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Abstract

The mechanical behavior of T-stubs bolted connection with two and four bolts per row under
monotonic and cyclic loading is analyzed in this paper using a 3D finite element model. The aim of
the model that takes into account material and geometrical nonlinearities is to obtain the evolution of
prying forces and bolts forces in the T-stubs with four bolts per row throughout the cycles of loading.
The numerical model is also used to compare the behavior of T-stubs with four bolts per row to those
with two bolts per row. The results are prepared to be used as a basis for proposing analytical
mechanical models for bolted endplate connections with four bolts per row using the component

method of Eurocode 3.
Key words
Connection, T-stubs, Four bolts, Cyclic loading, Energy dissipation.

1. Introduction

Steel structures, characterized by high ductility and an excellent mechanical strength to weight ratio,
are well known to withstand seismic actions successfully. However, during the Northridge (USA,
1994) and Hyokogen-Nanbu (Japan, 1995) earthquakes, failures of welded connections were observed
[1-4]. This has led researchers to improve the resistance of existing connections or develop new types

of joints that would withstand seismic forces adequately [S].

End-plate connections with two bolts per row have been largely used in steel structures subjected to
high seismic activity [6,7] because of their higher rotational capacity when compared to that of welded
connections. Furthermore, they can be more easily repaired in the case of minor damage preventing

the building from collapsing and enabling thus a quick return to service [8].

Several research works based on experimental and numerical approaches [9-15] have been carried out
in order to identify the behavior of this type of joints under monotonic loading. As a result, an
analytical model based on the Eurocode 3 (EC3) component method [16] has been proposed to
characterize the moment-rotation behavior of end-plate joints with two bolts per row under monotonic
loading. Nevertheless, no standard approach is available to characterize the behavior of these types of
joints under cyclic loading mainly their energy dissipation capacities [17]. This is why several studies

[18-21] have been carried out in order to study the behavior of end-plates connections with two bolts

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/
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per row under cyclic loads. Nemati et al. [19] conducted an experimental campaign on two groups of
T-stubs with two bolts per row, one was subjected to monotonic loading and the second to cyclic
loading. The authors reported an uplift of the end part of plate of the T-stub subjected to cyclic loads
that modified the contact conditions under the T-stubs flanges. Thus, influencing their mechanical
behavior. Piluso and Rizzano [3] conducted an experimental program on 28 T-stubs with two bolts per
row to obtain their load-displacement response under cyclic loads with constant and variable
amplitudes. The aim was to extend the EC3 component method [16] in order to propose a semi-
analytical model predicting the cyclic behavior of T-stubs with two bolts per row. The authors
concluded that the main parameters describing the degradation of stiffness and strength properties
were the energy cumulated and the displacement amplitude. Iannone et al. [22] and Simdes da Silva et
al. [23] proposed an analytical model to describe the behavior of the connections under cyclic loading
based on the EC3 component method [16]. The authors concluded that the global energy dissipation of
the joint can be obtained by adding the dissipated energies of the different components of the cyclic
model. Elsabbagh et al. [24] analyzed numerically the behavior of different configurations of column-
beam connections with stiffened and unstiffened end-plates under monotonic and cyclic loads. The
authors confirmed the conclusions made by Ghobarah et al. [25] considering that the use of end-plate
stiffeners, under cyclic loading, can improve the moment of resistance of the joint. Abidelah et al. [26]
studied the reinforcement of bolted joints by stiffeners on the extended parts of end-plates and
concluded that the presence of stiffeners enhanced the strength of the connections but reduced the
ductility. However, the use of stiffeners with a concrete slab or steel deck is difficult [27]. Although
this type of reinforcement is commonly used in seismic zones [28], recent research suggested that the
using stiffeners should be avoided because of the stress concentrations at the joint zone [29]. In
addition, the current Eurocode 8 (EC8) regulation [30] recommends that the joints should develop a

dissipative behavior in areas with seismic activity.

In recent years, several studies have been conducted in order to analyze the behavior of T-stubs with
four bolts per row under monotonic loading [31-34]. The authors concluded that there was an increase
in the strength and the stiffness of the connections when compared to those of two-row bolt joints
while still remaining easy to assemble on sites. In addition the outer bolts provide an additional safety
in the eventuality of failure arising in the inner bolts. However, EC3 [16] in its current version does
not provide recommendations for the design of joints with four bolts per row. To this effect,
Demonceau et al. [32] have proposed an analytical model to evaluate the strength and stiffness of the
T-stubs with four bolts per row based the component method [16]. Latour et al. [33] have also
experimentally and numerically analyzed the behavior of three T-stub configurations with four bolts
per row in order to obtain the three typical failure modes of T-stubs. The authors reached to the
conclusion that the geometric configurations of T-stubs, that influence the failure mode, had an effect

on the participation of the outer bolts to the overall resistance of the connections. Haouas et al. [34]
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numerically and analytically analyzed the behavior of T-stubs with four bolts per row under
monotonic loading. The authors concluded that for some configurations, the outer bolts are not loaded
and that the prying force was applied between the inner and outer bolts, thereby reducing considerably

the contribution of the outer bolts to the resistance of the joint.

