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Abstract. This paper reports on a numerical study carried out to evaluate the
quasi-static cyclic response of three endplate joints using hollo-bolts and non-
concrete-filled tubular columns. The present research follows an experimental
program involving monotonic tests of 22 specimens, covering different sets of
connections and configurations. This study introduces a numerical prevision of
the behaviour of the joints’ components when subjected to both tension and
shear originated by a cyclic loading, indicating that without proper reinforce-
ment, these joints cannot be used in zones with high seismicity, given their
weakness. Numerical simulations using ANSYS software are compared against
the experimental monotonic tests to ensure results concordance and reliability.
The purpose of this paper is to present and discuss the numerical descriptions of
the main response characteristics including hysteretic loops, stiffness and
strength degradation, pinching effects, energy dissipation, among other struc-
tural properties. The models indicated that the HBM20 have sufficient
mechanical strength, but the column’s plasticity is too large to ensure a proper
dynamic response when large moments are applied. However, due to their fast
assembly and aesthetical design, new solutions are being implemented to
increase the strength and resistance of these joints in order to meet the earth-
quake design requirements. The most relevant components of these joints that
increase their structural properties are also mentioned. These findings allow
having a deeper understanding of the behaviour of these connections in seismic
scenarios and the results serve as a basis for a future experimental campaign
dedicated to evaluate the dynamics of non-concrete-filled blind-bolted
connections.
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1 Introduction

Tubular structures are recognized for their structural, technological, and aesthetical
advantages that lead to optimized and economical solutions. However, the main
drawback related to their use in joints, especially considering bolted connections, is the
inaccessibility to the inside of the section to tighten a nut. Therefore, several solutions
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have come up trying to overcome this issue. Lindapter’s Hollo-bolt (HB) is one of
those examples and stands out among the others due to its particular legs that prevent
the bolt from sliding due to friction. Mesquita [1] and Mesquita et al. [2] extensively
described both HBM20 and HBM16 and evaluated their monotonic response under
different conditions. He concluded that the SHS thickness is determinant for the
behaviour of the joint, especially concerning ductility, ultimate resistance and initial
stiffness. Furthermore, the study highlighted that in simple endplate joints whose SHS
thickness is greater than 5 mm, the failure mode is the collapse of the HB’s sleeves due
to shear and tensile forces originated by a bending moment. He also did a detailed
study concerning the effect of the initial preload applied to the HB and concluded that it
has a great impact on the global behaviour of the joints. Yet, there are still a lot of
studies that need to be done to characterize the tensile behaviour of these bolts in steel
endplate connections.

The numerical models presented in this paper follow the ones from Mesquita et al.
[3]. Such models were performed using monotonic loads and compared against the
experimental results discussed in [1], which agreement was found out to be very good.
At that time, cyclic analyses were not in the scope of the study and therefore experi-
mental cyclic tests were not performed. However, it is of major interest to investigate
the dynamic response of connections using HB, namely because of their use in
earthquake regions. Elghazouli et al. [4] studied the monotonic and cyclic behaviour of
HB in angle connections between open beams and tubular columns. They concluded
that the grade of the HB, coupled with the gauge distance between the HB and the
beam flange, has a notable effect on the performance of the joint. The study highlighted
that those connections exhibited stable hysteretic response with reasonable energy
dissipation capabilities and considerable pinching effects. In addition, Tizani et al. [5]
carried out a study using Extended Hollo-bolts (EHB) in concrete-filled columns with
endplates under cyclic loading, concluding that during the cyclic loading tests, no
damage was observed on the extension of the EHB and the overall performance of the
connections was mainly influenced by their failure mode. Several authors have con-
ducted similar studies, but little attention has been given to the tensile behaviour of the
standard HB.

The main goal of this paper is to present a numerical study regarding the evaluation
of the cyclic behaviour of steel joints using HB and endplates. These preliminary
results serve as a basis for future experimental work whose main goal will be the
experimental, numerical, and analytical evaluation of the cyclic response of these
joints.

2 Cyclic Behaviour of Steel Joints

2.1 General Behaviour

Joints subjected to cyclic loading behave differently from joints under monotonic loads
in a lot of different ways. The structural behaviour of steel joints under cyclic loads is
characterized by hysteretic loops with progressive degradation of stiffness and strength.
Stiffness degradation can usually be described as one of the following: the loading and
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unloading stiffnesses are equal and stiffness degrades as displacement increases; the
loading stiffness decreases as a function of the displacement, while the unloading
stiffness remains constant; the loading and unloading stiffnesses are different and
degrade as a function of displacement. On the other hand, strength degradation occurs
when a reduction in lateral strength is verified in a structural component due to cyclic
load reversals. Cyclic strength degradation can be experienced in subsequent loading
cycles as the level of plastic displacement increases, but also in subsequent cycles even
if this level remains constant. This last case represents a system that experiences
strength degradation because of a single level of inelastic displacement that is applied
over time.

