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Abstract: Modified blind bolts (Hollo-Bolt) and a locally strengthened steel tube column in the panel
zone were created to overcome the moment-resisting problem for the bolted connections between
concrete-filled hollow section columns and open section beams and to enhance the performance of
connections. The cyclic loading was conducted on a total of six modified anchored blind bolted flush
end-plate connections to concrete-filled steel tube (CFST) columns. The key parameters investigated
were the tube wall thickness, end-plate thickness, blind bolt anchorage method, and beam section.
The failure mode, hysteretic behavior, strength, stiffness, ductility, and energy dissipation capacity of
the connections were analyzed and evaluated with all details. The results indicated that connections
with modified anchored blind bolts and locally strengthened steel tubes could avoid the premature
failure of CFST column and exhibit an improved behavior with a favorable strength, stiffness,
and stiffness degradation. The test observations reveal two representative failure modes, and the tube
wall thickness and blind bolt anchorage method have a significant effect on the resultant failure mode.
Moreover, the use of thin endplate and weak beam can effectively enhance the hysteretic behavior
of joints, ductility, and energy dissipation capacity; and the change in anchoring method has little
effect on the stiffness. Finite element (FE) analysis models were established for the aforementioned
connections. The numerical models were validated against the experimental results and exhibited
good agreement. Finally, based on the component method, an initial stiffness calculation method was
established for the connections.

Keywords: flush end-plate connections; blind bolts; seismic behavior; concrete-filled steel tube
(CFST); finite element (FE) modeling; initial stiffness calculation

1. Introduction

Frames with concrete-filled steel tube (CFST) columns have been widely used in modern
construction, primarily because of the high structural efficiency of this type of column and the substantial
savings with respect to cost and building time of such a construction [1]. For fully welded connections,
the construction progress is slow and extensive erection and welding work is required, resulting in high
labor costs; additionally, the on-site welding quality is difficult to guarantee. Moreover, according
to the post-earthquake surveys conducted after the 1994 Northridge and 1995 Kobe earthquakes,
severe damage and brittle fractures in welded steel moment-resisting structures were observed due
to the poor performance of welding in beam-to-column connections [2]. Moreover, the fracture of
steel structures under earthquake action is a low-cycle fatigue problem, and the fatigue strength of
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steel is greatly affected by fine cracks in the welding seam and its heat-affected zones. The bolted
connections can meet the seismic performance requirements, but it is hard to access inside the steel
tube when connecting beams to CFST columns, as openings in the steel tube are costly. To overcome
the complexities associated with utilizing open section beams connected to hollow section columns,
a new blind-bolting technique has been developed within the past few decades. This technique
allows a fastener to be tightened from one side only, without the demand for access into the hollow
section column.

Although the blind bolts have solved the bolted connection problem of CFST column joints,
the tensile area in a square steel tube often tends to be susceptible to failure when the joint is resisting
moment. For moment-resisting blind bolted CFST column joints, the infill concrete functions as a local
stiffener for the column walls in the compressive region, while severe outward plastic deformation
develops much more easily in the tensile region, which is owing to the weak outward flexural rigidity
for the tube face. Wang ZB et al. [3] and Wang JF et al. [4] performed monotonic and cyclic loading
tests on bolted end-plate connections to square CFST columns. For most tested joints with square
CFST columns, failure occurred when the corner of the steel tube cracked and the tube face bulged
severely. Especially for the specimen with the thinner steel tube, only slight flexural deformation
of the end-plate was observed at failure due to the excessive outward deformation of the tube face.
Thus, it is concluded that premature local failure of the square steel tube induces a flexural resistance
below the design requirement, accelerating the destruction of the overall structure and preventing
other parts of the connection from working at full capacity.