The aim of this paper is to analyze numerically the behavior of T-stub with two (Fig. 1a) and four
bolts (Fig. 1b) per row under monotonic and cyclic loading. Both the global load-displacement curves
and the evolution of the bolt forces by considering the prying forces were analyzed. All the T-stubs
configurations were modeled using the finite elements software CAST3M [35]. The mesh densities
were selected on the basis of convergence study and the evaluation of symmetry conditions effect
(Figs. 2 and 3). The load-displacement curves obtained by the numerical model represent well
those of experimental tests under monotonic and cyclic loading available in the literature [3] [36,
37]. The models, validated on the T-stubs with two bolts per row under monotonic loads (Fig. 2),
were then used as basis for the T-stubs with four bolts per row (Fig. 3). The results of the T-stubs
with two bolts per row, under monotonic and cyclic loads, were also used as reference to evaluate the
contribution of the outer bolts in the T-stub with four bolts. The behavior of T-stubs with four bolts
per row under cyclic loading was analyzed and compared to that with two bolts per row on the basis of
load-displacement curves and key parameters given by the European convention for constructional
steelwork (ECCS) [38]. The analysis also included the evolution of prying effects and bolt forces with

special focus on the outer bolts.
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(a) T-stub with two bolts (b) T-stub with four bolts
Fig. 1. lllustration of whole model of T-stubs analyzed.

2. Monotonic behavior of T-stubs with two and four bolts per row

2.1. Numerical modeling
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2.1.1. Description of the numerical model

A three-dimensional finite element model using Cast3m [35] was developed to predict the monotonic
and cyclic behavior of T-stubs with two and four bolts per row. Solid elements with twenty nodes
(CU20) were used to model one eighth of the T-stubs by considering three planes of symmetry as
shown in Figs. 2 and 3. This solid element that has been selected after testing different types of
elements and mesh densities has been found to give a good compromise between the size of the
elements and the stability of the numerical solution adopted [39,40]. The model considers two sources
of non-linearity: the plastic behaviour of materials and the contact evolution between the different
parts of the T-stub. This model has been adapted to take into account the non-uniform distribution of
nodal forces between the corner nodes and the median nodes of the elements by introducing a further
condition on nodal displacements between the central node and the corner nodes over the full
boundary of all elements on the contact surfaces. However, although the ZX and ZY are geometric
symmetry planes, the XY plane does not satisfy the symmetry condition since the elongation of the
bolt is unsymmetrical in the Z direction. To this effect, some authors [41] proposed to replace the real
bolt by “an equivalent bolt” whose geometrical stiffness was identical to that of the actual bolt and
complied with the requirements for symmetry in the XY plane and with an elongation equal to half
that of the actual bolt [42]. This model was simplified by using a cylinder of constant nominal
diameter with a washer of the same diameter as the head of the bolt. Boundary conditions were taken
into consideration by defining symmetry on the nodes of ZX and ZY planes and by using contact in
the XY plane between bolt head and flange surface as well as between flange and symmetrical part
(foundation) (Figs. 2c and 3c). In order to reduce the number of contact planes, bolt head is considered
completely connected to the washer. Contact calibration for the model was carried out based on a
Hertz contact example which analytical solution has been well known. Lagrange multipliers to model
unilateral frictionless contact were used in each contact area. Load has been applied at the top of the

T-stubs in the Z-direction using displacement control (Figs. 2¢ and 3c).
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(a) Specimen Tpi-mi2 | (b) Specimen Tgi-mi6 | (c) Contact zones
Fig. 2. Meshing of the two-bolt T-stubs and the contact zones.
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2 Applied load &

Symmetry (ZY) plane

| Contact zones

g : : ;Symmetry (zX) plane
1
Rigid foundation X

(a) Specimen Tyomi2 (b) Specimen Tgomi6 (c) Contact zones

Fig. 3. Meshing of the four-bolt T-stubs and the contact zones.

In order to validate the numerical models, two T-stubs with different mechanical and geometrical
characteristics were modeled. These are symmetrical T-stubs with two bolts per row, named Toi_mi2
(Fig. 2a) and T, mi6 (Fig. 2b), whose experimental results are available from the literature [36,37].
The T-stubs taken from hot-rolled IPE300 profiles are symmetrical with two rows of two bolts (Fig.
4a). The geometrical characteristics of the T-stubs are given in Table 1. M12 Bolts of grade 8.8 and
M16 of grade 10.9 are used for T-stub Tyi_mi2 and for T-stub T, mi6 respectively. The dimensions and
the mechanical characteristics of the T-stubs are given in Table 1. After validation of the numerical
models, the models of T-stubs with four bolts per row, named Tw>_mi2 (Fig. 3a) and T _wmi6 (Fig. 3b),
are made from the T-stubs with two bolts by referring to the spacing conditions given by EC3 [16]
(Fig. 4b). The dimensions considered are given in Table 1. The mechanical characteristics considered
for the T-stubs Tpo_mi2 and Tg_mis are those used for the T-stubs Toi_mi2 and Tgi_mis. The stress—strain
curves of steel used in the numerical models are built from the real values of the yield and ultimate
limits of the plates (Fig. 5a) and bolts (Fig. 5b). In addition, the 4-bolt numerical models have been
validated in accordance with the T-stubs that were experimentally tested by Latour et al [33]. It
has to be noted that in order to allow a direct comparison between the numerical and experimental
results, the load applied to the T-stubs has been multiplied by 2 and therefore the force in the bolts is

multiplied by 4 for all numerical results.
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Fig. 4. T-stubs studied (two and four bolts per row).

Table 1
Geometrical and mechanical characteristics of T-stubs used in the finite element model.