These two phenomena are often combined with pinching effects, which are char-
acterized by large reductions in stiffness during reloading, followed by stiffness
recovery when displacement is imposed in the opposite direction. Pinching is primarily
caused in steel structures because of the opening and closing of gaps between plates in
steel endplate connections. Stiffness increases when contact with the column is rein-
troduced at the compression side. The level of pinching depends on several factors such
as the characteristics of the structure and the loading history. Figure la illustrates a
comparison between stiffness and strength degradation and pinching effects in a real
cyclic analysis.
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Fig. 1. Common hysteretic and envelope curves

It is important to mention that usually, the cyclic behaviour of steel joints follows
the monotonic curve. In addition, the behaviour of a joint subjected to cyclic loading
depends on the loading velocity, since the dislocation movement of the atoms present
in the steel is influenced by inertial effects, which also influences the hardening rate [6].
However, this paper reports only on the quasi-static cyclic behaviour of the joints.

Besides the hysteretic loops, cyclic envelopes (skeleton curves) are often used to
assess structural properties of the joints in study, such as ductility and stiffness.
Figure 1b shows a simplified envelope created from a typical hysteresis curve. The
envelope is characterized by showing an initial linear zone until yielding occurs, fol-
lowed by a hardening one. Once the maximum value for the strength is reached, cyclic
degradation takes place and produces a decrease in strength and stiffness.
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2.2 Key Parameters for the Evaluation of the Cyclic Response

The cyclic response of a steel joint is characterized through different parameters. In a
structural system deforming beyond its elastic limit, the energy imparted to the
structure is dissipated by damping and yielding of the elements, which occurs due to
the movement of many dislocations of atoms [6]. Most structures under intense
earthquakes must be able to deform themselves well beyond the yield deformation limit
to dissipate as much energy as possible. For the purpose of this research, the angular
ductility coefficient (u) is adopted to evaluate ductility that is essential for earthquake
resistant structures. Two key parameters for describing the energy dissipation of the
joints are addressed: the total energy dissipation (W,) and the equivalent damping
coefficient (&,).

3 Numerical Investigation

3.1 Models and Loading Protocol

The specimens and monotonic results used in this numerical study are described in
Mesquita [1] and Mesquita et al. [3]. Three specimens were chosen for the study based
on different variables and characteristics. TO1_1 uses a 200 x 200 x 8 mm SHS
column and HBM16 bolts, whereas TO1_3 uses the same column but HBM20 bolts
(Fig. 2). TO2 uses a 200 x 200 x 12 mm SHS column and HBM20. In all cases, flush
endplates were used.

a) TO1 3 half-model b) HBM20’s interior ¢) HBM20 meshed

Fig. 2. TO1_3 and HBM20 views

The loading protocol adopted is based on the ECCS-45 [7] and presented in
Fig. 3b. The yielding displacement was found for each joint using the monotonic
results described in Mesquita [1] and the methodology of Fig. 3a. The loading protocol
was applied using displacement control one meter away from the SHS, on the beam’s
span.
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Fig. 3. ECCS-45 procedure to establish the loading protocol, [7]

In total, 39 half-cycles were applied. Table 1 indicates the yielding (J,; F) and
ultimate (J,; F,) displacement/force of the specimens obtained from the monotonically
loaded tests.

Table 1. Ultimate and yielding displacements/forces of the specimens, [1]

Specimen | ,[mm] | F,[kN] | 6, [mm] | F,[kN]
TO1_1 14,05 [35,00 |57,64 54,33
TO1_3 6,50 |27,00 99,02 74,46
TO2 11,50 |68,32 |3823 102,48

3.2 Material Properties

Due to reversal cyclic load, steel’s plastic behaviour is different from the monotonically
loaded specimens since cyclic plasticity is dependent on the load history.

When modelling a cyclic behaviour response, two mechanisms need to be con-
sidered: isotropic and kinematic hardening. Among other options, Ansys allows
specifying either bilinear or multilinear kinematic hardening models. These models
permit to simulate the Bauschinger effect, which is a phenomenon in which the pre-
dicted stress—strain response is sensitive to the grain aspect ratio and the grain
boundaries originate resistant stress that forbids subsequent nucleation at the disloca-
tion sites. The result is a reduction in yield strength in the opposite direction.

The material properties for the used steel elements are detailed in Mesquita [1] and
summarized in Mesquita et al. [3].

3.3 Numerical Simulations

Mesh sensitivity studies were performed to obtain great accuracy while maintaining a
reasonable computational cost. Also, symmetrical boundary conditions were taken into
consideration in all models. The key setting parameters (mesh size, contact elements,
advanced settings, etc.) for the numerical simulations are described in Mesquita et al.
[3] and 3D solid hexahedric elements (SOLID186) with uniform reduced integration
and large deflection options applied were used. In addition, mesh size and contact
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definitions can contribute to some differences between the numerical and experimental
behaviour of the specimens. There was a slight contact penetration in all models (due to
the penalty formulation used) and convergence issues between the bolt legs and the
SHS often arose, leading to corrective actions, such as lowering the normal stiffness
factor and adjusting advanced specific formulations.