Several measures have been suggested by contemporary researchers for enhancing the tensile
performance of CFST columns to prevent local tube failure. In some studies, this enhancement
is realized by modifying the steel tubes. Lee et al. [5,6] extended an experimental and analytical
study of a new bolted moment-resisting connection with T-stubs connecting open section beams to
unfilled hollow section columns. The load from the beam end can be transmitted to the sidewall or
back of the column to reduce the outward deformation of the tube face directly subjected to moment.
Wang et al. [3] proposed several strengthening methods, including using binding bars to tie the opposite
surfaces of the tube, adding internal rings, externally welding two C-shaped channels, and internally
embedding a short segment of I-section. The tensile force applied to the blind bolts was not effectively
transferred, therefore the first two methods had only limited influence to restrain the bulging of the tube
face; however, the last two methods effectively improved the performance of blind bolted joints to
square CFST columns.

Some work has focused on modifying the blind bolt to reduce the likelihood of local bucking of
the steel tube by setting a device anchorage for the blind bolt to improve the anchorage characteristics
of the fastener. First, Gardner and Goldsworthy [7] proposed to weld a piece of straight or hooked
reinforcing bar to the end of the bolt shank for the blind bolt. Then, they focused on modifying
an Ajax Oneside to investigate the tensile behavior of blind bolted T-stub connections to circular CFST
columns with a straight or hooked reinforcing bar welded to the blind bolts [8,9]. The test results
showed that the anchorage provided by the extensions can limit the localized bulging of the tube
face and dramatically improve the strength and stiffness of the connections in tension. However,
weld fractures easily occurred between the reinforcing bars and the bolt ends would easily form
if precautions were not taken, and short extensions would result in anchorage failure. Furthermore,
the final direction of the hooked reinforcing bars after tightening could not be guaranteed to be
consistent. Wang et al. [10-13] investigated the behavior of blind bolted end-plate (flush and extended)
connections to square and circular CFST columns; in this work, 50-mm-long straight extensions were
used for the blind bolts, and similar conclusions were drawn. Then, Tizani and Dan [14] proposed
the Extended Hollo-Bolt (EHB), which extended the bolt shank of the Hollo-Bolt and attached an anchor
nut at the end. Pitrakkos et al. [15] conducted a comprehensive experiment on a novel anchored blind
bolt in tension, indicating that the anchored blind bolt can finally achieve the ultimate strength of its
internal bolt to enhance the tensile strength and stiffness of the blind bolt. This research was continued
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by Tizani et al. [16,17], who carried out a series of monotonic and cyclic loading tests on blind bolted
end-plate connections to CFST columns using EHBs, which exhibited a high ductility and energy
dissipation capacity suitable for use in seismic design. These conclusions were further confirmed by
the research reported by Agheshlui et al. [18], who studied the tensile performance of the modified
Ajax Oneside with an anchor nut at the end.

For the current literature review, little attention has been paid to the anchored blind-bolted joints
between CFST columns and steel beams. For those joints, cyclic loading tests are limited, and the test
parameters are incomplete. It is also short of theoretical research, especially for the connection stiffness,
and no specific design method was available for those connections. Moreover, in order to relieve
the steel tube deformation, previous studies prone to increase the tube wall thickness along the length
of the column, and consistently increased the thickness of locally strengthened steel tube.

Therefore, the proposed moment-resisting bolted connection to CFST columns adopts the modified
blind bolts and a locally strengthened steel tube in the panel zone. It is expected that the capability of
each component can be fully utilized and a greater economic benefit can be achieved. Two simple
improvement method mentioned above combined to modify the bolted connections between CFST
columns and steel beams, which can provide a more effective, economical, and construction-friendly
solution to the flexibility of the tube face in the tensile zone. The new proposed connection can allow for
the application of those commonly used bolted connections in moment-resisting frame. The following
parametric experimental analysis and theoretical analysis of the connection stiffness will provide
a comprehensive investigation to help the development of this system.

A total of six proposed anchored blind bolted flush end-plate joints were tested under cyclic
loading to investigate their cyclic characteristics. Finite element (FE) analysis models using software
ABAQUS were developed for the connections, and the results obtained from the FE models were
validated against the test results. Finally, based on the component method, a mechanical model is
proposed, and the initial stiffness expression is established.