Dimensions (mm)

T-stubs  Plate fy/fur (MPa) Bolts fyv/fun (MPa) P s W L b e m P om
Toi_mi2 431/595 2%2 M12-8.8 f/fu, = 893/974 40 107 90 80 150 20 294 30 / /
Tei_mi6 270/398 2#2 M16-10.9f,/f,,=957/1052 90  10.7 100 210 150 60 344 25 / /
Tro_mi2 431/595 4%2 M12-8.8 fyuf,, = 893/974 40 107 90 80 210 20 294 60 40 20
Teo_mi6 270/398 4#2 M16-10.91,,/f,,= 957/1052 90 10.7 100 210 210 60 344 60 40 20
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= = 600
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Fig. 5. Stress-strain curves used in the finite element model.

140

141  The numerical and experimental load-displacement curves (F-0) of T-stubs Tyi_mi2 and Tgi_mis under
142 monotonic loading are compared in Fig. 6. Comparative results show a high correlation between the
143 experimental tests and the numerical models regarding initial stiffness and strength. Superimposing
144  the curves shows that the numerical models developed provide a good representation of the real

145 behavior of T-stubs.

300 300
250 250 /.,.o"""
£ 200 D i n wn 2500 p
pre pre
g g
5 150 2150
2 2
g g
< 100 <100
0 e Th1_M12 (FEM) 50 e Tg1_M16 (FEM)
i Th1_M12 (Test) Tgl_M16 (Test)
0 Displacement (mm) 0 / Displacement (mm)
0 2 4 6 8 10 0 2 4 6 8 10
(a) Tor_mi2 (b) Te1 Mmi6

Fig. 6. Load—displacement curves of the T-stubs with 2 bolts row.

146
147  2.2. Analysis of the results
148  2.2.1. Monotonic load response

149  The monotonic load-displacement curves (F-0) of the T-stubs with two bolts (Tvi_mi2 and Tgi_mi6) and
150  the T-stubs with four bolts (Tp2-mi2 and Tg-mi6) are compared in Fig. 7. Superimposing the curves of
151  the Toi_miz and Tro-mi2 T-stubs and the Tgi_mis and Teo-mi6 T-stubs shows that T-stubs with four bolts are
152 characterized by a higher rigidity compared to T-stubs with two bolts. Furthermore, by adding outer

153  bolts, the same imposed displacement requires 15% more applied load than for T-stubs with two bolts

154  per row.
350 350
300 300
z z
= 250 = 250
w w
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3 200 3 200
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= 150 = 150
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100 100
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0 Displacement (mm) 0 Displacement (mm)
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2.2.2. Prying action and forces in the bolts

The curves of Fig. 8 that give the variations of the prying forces (Fq) as a function of applied force (F)
for T-stubs with 2 bolts (Te1_mi2 and Tei_mis) and T-stubs with 4 bolts (Tpo-mi2 and Teo-mi16) show that
there is a linear increase of the prying forces until the flange starts yielding. For values of applied load
equal to 180, 230, 190 and 250kN respectively for the sections Toi_mi2, Tei_mis, To2-mi12 and Teamis, all
T-stubs reached a complete yielding of the flange. At the stage, a rapid increase of the prying forces is
observed.

Variations in bolt forces as a function of the applied force (F) given in Fig. 9, for T-stubs with two
bolts (Tvi_m12 and Tg1_mis) and four bolts (Two-mi2 and Tger-mi6), show that the bolts in the T-stubs with
two bolts behave in a similar way as the inner bolts of T-stubs with four bolts. The outer bolts are not
subjected to any load during the elastic phase of loading. However, after complete flange yielding
(failure mode 1), the outer bolts of T-stubs start to take up loads that remain low compared to the load
taken up by the inner bolts (about 1% for Tram_mi2 and 10% for Tgeam mis). The difference between the
behaviors of the outer bolts of the T-stub Tvom mi2 and Teom_mis is due to the position of bolts of the T-
stub Tewm mi6 that is not centered, causing thus a bi-axial bending of the plate. As a general
observation, in case of a weak plate and strong bolt (failure mode 1) the outer bolts being in the area of
the plate that remains undeformed, do not contribute to the T-stub resistance [33]. Nevertheless, in the

case there is a bi-axial bending of the T-stub plate, the outer bolts contribute to the T-stub resistance.

300 300
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Applied load F (kN) Applied load F (kN)

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Fig. 8. Prying force vs. the applied load for T-stubs with 2 and 4 bolts row.
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Fig. 9. Bolts load vs. the applied load for the T-stubs with 2 and 4 bolts row.

3. Cyclic behavior of T-stub with two and four bolts per row
3.1. Cyclic Loading history

Cyclic loading that is based on the ECCS recommendations [38] is governed by the value of the
conventional elastic displacement dy that corresponds to the elastic resistance (Fy) that is given by the
intersection between the two tangent lines of the load—displacement curve of the T stubs at the initial
and the final stages of the monotonic load (Fig. 10). The loading protocol starts with four cycles of
loading at different amplitudes with an increment equal to (8,/4) until the value of the displacement &y
is reached. Whereby, the ECCS [38] recommends to repeat the same displacement three times for each
cycle with values of increments given by the formula (2+2n) 8, with (n =0, 1 and 2) (Fig. 11). Due to

their design and symmetry, T-stubs are subjected to repeated cyclic loading with an imposed positive

displacement.
Fy
z
VAl
1 Displacement (mm)
&y
Fig. 10. Conventional limit of elastic load and its
corresponding displacement.
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Fig. 11. ECCS cyclic loading procedures.