As stated in Mesquita [1] and Mesquita et al. [2], a bolt pretension was applied on
both HBM16 and HBM20 using a torque of 190 Nm (HBM16) and 500 Nm (HBM?20).

TO01_1. The numerical simulation was able to run until A = 22, stopping there due to
excessive stresses and deformations on the bolts’ sleeves. This outcome follows the
conclusions presented in Mesquita [1] and Mesquita ez al. [3] for the monotonic tests,
where is stated that the HB is responsible for the integrity of the joint and typically its
legs are the first component to enter in failure due to high shear and tensile forces.

TO01_3. The model reached the last cycle without failure of any component. As
expected, the bolts exhibited higher stresses in the edge limiting the opening of the
legs. In addition, the last unloading shows a clear deformation on the SHS originated
due to cumulative plastic deformations in opposite directions, Fig. 4b.

TO02. The solving process of this model was almost identical the one of TOI since the
numerical simulation stopped at A = 22 due to excessive stresses and deformations on
the HB’s sleeves (Fig. 4c). As expected, this model exhibited low deformations on the
SHS face and its stresses were lower compared to the SHS of TO1_3.

a) TOI_1: HBM16 ) T01 3 ¢) T02: HBM20’s sleeves ~ d) T02: Global de-

securing.the (A=39) A=22) formation (A = 21)
connection

Fig. 4. Numerical simulations of the specimens

Figure 5 presents the moment-rotation diagram for the mentioned specimens. There
is a clear strength degradation, while pinching effects are observed in all specimens.
Moreover, the unloading stiffness is similar to the initial one when suddenly reduces
and cuts across inside the moment-rotation envelope until regaining stiffness again.
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Fig. 5. Hysteretic, envelope and monotonic [1] curves of the specimens

The shape of the hysteretic curves of Fig. 5 agrees with the experimental obser-
vations made by France [8] concerning the cyclic behaviour of blind-bolted joints. He
compared both path and properties of the hysteretic curve of a blind-bolted connection
against the behaviour of a typical joint using an open section column.

4 Results

Based on the results obtained, a MATLAB script was elaborated to calculate the key
parameters mentioned before and indicated in Fig. 6. The damping coefficient was
calculated based on the first cycle of each drift for the specimens. The angular ductility
coefficient was calculated using the displacement at which the solution process stopped
(unless for specimen TO1_3, which only conclusion concerning  is that is greater than
10), and the cumulative energy dissipation is the cumulative sum of the energy dis-
sipated in every cycle in each drift. This parameter is highly influenced by the loading
protocol adopted, the number of cycles performed and the joint’s ductility.
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Fig. 6. Key parameters for the evaluation of the hysteretic response of the specimens

5 Conclusion

Three steel endplate joints using either HBM16 or HBM20 were numerically tested
under quasi-static cyclic loading. The primary conclusions are:

1.

All models exhibited pinching effects and strength degradation. The shape of the
hysteretic curves agrees with previous literature. Future work will evaluate the
factors that mainly influence this shape, such as the column’s cross-section.

The models TO1_1 and TO2 were not able to pass beyond half-cycle 22. Both
models presented the same failure mode, the collapse of the HB’s sleeves.

All models exhibited similar &, values. However, TO1_3 ones are the largest among
them, indicating that the HBM20 has a positive influence regarding energy dissi-
pation against the HBM16. Also, T02 showed lower &, values than TO1_3, which
suggests that an increase in the wall thickness has no improvement in the energy
dissipation capability for these types of connections.

TO2 shows a greater initial stiffness than the other specimens, showing that the wall
thickness has a major effect on this parameter, as stated in Mesquita [1].

. The yielding displacement of the specimens exhibits a great influence on the

loading protocol adopted and therefore on the results obtained. As mentioned in
Mesquita [1] and Mesquita et al. [2], ductility is greatly affected by the pretension
force applied to the bolt. TO1_3 is the most ductile specimen and was the only one
that resisted all cycles imposed. This helps to justify the difference regarding the
cumulative energy dissipation, while the £, values remain identical. As expected,
ductility plays an important role in the amount of energy dissipated.

Based on these conclusions, it is possible to claim that the numerical models predict

the actual behaviour of the joints with a reasonable degree of certainty. However, the
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connections presented here are not suitable for high seismicity zones, due to their
weakness under large moments. This happens not only because of the HB’s sleeves but
especially due to the membrane behaviour tendency that characterizes the SHS, as
indicated in Mesquita [1]. This research area has a lot of potential for expansion and
further investigation involving experimental, numerical, and analytical studies will be
carried out to propose new design methods with non-concrete-filled tubular sections
and hollo-bolts that follow the earthquake design requirements.
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