2. Experimental Investigation

2.1. Test Specimen

Six anchored blind bolted flush end-plate joints were designed to connect CFST columns to the steel
beam. Figure 1 illustrates the details of the specimens, and Table 1 summarizes the details of the specimens.
The end-plate thickness, tube wall thickness, blind bolt anchorage method, and beam section were
the test parameters that were investigated. All the specimens used the blind bolts (Hollo-Bolts) to connect
the steel beam to the square hollow section column. The blind bolts adopted in the tests were Grade
8.8 M16 Hollo-Bolts, which extended the bolt shanks and attached grade 8.8 anchor nuts at the end,
as shown in Figure 2. The bearing surface of the anchor nut was 90 mm away from the inner surface of
the steel tube. The columns in all the specimens were concrete-filled square hollow section columns with
a cross-sectional dimension of 200 x 200 X 5 mm. The steel tube wall in the panel zone was externally
welded with two 7 mm C-shaped channels to change its thickness. Plug welding was adopted to ensure
that the C-shaped channel and steel tube wall could fit closely together during the test. The Hollo-Bolt
used in specimen ST-5 extended only the bolt shank, without an anchor nut at the end. The beams used
for the majority of the specimens in this study were commercially available H-shaped steel beams with
a cross-sectional dimension of HN350 X 175 X 7 x 11 mm; an H-shaped steel beam with a cross-sectional
dimension of HN300 x 150 x 6 x 9 mm was adopted for specimen ST-6.

The blind bolts were snugly tightened with an impact wrench and subsequently tightened with
a torque wrench according to the specified torque values. All the blind bolts were tightened to a torque
of 190 N m, as recommended by the instruction given by Lindapter International, and the corresponding
applied pre-load was 70 kN. Notably, prior to the tightening of the blind bolts, the anchor nuts were
fastened to the screw by gluing or welding to prevent the nuts from falling off due to vibration when
installing the blind bolts or casting concrete.
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Figure 1. Details of joint specimens (unit: mm). (a) Specimens ST-1 and ST-2; (b) specimens ST-3 and
ST-4; (c) specimen ST-6; (d) end-plate.

Note: t, is the end-plate thickness; for specimens ST-1 and ST-3, t, = 12 mm; for specimens ST-2
and ST-4, t, = 24 mm; specimens ST-4 and ST-5 have the same dimension, except ST-4 with nut and
ST-5 without nut.

Table 1. Details of joint specimens.

Specimen Column Section (mm) Beam Section (mm) ‘End-Plate C—Sh.a ped Channel Anchor Nut
Thickness (mm) Reinforcement
ST-1 250 x 250 X 5 HN350 x 175 x 7 x 11 12 No Yes
ST-2 250 x 250 X 5 HN350 x 175 x 7 x 11 24 No Yes
ST-3 250 x 250 X 5 HN350 x 175 x 7 x 11 12 Yes Yes
ST-4 250 x 250 X 5 HNB350 x 175 x 7 x 11 24 Yes Yes
ST-5 250 x 250 x 5 HN350 x 175 x 7 x 11 24 Yes No
ST-6 250 x 250 x 5 HN300 x 150 X 6 X 9 24 Yes Yes
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Figure 2. The modified Hollo-bolt.

Except for that the beam of specimen ST-6 adopted the steel with a nominal yield strength of
235 MPa, the other steel components adopted the steel with a nominal yield strength of 345 MPa.
Testing of the steel tensile coupons was carried out for the determination of the primary properties of
various steel components, i.e., the elastic modulus (E;), the yield stress (fy), the ultimate stress (fy),
and the elongation at fracture (6). A summary of the results of the material tests has been presented
in Table 2. Moreover, for the grade 8.8 blind bolts, the nominal values of fy and f, are respectively
640 MPa and 800 MPa, and the elastic modulus is 2.1 x 10°> MPa. Commercially available SCC was
employed to fill all the test specimen columns, and standard compressive concrete cubes were cast
simultaneously as test samples. The compressive strength and elasticity modulus of the concrete
cubes were tested on the testing day. The concrete cube compressive strength was 39.92 N/mm?,
and the elastic modulus was 3.27 x 10* N/mm?.
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Table 2. Material properties of the steel components.