On the basis of the recommendations of the ECCS [38], the values of the conventional elastic
displacement &, obtained from the numerical curves F-8 under monotonic loads (Fig. 12) are equal to
1.3mm for the T-stubs Tvi_mi2, Tr2_mi2 and Te_mis and 1.2mm for the T-stub T, mi6 that correspond

respectively to values of applied load equal to 180kN, 190kN, 250kN and 230kN respectively.
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Fig. 12. Conventional limit of elastic range and its corresponding displacement for the T-stubs with 2
and 4 bolts row.

3.2. Cyclic model validation

The validation of the numerical model under cyclic loading by considering different collapse
mechanisms is performed to characterize the real T-stubs hysterical behavior. Thus, two T-stubs
with different mechanical and geometrical characteristics were modeled. These are symmetrical

T-stubs with two M20 bolts per row, of grade 8.8, named A3 (Fig. 13a) and B7 (Fig. 13b), whose

10
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experimental results are available from the literature [3]. The T-stubs A3 and B7 that were cut
respectively from hot-rolled HEA180 and HEB180 sections have different collapse mechanisms
(A3: Mode 1 and B7: Mode 2). The geometrical and mechanical characteristics of the T-stubs
are given in Table 2. The cyclic loading has been carried out by considering respectively 10 and

13 cycles of constant amplitude of 20mm for A3 and B7.

(a) T-stub A3 (b) T-stub B7
Fig.13. Meshing of the T-stubs A3 and B7.

Table 2
Geometrical and mechanical characteristics of T-stubs used in the modeling

T- stub Plate fy /f, (MPa) Bolts fyp/fu, (MPa) Dimensions (mm)

t ty W L b e m n
A3 334.67/530.62 2%1 M20-8.8 f £ = 640/800 9.79 9.79 105.65 158.75 181.50 79.38 37.51 37.93
B7 280.10/464.56 2*1 M20-8.8f, /f, = 640/800 14.01 14.01 105.67 158.75 179.75 79.38 36.81 37.04

The numerically obtained hysteretic load-displacement curves (F-6) of the T-stubs A3 and B7
were compared to the experimental ones in Fig. 14. The comparison shows that the numerical
model describes satisfactorily the real hysterical behavior of the T-stubs during all loading
cycles but could not predict their deterioration of strength and stiffness prior to the complete
fracture because the model was designed with elastic-plastic analysis and contact without

damage evolution.
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£ 100 100
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Fig.14. Hysteretic Load—Displacement curves

3.3. Analysis of the results

3.3.1. Hysteretic load—displacement response

The hysteretic load-displacement curves (F-3) under cyclic loading of the T-stubs with two (Tvic_mi2,

Tg1c_M16) and four bolts per row (Thvac_mi2 and Tgc mi6) obtained numerically are plotted in Fig. 15

versus the partial ductility as defined by the relation (8i/dy) [38]. Although the hysteretic F-6 curves of

the T-stubs with two bolts and four bolts per row are similar in shape, the comparison between the F-3

hysteresis curves of all T-stubs shows that the hysteresis curves of the T-stubs with four bolts are

being wider and more stable than those with two bolts. In addition, the F-6 hysteresis curves of the T-

stubs with two bolts per row are characterized by a significant decrease in stiffness at the beginning of

each loading cycle for the imposed displacement values & > dy. As a result, 4-bolt T-stubs Thzc n12

and Ty mis have respectively about 10 and 15% greater strength than the 2-bolt T-stubs

subjected to cyclic loads as well as preventing a significant variation and decrease in stiffness.
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Fig. 15. Hysteretic load-displacement curves (until the maximum applied displacement : 165y).

Three zones can be defined by observing the shapes of the hysteretic F-d curves shown in Fig. 15 of
the T-stubs with two bolts per row. Zone I is defined for a value of displacement less or equal to oy
that corresponds to the first four cycles of loading (elastic domain) where no decrease in stiffness is
observed on the hysteretic F-3 curves. The zone II is defined from the 5% to the 16™ loading cycle
corresponding to a maximum imposed displacement value equal to 85, where the stiffness of
hysteretic F-6 curves of the T-stubs with two bolts per row starts to decrease. Finally, zone III is
defined beyond the 16th loading cycle until the 28" loading cycle corresponding to a maximum
imposed displacement value equal to 16 §,. In this last zone, the hysteretic F-§ curves of the T-stubs

with two bolts per row are characterized by a clear decrease in stiffness at the beginning of each cycle.

The hysteretic loops of the last cycle of each zone of T-stubs with two and four bolts per row and their
positioning with regard to the corresponding envelope curve are compared in Fig. 16. In zone I, the
hysteresis loops of all four T-stubs have a stable linear shape (Fig. 16a) because the T-stubs are still
loaded in the elastic domain. However, in the case of the sections with four bolts per row the initial
stiffness and applied load are greater by about 15% as compared to those of the T-stubs with two bolts
per row (Table 3). In zones II and IIT (Figs. 16b and c), the hysteretic loops of the T-stubs with two
bolts per row are characterized by a decrease in stiffness at the beginning of the cycle, this decrease
being more important in zone III (Fig. 16¢), due to the more pronounced yielding of the plate.
However, the hysteretic loops of the T-stubs with four bolts per row show no significant decrease in
stiffness. The decrease in stiffness observed in the hysteretic loops of the T-stubs with two bolts
indicates that this configuration is prone to a change in its mechanical behavior due to the fact that the
contact starts to be lost between the foundation and the plate. Indeed, the plate behaves like a
cantilever due to the uplift of its end part during the unloading phase. Thus, this decrease in rigidity is
associated with the temporary cancellation of the prying forces. At the start of the cycle, this decrease
in stiffness results in an applied load difference of about 70% (Table 3) between the T-stubs with two
bolts and those with four bolts per row in Zone II. This difference becomes more significant in zone
III, where it reaches a difference in value equal to about 85% (Table 3). The difference in applied load
between the T-stubs with two and four bolts expressed by AF given by Eq. (1) is shown in Table 3.
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254  Furthermore, the addition of the outer bolts improves the shape of the hysteresis loops that become
255  wider and more stable. This qualitative improvement of the hysteresis loops resulting in a greater

