa and 358.3MPa. For the
braces that $=0.25, 0.50 and 0.73, their Young's modulus were 222.3GPa, 240.0GPa and
244.3GPa, their yield stress were 313.3MPa, 295.0MPa and 317.7MPa.

3 Experimental results

In order to define the ultimate strength in these circumstances, the deformation limit is defined
as 6%d, relative to the chord bottom line as in Choo et al. (2005) and van der Vegte et al. (2005)
or as 3%d, relative to the chord centre line recommended by Lu et al. (1994).

3.1. Failure modes

After each specimen was tested, a section or ring segment was cut from the mid-span of the
chord by flame-cutting. The deformations at brace-chord intersection regions could be seen
clearly through these sections, as shown in Fig. 3 (left). (Fig. 3 (right) is explained in section 4,
FE modeling) The test was stopped when cracking occurring at the welding line near the saddle
position of the chords for T-025 specimen, as shown in Fig. 4.

Fig. 5 shows the deformed configuration of T-050-R after the brace tension test, and this
deformation characteristic is a typical representative of all tested specimens except T-025. As
shown in Fig. 3 and Fig. 5, the dominant deformation of these specimens is overall bending
deformation of the chord, together with macroscopic but not remarkable chord ovalization at
mid-span. The tests were stopped when significant vertical deformation (the displacement
between brace and chord end reached 45 mm) occurred at the joint.

In general, the deformation characteristics can be classified into two types. On the one hand,
the hot spot lies very close to the saddle area for axially loaded T-joints and therefore the crack
occurs at the saddle point. On the other hand, the main deformation of the joints is in the form of
the chord bending deflection, increasing with the f value. In T-025, the weld crack occurred
before the chord ovalization reached 6%dy. In T-025-R, T-050 and T-050-R, the 6%d, chord
ovalization criterion was achieved during the process of chord bending deformation. However,
in T-073 and T-073-R, no sufficient chord ovalization appeared throughout the experiment and
the main deformation was chord bending. Hence, the failure mode in T-025 was weld failure, in
T-025-R, T-050 and T-050-R it was chord plastification, and no joint failure occurred in
specimens T-073 and T-073-R.
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Figure 4. Weld crack of specimen T-025 Figure 5. Deformation of specimen T-050-R

3.2. Load-ovalization curves
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The load-ovalization curves of specimens T-025, T-025-R, T-050 and T-050-R are shown in Fig.
6 a), where the ovalization is the value recorded by LVDT1 fixed at the chord mid-span. It is
shown that the curves exhibit a continuous trend of increase in load with ovalization. For T-025,
the curve reaches its peak when the weld failure appears at the weld region.

For specimens T-073 and T-073-R, the load-ovalization experimental data were lost due to
the breakdown of data recording instrument. However, the load-ovalization curve which is
calculated by the FE analysis can be used as the auxiliary method to determine the ultimate
strength of these two specimens after confirming the validity of the FE model. The accuracy of
the FE analysis can be confirmed by comparing with the load-displacement (displacement is the
average value of LVDT4 and LVDT 5) curves shown in Fig. 6 b).

As illustrated in Fig. 6 b), the curve of unreinforced specimen T-050 almost coincides with
that of unreinforced specimen T-073 because the major deformation is contributed by the chord
bending deflection, therefore the flexural stiffness becomes the dominant factor for the bearing
capacity when S reaches 0.73. For T-025, before reaching 6%do, brittle crack had already
occurred. However, the weld failure was not the typical failure modes of T-joints (i.e., chord
plastification or punching shear) so the comparison between the maximum load caused by weld
failure and the ultimate load of the other specimens is quite meaningless. Therefore, there was
no ultimate load gained from the experiment. For T-025-R, T-050 and T-050-R, the ultimate
loads of these specimens are determined by 6%d, deformation limit. Table 2 summarizes all the
experimental ultimate strength results.
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Figure 6. Experimental curves: a) load-ovalization curves b) load-displacement curves

Table 2. Nominal strength and ultimate loads of experiment and FE analysis

1 0,
Specimen Fugest (kN) Fua (kN) Fun/Fuges %t;;‘.‘gth increment 1(: g)
T-025 } 277.8 ; : }
T-025-R 3112 316.9 1.02 : 14.1
T-050 367.4 363.8 0.99 : }
T-050-R 458.9 465 1.01 249 27.9
T-073 ; 381.9 ; : ;
T-073-R ; 505.5 ; ; 32.4

Notes: Futest = ultimate strength from test; Fua = ultimate strength from numerical result.