Steel Coupons Steel Wall Thickness(mm) Es (GPa) fy MPa)  fu (MPa) 0 (%)

End plate-1 12 197.29 399.2 562.8 25.7
End plate-2 24 198.26 408.5 534.5 28.7
C-shaped channel 7 192.29 395.2 567.8 27.7
Steel tube 5 208.75 477.1 609.2 21.3
Beam web-1 7 202.23 412.6 593.6 24.83
Beam web-2 6 192.05 254.1 397.0 30.0
Beam flange-1 11 202.02 4124 591.5 18.6
Beam flange-2 9 197.41 269.7 405.7 26.6

2.3. Experimental Test Setup and Loading Procedure

The experiment setup was illustrated in Figure 3. The CFST column was horizontally connected
to the reaction wall through two hinge supports. For simulating seismic loading, one MTS hydraulic
actuator with a 500 KN capacity was adopted to apply the cyclic load to the beam end. For reflecting
the axial pressure of the CFST column in actual engineering, the axial load was applied at the top of
the column by a hydraulic jack. The axial load level (n) is 0.3 for the CFST column, which is defined
as n = N/Ny, where N is the axial load applied to the column and Ny, is the nominal ultimate axial
compressive load of the CFST column predicted by the specification [19]. The distance from the loading
point on the beam to the column flange was 1.2 m. The cyclic load is controlled through the layer
angular displacement, which is the ratio of the horizontal displacement of the beam end to the loading
point distance, which was 1.2 m, as mentioned above. The loading procedure suggested by the SAC
Joint Venture (1997) [20] for cyclic testing was adopted and is summarized in Figure 4.
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Figure 3. Test setup. (a) Schematic of test setup; (b) picture of test setup.
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Figure 4. Loading protocol.
2.4. Instrumentation

Strain gauges were placed at different positions for measuring the strains in the end-plate, steel
tube and steel beam. All the readings were recorded by a DH-3816N static strain test and analysis
system. The load applied to the beam end was recorded by the MTS loading system. The arrangement
of the displacement transducers (LVDTs) used in the test is presented in Figure 5. LVDT1 and LVDT2
were adopted for monitoring the rotation of the column (6.). LVDT3 and LVDT4 were adopted for
monitoring the rotation of the beam (6y,), which were 30 mm away from column flange in the specimens
with a strong beam and 180 mm away from column flange in the specimen with a weak beam,
considering local beam buckling. LVDT5 was adopted for monitoring the displacement of the loading
point at the beam end. The relative rotation between the column flange and beam can be derived from
Equations (1)—(3).

U —up
&’1w0 M)
Uz — Uy
_ 4 2
Ob T )
0 = 6 — O, 3)

where 1y, u, u3, and uy are the corresponding displacements measured by LVDT1-LVDT4; and H is
350 mm for specimens ST-1~ST-5 and 180 mm for specimen ST-6, which is the horizontal distance
between LVDT3 and LVDT4.
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Figure 5. Arrangement of LVDTs (unit: mm). (a) For specimens ST-1-ST-5; (b) for specimen ST-6.
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3. Results

The failure modes in the specimens may affect the performance of the connections to a large extent.
Moreover, the influence of connection parameters on the performance of the connections may be related
to the failure modes. Therefore, it is necessary to observe different failure modes in the specimens.
During the initial stage of the test, the six test specimens showed similar experimental behaviors.
During loading of the first three drifts, very small gaps were observed between the end-plate and
column face, and no obvious deformation appeared in various components; during loading of the later
stage, there were mainly two typical failure modes. The comparison of two typical failure modes for
different component is presented in Table 3.

Table 3. Typical failure modes of the specimens.