256  energy dissipation [18].
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Fig. 16. Load—displacement and envelope curves for the T-stubs in cyclic load.
258
Table 3
Difference in applied load between the T-stubs with 2 and 4 bolts.
Cycle To2e_m12 To1c_m12 Tg2e_Mi16 Teie_Mmi6
Zone ) N N AF % N N AF %
number (kN) (kN) (kN) (kN)
0,5 87 75 16 115 101 14
I 4
1 162 146 11 207 188 10
4 161 92 75 236 139 70
1I 16
8 256 220 16 361 318 14
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In addition to the significant decrease in stiffness and strength in Zone III, the hysteretic loops in the
T-stubs with two bolts per row are characterized by a more pronounced variation in stiffness. For this
purpose, the hysteretic loop of the 28" loading cycle of the T-stub Thic_mi2 has been idealized by ten
straight lines each with different slopes according to the different stiffnesses observed. These and the
deformed shapes of the plate and bolts corresponding to the different stiffnesses are shown in Figs. 17
and 18. The first two stiffnesses observed on the hysteretic loop during Stepl and Step2 (Fig. 17),
correspond to the start of a new loading cycle. These first steps are characterized by the progressive
lifting of the plate on fillet radius side under the effect of the applied loading (F) and the uplift of its
end part as a result of the unloading of the previous cycle (Figs. 18a and b). As a result of this uplift,
the contact pressures that are at the origin of the prying forces (Fq) are positioned between the bolt
axis and the fillet radius in Stepl (Fig. 18a) and are tending to move towards the bolt axis in the
second step (Step2) (Fig. 18b). This explains the difference in stiffness between the two steps. As a
result of the deformation of the bolts due to their bending during the preceding cycles, only a contact
between the bolt head on the end part of plate and the plate is generated thus resulting in a reduction of
the bolt forces (Fp). During step 3 (Fig. 17) the contact between the bolt head and the plate remains
unchanged. However, no contact is generated between the plate and the foundation (Fig. 18c), thus
temporarily canceling the contact pressure under the plate that would have created the prying forces
and explaining the significant decrease in rigidity observed on the hysteretic loop (Fig. 17).
Subsequently, a new increase of rigidity is observed in Step4 (Fig. 17) that is due to the bending of the
plate and its significant lifting on the fillet radius side that restore the full contact between the head of
the bolt and the plate (Fig. 18d). In Step 5 the end part of plate and the foundation (Fig. 18e) are again
in full contact, the prying forces reappear, resulting in a rapid increase in rigidity (Fig. 17) before the
start of the unloading operation. During step 6 when there is elastic unloading, the prying action (Fg)
becomes a compressive force under the base plate (Rq) (Fig. 18f). Subsequently, in step 7, due to the
deformations of the plate and the bolt in bending, a progressive loss of contact between the head of the
bolt and the plate is observed on the fillet radius side (Fig. 18g), as a result of the flattening of the
plate under the effect of the unloading, thus reducing the forces in the bolts and leading to a decrease
in the rigidity (Fig. 17). During Step 8 (Fig. 17), a total loss of contact between the bolt head and the
plate is observed (Fig. 18h), causing a temporary cancellation of the bolt forces and a significant
decrease in stiffness. In addition, during steps 7 and 8, the compressive force (Rq) tends to move
toward the bolt axis (Figs. 18g and h). Finally, the last two stiffness increases corresponding to steps 9
and 10 (Fig. 17), are characterized by the uplifting of the end part of the plate, thus generating a

contact between the bolt head on the end part side and the plate. Consequently, in step 9 the forces in
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the bolts appear again (Fig. 18i), thus explaining the first increase in stiffness. The final step in the

loop (Step 10) is characterized by the recovery of the full contact between the plate on the fillet radius

side and the foundation (Fig. 18j) that explains the additional increase in stiffness.
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Fig.18. Deformed shape of T-stub flange at different loading-unloading steps.