4. FE modeling
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FE software ANSYS 17.0 was adopted to establish FE models. The element SHELL181 was
used to model the joints. The braces, chords, and stiffeners were assumed to obey the Von Mises
yield criterion. The weld was assumed to be the elastic-perfect plastic material, meanwhile the
weld fracture was not simulated in the numerical model. The yield stresses and the Young's
modulus were obtained from material tests and the Poisson's ratio was set to 0.3 according to the
Chinese design code (2003). The joint dimensions were defined according to the experimental
specimens. The weld geometry was defined by the method shown in Zhu et al. (2014). The Y, Z
displacements of each chord endplate were constrained meanwhile the X displacement of only
one chord end was constrained in order to simulate the simply supported boundary condition.
The axial tension applied to the brace endplate was replaced by displacement loading in the FE
model. The large displacement was taken into account in static computation processes. Fig. 3
(right) illustrates deformation shapes of all specimens derived from FE analysis.

5. Comparison of results

The experimental and numerical load-ovalization curves for T-025 to T-050-R are presented in
Fig. 7. As can be seen in the pictures, the numerical data are close to the experimental results
both in elastic and elastic-plastic stages, with the ultimate strength difference less than 5%. For
specimen T-025, no experimental ultimate strength is able to be used for comparison, but the
difference between finite element and experimental results is within 10% after the ovalization
reaches 5 mm.
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Figure 7. Comparison of experimental and numerical load-ovalization relationships
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relationships b) Numerical load-ovalization curves
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Besides, the load-displacement curves for specimens T-073 and T-073-R are plotted in Fig.
8 a). By contrasting the FE and experimental figure when the displacements are 15 mm and 35
mm respectively, the validity of the FE analysis can be certified. The results of the comparison
are shown in the picture, which shows that the differences between the experimental and FE
analysis results are within 10%. Hence the FE analysis is accurate in reflecting the specimen's
mechanical characteristics, and the load-ovalization curves obtained from the FE analysis are
used to determine the ultimate strength of T-073 and T-073-R, as shown in Fig. 8 b).

As shown in Fig. 7 and Fig. 8 b), for T-025-R, the ultimate strength has increased by 14.1%
compared with the referenced unreinforced specimen, and for specimen T-050-R, the
enhancement is 27.9% (the result of the experiment is 24.9%). For specimens T-073 and T-073-
R, the load-ovalization curves achieve their maximum values before the ovalizations reach 6%
dy, therefore the maximum loads represent the ultimate strength of joints T-073 and T-073-R, the
difference between them is 32.4%. Meanwhile, the specimens' initial stiffness values are also
increased by 3.3% for S of 0.25, 19.1% for f 0f 0.50, and 31.0% for f of 0.73.

Besides, the numerical load-ovalization curves of T-073 and T-073-R present obvious
bending failure characteristics. For example, the FE analysis results showed a steady load stage
that is the typical feature of bending failure of a simply supported beam. Hence, the chord finally
fails due to the full plasticity of the crown section and thus the plastic moment My for T-073
can be determined as:

M,, = é frold) = (dy =2, | )

Considering the effect of the brace diameter, the bending moment M at the crown point is
0.25F(I-d)), in which F) is the load at the brace end (van der Vegte & Makino, 2005), / is the
distance between two load points (2300mm). The value of the ultimate bend loading of T-073
calculated from the formula is 376 kN, which is consistent with the numerical results for T-073
(the numerical analysis result is 382kN). However, for T-073-R, the external stiffeners
introduced an enhancement effect on the chord flexural capacity, and therefore the chord
ultimate bend loading is much larger than that for T-073.

6. Conclusions

This study proves the following conclusions:

(i) The experimental results show that cracking occurred in the welding near the chord saddle
position of the unreinforced specimen with f of 0.25. For the other specimens, the primary
deformation was due to overall chord bending together with chord ovalization at mid-span.
As a result, the failure mode for the specimens with f of 0.50 and the reinforced specimen
with # of 0.25 was chord plastification. No joint failure appeared in the specimens with f of
0.73.

(i1) The results of experiment indicate that there is a significant enhancement in the bearing
capacity of T-joints with external stiffeners compared with the unreinforced joints. Based on
the experiment results and supplementary FE analysis, the ultimate strength increased by
14.1%, 24.9% and 32.4% for the specimens with § of 0.25, 0.50, and 0.73 respectively,
while the initial stiffness increased by 3.3%, 19.1%, and 31.0% respectively. The effect of
the external stiffeners was more evident with the f value increased. The ultimate strength of
unreinforced specimens increased with the increase in £.

(iii) Satisfactory agreement was obtained between the numerical and experimental results of all
specimens, not only for the initial stiffness but also for the elastic-plastic stage development,
with the maximum differences less than 10%.
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