Component Failure Mode I Failure Mode II
(Specimen ST-1, ST-2, and ST-5) (Specimen ST-3, ST-4, and ST-6)
Anchored blind bolt Partial pull-out Bolt rupture
Column wall Bulging deformation Slight bulging around the bolt holes
Core concrete Severely damaged Local concrete crushing
Steel beam No obvious local beam buckling ~ No obvious local beam buckling except ST-6

The first failure mode exhibited the following typical phenomena: the anchored blind bolts
were partially pulled out; an obvious outward deformation of the tube face was clearly observed,
especially around the bolt holes; and severe cracking and fracturing of the core concrete occurred,
causing the CFST columns to be the weakest component. Specimens ST-1, ST-2, and ST-5 failed by this
failure mode, as shown in Figure 6. With increasing drift ratio, the gap between the column face and
the end-plate became increasingly obvious, indicating that the concrete in the panel zone of the column
was gradually cracking. During this process, loss of anchorage and bonding from the blind bolts
occurred, causing the bolts of the three specimens to pull up and the steel tube around the bolt holes to
bulge under the action of the bolt pull-out force. Finally, when the drift ratio reached 10%, the load was
stopped due to significant pull-out of the bolt and severe bulging of the tube face. Owing to the thinner
end-plate of specimen ST-1, obvious flexural deformation of the end-plate was observed; after the test,
the entire end-plate showed plastic deformation, and obvious warpage was observed at both ends.
The thick end-plates of specimens ST-2 and ST-5 showed little flexural deformation during loading,
rotating as a rigid body. As the steel beams for the three specimens had sufficient flexural resistance
and stiffness, there was no obvious deformation in the steel beam. The steel tube was sectioned to
explore the failure mechanism of the CFST column, and the exposed core concrete infill was observed.
There were extensive concrete cracks and severe local concrete crushing in the panel zone, as presented
in Figure 6e. This result implies that anchorage failure occurred in the blind bolts at larger rotations,
causing the blind bolts to pull out and the load to decrease rapidly.

The second failure mode exhibited the following typical phenomena: the blind bolts failed in shank
rupture; no obvious outward deformation of the tube face was observed, and only slight bulging was
observed around the bolt holes; and the core concrete in the panel zone basically remained intact.
Therefore, the blind bolts became the weakest component. Specimens ST-3, ST-4, and ST-6 failed by
this failure mode, as shown in Figure 7. With the increase in the drift ratio, a gap formed between
the column face and end-plate, but this gap is remarkably smaller than that formed in the failure mode
L. This difference could be explained by the fact that the gap in the second failure mode was caused by
the elongation of the internal bolt, while that in the first failure mode was caused by the pull-out of
the blind bolts after anchorage failure. The deformation patterns of both the thick and thin end-plates
are similar to that observed in the first failure mode. However, the fracturing of the bolts in specimen
ST-3 occurred when the drift ratio reached 6%, while the bolts of ST-4 fractured at a drift ratio of
4%, indicating that the decrease in the end-plate thickness improved the deformation capacity of
the connections. Under cyclic loading, only specimen ST-6 with a weak beam exhibited local buckling
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in the beam compression flange, as presented in Figure 7d. The bolts of specimen ST-6 fractured
at a larger drift ratio of 6%, compared with specimen ST-3, indicating that the steel beam section can
also affect the deformation capacity of the specimens and that use of the weaker steel beam can improve
the deformation performance. Observations of the exposed concrete after cutting open the steel tube
show that, as presented in Figure 7g, the concrete infill in the panel zone remained basically intact,
and only local crushing around the bolt hole was observed. As the expanding sleeve, a part of the blind
bolt, was pulled outwards, the surrounding concrete was likely to crack locally when the connections
were under tension. The intact concrete could effectively restrain the pull-out of the blind bolts, causing
rupture failure of the blind bolts.

Figure 6. Failure mode I (specimens ST-1, ST-2, and ST-5). (a) ST-1; (b) ST-2; (c) ST-5; (d) tube wall
in specimen ST-1; (e) core concrete in specimen ST-2.