3.3.2. Key performance parameters

The performance of the T-stubs subjected to cyclic loads is evaluated by using the parameters defined
by the ECCS [38] such as the strength ratio, the resistance drop and the energy absorption, for each
loading cycle. These parameters are analyzed in function of the partial ductility 6i/6, for displacement
values 6; > &y [38] All T-stubs are subjected to repetitive cyclic loading with an imposed positive

displacement, due to their design and symmetry. Therefore, only the positive parameters are analyzed.
a) Strength ratio

The ratio of the strength for each loading cycle at peak displacement (Fig. 19) to the initial yield
strength of the connections, given by the by the formula &* = Fi*/ F,* is an important parameter that is
used to evaluate the performance of connections under dynamic/cyclic loadings that result from
earthquake ground motions [43]. Fig. 20 shows that there is a decrease in strength ratio for each group
of three cycles of equal displacement for all T-stubs (Tvic_mi2, Teic mis, Toocmiz and Teac_mis).
However, the strength ratios of T-stubs Twoc_mi2 and Teoc mis are higher than those of T-stubs Toyic_mi2
and Tgic_mi6. The strength ratios () corresponding to the 28" cycle are given in Table 4. The ratio of
strength at peak displacement to the initial yield strength of T-stubs with two bolts is respectively 28%
and 44% for Tovic_mi2 and Tgic_mis. This ratio is higher of about 10% for T-stubs with four bolt rows
where it reaches 36% for Tvoc_mi2 and 57% for Tgc mie. It can be concluded that for each group of
three cycles of equal displacement, a higher strength ratio is obtained by the addition of an external

bolt row.
b) Resistance drop ratio

The resistance drop ratio is equal to the ratio of the strength of the third cycle to that of the first cycle
as given by the following formula &**= F*/ F*., where F; and Fi, represent respectively the external
force applied for cycle i (third cycle) and cycle i-2 (first cycle) for each group of three cycles of equal
displacement (Fig. 21). The curves showing the variation of the resistance drop ratio as a function of
the partial ductility (3/9y) are given in Fig. 22. It can be seen than during the first two groups of three

cycles of equal displacement, the T-stubs with four bolts are characterized by an increase of the
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resistance drop ratio of about 7% (Tpzc_mi2 and Teoc mi6) Whilst there is an increase of only around 4%
for the T-stubs with two bolts (Tpic_mi2 and Tgic_mi6). Following the first two groups of three cycles, a
decrease of about 5% in the strength drop ratio of two bolts row T-stubs is observed that is due to the
yielding of their plate. However, in the case of four bolts T-stubs, the strength of the third cycle is
almost equal to the strength of the first cycle (Table 4) and therefore practically no decrease in the
strength drop ratio is observed. This indicates that due to the external bolts, the T-stubs with four-bolt

are not affected by the repetition of the same loading cycle.
c) Absorbed energy

Connections subjected to cyclic loading must have the ability to absorb and dissipate energy in order
to guarantee the stability of the structure. This can be measured by the energy absorption capacity as a

function of the partial ductility (3/dy). This parameter is defined by the following formula:

ni'= A/ Fy (8% 8y + 8- 8y)

The curves giving the energy absorption capacity versus partial ductility are shown in Fig. 23 (8i/0y). It
can be observed that there is greater energy absorption in the case of T-stubs Trc_mi12 and Tgzc_mis than
for T-stubs Tvic_mi2 and Tgic_mis for which it does not exceed the value of 0.66 whilst the values of n;*
for T-stubs Tr mi2 and Tge mie corresponding to the 28" loading cycle reached 0.78 and 0.91
respectively (Table 4). It can be concluded from these results that there is higher energy absorption in

the case of the T-stubs with four bolts row than for the T-stubs with two bolts row.
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Fig. 19. Determination of the value (F;) for cycle i.
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Fig. 20. Strength ratio.
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Table 4
Key performance parameters.
T-stub To1c_m12 To2e_m12 Te1c_mi6 Te2e_Mi16
Strength ratio(g) 1,28 1,36 1,44 1,57
Resistance drop fuction (¢*) 0,96 0,98 0,96 0,99
Absorbed energy (ni) 0,62 0,78 0,66 0,91

3.3.3. Deformed shapes of T-stubs with two and four bolts rows
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Fig. 24 shows that there is an uplift of the end part of the T-stubs plate with two bolts (Tvic_mi2 and
Teic_mi6) but no uplift is observed in the case of T-stubs with four bolts per row (Tpzc_mi2 and Teae mie).
Therefore, the addition of outer bolts prevents the end part of T-stub plate from lifting, thus
maintaining its contact with the foundation, avoiding the temporary cancellation of the prying forces

that corresponds to the decrease in the stiffness of the T-stubs.

LI [ [ ] LT |

(a) T-stubs with two bolts row

[ 1

LT [ | L[]

(b) T-stubs with four bolts row
Fig. 24. Deformed shape of plate under cyclic load.

4. Analysis of the evolution of the Prying forces and the bolts behavior
4.1. The Prying forces

The variations of the prying forces on the contact zone under the T-stub flange are plotted in Fig. 25
for all T-stubs. The FE results show that the shapes of the curves for the T-stubs with two bolts per
row are similar and are characterized by the temporary disappearance of the prying forces during the
loading phase (Fig. 25) due to the loss of the contact between the plate and the foundation (Fig. 18c).
As far as T-stubs with four bolts per row (Tpoc_mi2 and Tgc_mi6) are concerned, no cancellation of the
prying forces occurs although the curves showing the evolution of the prying forces versus the applied
load are similar to those of the T-stubs with two bolts. This is because the plate stays flat (Fig. 24b),
thus preventing its loss of contact with the foundation. Furthermore, it can be observed during the
unloading phase that compressive forces develop under the plate of all T-stubs instead of the usual
prying forces. However, the compressive forces present in the case of the four bolts row T-stubs have
greater values than those of the T-stubs with two-bolt row. This is due to the higher resistance of the
four-bolt row T-stubs when compared to those with two-bolts row. The prying forces are plotted
versus the applied force during the last cycle (4, 16 and 28" cycle) of each zone (Fig. 26). In zone I
(Fig. 26a), it can be observed that the curves are linear for the all T-stubs (Tpic_mi2, Taic_Mmi6, Th2c mi2
and T mi6), With slightly higher values of the prying forces for the T-stubs with four bolts (Ts2c_mi2
and Tgc mi6). In zones II and III (Figs. 26b and c), during the loading phase, due to the total contact