In the two failure modes, as shown in Figure 8, the anchored blind bolts embedded in the concrete
basically remained intact, despite the different failure patterns exhibited by the blind bolts. However,
scratches were clearly observed at the anchor nut, undoubtedly caused by the mechanical anchorage
against the concrete. In addition, throughout the loading process, no welding fracture occurred
in the fillet weld and plug weld between the steel tube and the C-shaped channel. According
to the observations on the deformation conditions around the bolt holes, as shown in Figure 9,
the square steel tube and the C-shaped channel fit closely together, indicating that the steel tube wall
and the C-shaped channel can work well together. The observed results demonstrate that the two
proposed methods can both be effective and provide stability to the performance of connections under
cyclic loading.
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Figure 7. Failure mode II (specimens ST-3, ST-4, and ST-6). (a) ST-3; (b) ST-4; (c) ST-6; (d) steel
beam in specimen ST-6; (e) fractured blind bolts; (f) tube wall in specimen ST-3; (g) core concrete
in specimen ST-3.

Figure 8. Embedded extension of blind bolt.

Figure 9. Bolt holes in specimen ST-3.
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The steel tube thickness in the panel zone of the connection and the anchorage method of
the blind bolt directly determine the connection failure mode. The use of thicker steel tube walls and
blind bolts with anchor nuts can change the failure mode of an anchored blind bolt connection to
CFST column from mode I to mode II. Therefore, when modified anchored blind bolts (Hollo-Bolt)
and a locally strengthened steel tube (C-shaped channels) are used in the panel zone, the proposed
connection demonstrated its ability to reach the ultimate strength of the blind bolts, exhibiting favorable
flexural resistance and stiffness. The end-plate thickness and the steel beam section mainly affect
the deformation capacity of the connections. In the proposed connection, the use of thinner end-plates
and weaker steel beams can result in favorable deformability of the test specimens and avoid premature
brittle failure.

4. Discussion

4.1. Moment—Rotation Hysteresis Curves

Figure 10 describes the moment-rotation hysteresis curves of the connections. The shapes of
the hysteresis moment-rotation curves for these specimens are relatively similar until the maximum
moments are reached. The moment-rotation relationship of the connection can be considered to be
roughly linear in the early initial elastic stage. In the inelastic stage, an obvious pinching effect can be
observed. As the drift ratio increased, the pinching effect becomes more obvious. This change can be
due to the severe deformation of the tube face and the end-plate, the bolt slippage and deformation,
the local buckling of the steel beam, and the concrete crushing, representing the failure modes of
the different specimens.

The specimens (ST-1, ST-2, and ST-5) that failed in mode I have low flexural resistance, but their
hysteresis performance is better than those that failed in mode II, which is attributed to progressive
concrete crushing. With increasing drift ratio, a sudden drop in the moment can be observed,
which reflects the simultaneous anchorage failure of the blind bolts and crushing of the concrete.
In subsequent cycles of loading, the moment for the thin end-plate connection (ST-1) continues to
decrease, but the moment for the thick end-plate connections (ST-2 and ST-5) first increases and
then slowly decreases due to the considerable restriction of the thick end-plate on the rotation of
the connection. The energy dissipation of the joints is mainly achieved by the crushing of concrete
in the panel zone and the deformation of the steel tube walls. However, those failure modes are not
expected in practical engineering. In addition, for the same reason mentioned above, obvious stiffness
degradation was found at a larger drift ratio.

The specimens (ST-3, ST-4, and ST-6) that failed in mode II have high flexural resistance,
but the hysteresis performance is worse than that of the specimens that failed in mode I. In particular,
for specimen ST-4, bolt brittle fracture occurs before a drift ratio of 4% was reached, and the hysteresis
loop is flat. Reductions in the end-plate thickness (ST-3 and ST-4) and steel beam section (ST-4 and ST-6)
widen the hysteresis curve and produce relatively good hysteresis performance. The energy dissipation
is mainly realized by the deformation of the blind bolts, steel beams, and end-plates. Moreover,
a thicker steel tube wall relieved the stiffness degradation of the connection more, as infill concrete was
effectively confined by the steel tube and failure was prevented even though its unconfined capacity
was achieved.
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4.2. Moment—Rotation Envelope Curves
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The moment-rotation envelope curves for the test specimens, which are averaged for comparative
purposes, are compared in Figure 11. The key parameters in moment-rotation relationship of joints are
defined in Figure 12. According to the yield moment defining method in reference [21], equivalent yield
point B is determined in the diagram and the corresponding moment and rotation are the yield moment
(My) and yield rotation (6y), respectively. The moment and rotation at the peak point are the measured
flexural resistance (Mmax) and corresponding connection rotation (Omax), respectively. According to
Chinese specification JGJ3-2010 [22], the moment equal to 0.85Mmnax is defined as the moment (M)
at failure, and 0 is the corresponding connection rotation used to represent the rotation ability of
a connection in this study. The main results and key parameters of the specimens are summarized