loss between the plate and the foundation, temporary cancellation of the prying forces of the T-stubs
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with two-bolt is observed. This cancellation is more significant in zone III (Fig. 26c), due to the more
pronounced yielding of the plate. However, in the case of T-stubs with four bolts, the prying forces are
mobilized continuously. During the unloading phase, as previously explained, the prying forces are
replaced by compression forces under the plate, these forces being about 10% greater in zone II and
about 20% in zone III for the T-stubs with four bolts (Twac_mi2 and T mis) compared to the T-stubs

with two bolts (Thic_mi2 and Tg]c_M]G).
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Fig. 26. Prying force vs. the applied load.

4.2. Analysis of the Bolts behavior

The forces in the bolts of T-stubs with two bolts (Tsic_mi2 and Tgic_mis) and those of the inner and outer
bolts of T-stubs with four bolts (Tv2c_mi2 and Tgac mi16) are plotted versus the applied load in Fig. 27.
During the loading phase, the behavior of the bolts of the T-stubs Tyic_mi12 and Tgic_mi61s similar to that
of the inner bolts of the T-stubs Tvoc_m12 and Tgc_m16. However, during the unloading phase, the inner
bolts of T-stubs Tuoc mi2 and Tec mis are unloaded in contrast with those of T-stubs Ty mi2 and
Teic_m16, Where the participation of the bolts in the resistance to the applied load is only cancelled
temporarily because of the contact loss between the head of the bolts and the plate (Fig. 18h). As
regards the outer bolts of T-stubs Twac_mi2 and Tgac_mi6, in addition to their contribution to the resistance
of the applied load during the loading phase, they also participate to the resistance during the
unloading phase, thus compensating for the fact that the internal bolts play no role during the
unloading phase. This ensures that the bolts contribute to the strength of T-stubs during the loading
and unloading phases. Values of the forces in the bolts of T-stubs with two and four bolts per row are
plotted as a function of applied force for the last cycle (4, 16, and 28 cycles) of each Zone (Fig. 28).
The contributions from the bolts of T-stubs Toic_mi2 and Teic_mis (Fy) and from the inner (Fyi) and outer
(Fvo) bolts of the T-stubs Tyc mi12 and Tee mi6 during the loading and unloading phases for the 4™, 16™
and 28" cycle are given in Tables 5 and 6. The values given correspond to the maximum value of the
applied load during loading and unloading. In zones I and II (Figs. 28a and b) a similar variation in the
forces in the bolts of T-stubs with two bolts and the inner bolts of the T-stubs with four bolts is
observed during the loading phase. At the end of the first zone, each of these bolts is subjected to an
axial force of around 55kN for T-stubs Tyic mi2 and Trac mi2, and an axial force of around 70kN for T-
stubs Tgic_mis and Tgc mis. As regards zone II, for T-stubs with two bolts per row, each bolt of
Toic_mi2 and Tgic_mis is subjected to axial forces whose values are equal to about 75kN and 135kN
respectively. In the case of T-stubs with four bolts, in this second zone, the axial force measured in
each inner bolt of Twoc mi2 and Tec_mis is equal to around 85kN and about 130kN respectively. In the

case of the outer bolts, no contribution to the resistance is observed in zone I (Fig. 28a). However, in
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Zone 11, a slight contribution to the applied load is observed (Fig. 28b). During the unloading phase in
Zones I and II (Figs. 28a and b), the contribution of the bolts of T-stub Tyic_mi2 to the resistance of the
T-stub is nil in Zone I and is cancelled temporarily in Zone II, after this cancellation each of the bolts
is subjected to an axial force of 23kN. Nevertheless, the contribution of the bolts to the resistance of T-
stub Tgic_mi6 is not cancelled in zone II (Fig. 28b), due to their higher strength, an axial load equal to
26kN being obtained from the FEM in every bolt of Tgic mis. As regards T-stubs Troc_mi2 and T mis,
the inner bolts play practically no role in the resistance to the applied load in Zone II. However, the
outer bolts take up a substantial proportion of the applied load, thus compensating for the inner bolts.
In zone III (Fig. 28c), the contribution of T-stubs Tyic_mi2 and Tgeic_mis bolts to the resistance of the
applied load is similar during the loading and unloading phase. This contribution is characterized, by a
temporary cancellation of their participation to the resistance of the applied load in unloading phase.
This is due to the total contact loss between the head of the bolts and the plate. Regarding the T-stubs
Th2e m1z and Tge mi6, the inner bolts do not contribute to the resistance at the start of loading and
during the unloading phase due to the contact loss with the plate. Nevertheless, in the loading
phase, when the applied load reaches about SOkN, the inner bolts start to participate to the
resistance of the T-stub owing to the plate uplift on the fillet radius side that restores the contact
between the head of the inner bolts and the plate. However, that is not the case of the outer bolts
that contribute continuously to the resistance of the applied load during the loading and unloading
phase, thus compensating for the lack of contribution of the inner bolts during the loading and
unloading phase. It should be noted that both equilibrium Eqgs. (2 and 3) are satisfied in the loading

and unloading phase when considering the forces obtained from the numerical model.
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Fig. 28. Bolt load vs. the applied load for the T-stubs.
Table 5

Numerical values of prying forces and bolt forces during the loading phase for the last cycle of each Zone

(4", 16", and 28").
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Loading phase

4 cycle 16" cycle 28 cycle
Toiemiz To2emiz Tgremie  Tgemie  Thiemiz  Twecmiz Tgiemie  Tgeemie Toiemiz Trhecmiz TgieMie Teac Mie
F (kN) 146 161 188 207 220 256 319 361 234 267 334 398
Fox4 (kN) 214 / 293 / 296 / 547 / 307 / 533 /
Foix4(kN) / 232 / 282 / 346 / 525 / 339 / 527
Foox4(kN) / 0 / 0 / 0 / 55 / 61 / 68
Fo (kN) 68 70 105 75 76 90 228 219 73 133 199 197
434
Table 6

Numerical values of compressive forces and bolt forces during the unloading phase for the last cycle of each
Zone (4", 16", and 28™).

Unloading phase
4% cycle 16" cycle 28%h cycle
Toie M1z To2cmiz Tetemie Tecmie Toiemiz Toecmiz Tgiemie Teacmie Toiemiz Tohec Mz Tgie Mt Te2c Mi6
F (kN) -16 =27 -36 -52 -227 =275 -339 -378 -236 -299 -344 -415
Fox4(kN) 3 / 1 / 92 / 105 / 90 / 122 /
Foix4(kN) / 1 / 3 / 1 / 12 / 0 / 0
Foox4(kN) / 5 / 8 / 58 / 113 / 99 / 141
Ro (kN) 13 21 35 41 168 216 234 253 146 200 122 247

435  4.3. Analysis of the bolts elongation

436  The elongations of the bolts of T-stub Tpic_mi2and those of the inner bolts of T-stub Tioc_mi2 are
437  compared in Fig. 29. During the loading phase, this elongation is minimal and equal for both Tpic_mi2
438  bolts and T mi2 inner bolts, until the applied load reaches its elastic limit value Fy corresponding to
439  180kN for the T-stub Tpic_mi2 and 190kN for the T-stub Tyoc_mi2. For loads greater than Fy, there is a
440  sharp increase in the value of the elongations of the bolts, this increase being higher in the case of
441  Tpicmi2 bolts with an elongation equal to 4mm during the last cycle of zone III (28" cycle), that
442  corresponds to an applied load equal to 230kN. However, at the same loading stage (28™ cycle)
443  corresponding to an applied load equal to 267kN the elongation of Twc_mi2 inner bolts, does not exceed
444  3mm. The same findings are observed during the unloading phase. Therefore, there is a reduction of

445  the elongation of the bolts when an outer row of bolts is added.

——Tb1C_M12 51
e TH2C_M12 Inner bolt - 4,5

3,5 A
3
2,54
2--

Bolts elongation (mm)

1;5-
1 4
0,5 1
ey - - - Arplied load F(KN))

-320 -270 -220 -170 -120 -70 -20 30 80 130 180 230 280
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Fig. 29. Bolts elongation.

5. Conclusion

The study carried out in this paper compared the monotonic and cyclic behaviors of T-stubs with two
and four bolts per row. Its main aim was to highlight the benefits of adding the outer bolts on the
cyclic behavior of the T-stubs in comparison to that of two bolts row T-stubs. The comparison was
based on the final deformation of the T-stub at the end of the loading cycles as well as the key
parameters given by the ECCS recommendations [38]. The main results of the work can be

summarized as follows:

*  Under monotonic loads, the addition of an outer bolt has no significant impact until the flange
starts to yield.

*  Under cyclic loads, the addition of an external row of bolts prevents the variation and
the decrease of the stiffness as well as providing an increase in strength that can reach
more than 80%.

* Under cyclic loading, the outer bolts take up practically all of the load applied in the
unloading phase, as well as participating to the resistance to the applied load in the loading
phase.

* The addition of the outer bolts prevents the uplift of the end part of the T-stub plate
subjected to the cyclic loads, thus avoiding the cancellation of the prying forces, as well
as reducing the elongation of the inner bolts of about 40% in the loading and unloading

phase.

Furthermore, the analysis of the key parameters given by the ECCS [38] showed that the
repetition of the same loading cycle with an equal displacement had a great influence on the
behavior of the T-stubs with two bolts and will result in a large loss of strength. However, this
loss has been reduced of about 10% by the addition of an external row of bolts. Also, the analysis
of these key parameters showed that due to the stability of the hysteresis loops, the four-bolt T-

stubs absorb around 20% more energy than the two-bolt T-stubs

Finally, the results presented in this paper are promising with regard to the improvement of
the cyclical behavior of the two-bolt T-stubs, particularly the strength ratio and the energy
absorption capacity. Detailed investigations of the deformations and evolution of bolt loads
along with contact pressures provided an understanding of the mechanical behavior of the T-
stubs with 2 and 4 bolts under cyclic loading. The description of the evolution of stiffness during

a full cycle will allow the development of an analytical model.
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Consequently, the upcoming research activity of the authors will aim at the development of
an analytical model based on both the component method and the previous studies that were
carried out by Piluso and Rizzano [3]. This model will be developed with the purpose of
characterizing the actual hysterical behavior of two-bolt and four-bolt T-stubs, considering their

mechanical and geometrical characteristics and also the different degradations.
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