in Table 4.
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Figure 11. Moment (M)-rotation(6) envelope curves. (a,b) Effect of steel tube thickness; (c,d) effect of
end-plate thickness; (e) effect of anchorage method; (f) effect of beam section.
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Figure 12. Key parameters definition in moment-rotation curve of connections.

Table 4. Main test results.

Specimen  K; (kN-m/mrad) My (kN-m) 0y (mrad) Mmax (KN-m) Omax (mrad) M (kN-m) 0¢ (mrad) u

ST-1 10.83 56.99 9.0 70.24 144 59.70 62.6 6.96
ST-2 15.42 63.97 6.2 78.04 69.3 66.33 102.6 16.55
ST-3 15.21 80.12 10.5 106.34 49.2 90.39 54.3 517
ST-4 19.18 118.57 10.4 143.84 29.3 138.05 32.4 3.12
ST-5 17.77 90.38 9.2 118.64 88.8 113.08 98.5 10.71
ST-6 17.57 95.19 12.5 116.02 37.3 111.17 47.5 3.80

By the comparison of the moment-rotation envelope curves shown in Figure 1lab,e,
it is immediately apparent that the flexural resistances of the failure mode I specimens were much lower
than those for the failure mode II specimens; additionally, while the initial stiffnesses of the failure
mode I specimens were slightly reduced, their ductilities were greatly improved.

Figure 11a,b illustrate that the initial stiffness and flexural resistance of specimen ST-3 increased by
40% and 47%, respectively, compared to those of specimen ST-1 and that the initial stiffness and flexural
resistance of specimen ST-4 increased by 22% and 84%, respectively, compared to those of specimen
ST-2. The test results indicate that an increasing steel tube wall thickness had an improved effect
on the stiffness and strength. As seen from parts (c) and (d) of Figure 11, the effect of end-plate thickness
on the initial stiffness is similar to the effect observed due to the tube wall thickness, where the initial
stiffness of specimens ST-2 and ST-4 increased by 42% and 26%, respectively, compared to those of
specimens ST-1 and ST-3. However, in terms of the flexural resistance, when the connections failed
in mode I, the influence of the end-plate thickness was negligible, as the flexural resistance was
determined by the CFST columns; when the connections failed in mode 11, a greater end-plate thickness
increased the flexural resistance. Compared with specimen ST-1, the flexural capacity of specimen
ST-2 increased by only 11%, while the flexural capacity of specimen ST-4 was 35% higher than that of
specimen ST-3. Figure 11e shows that compared with those of specimen ST-5, the flexural resistance
of specimen ST-4 increased by 22%, but the initial stiffness increased by only 7%. These results
demonstrate that the use of the anchor nut in specimen T4 resulted in an increase in the flexural
resistance as the failure mode changed from mode I to mode II but slightly increased the initial stiffness
of connection. Figure 11f indicates that using a weak beam in specimen ST-6 resulted in a 19% reduction
in the flexural resistance and an 8% reduction in the initial stiffness; however, significant improvement
in the ductility of connection was observed.

4.3. Classification of the Tested Connections

To determine the connection stiffness and strength in the moment-rotation envelope curve,
the typed connection may be classified by EC3 [23]. A connection can be normally classified as
nominally pinned, semi-rigid or rigid in terms of the connection stiffness. A connection is nominally
pinned when the initial stiffness is less than 0.5EyI,/Ly,, where Ey, Iy, and Ly, are the elastic modulus,
second moment of area, and span of the steel beam, respectively. A rigid connection has an initial
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stiffness greater than 25EI,/Ly, for a non-braced frame and 8Ey,[,/L, for a braced frame. A connection
with an initial stiffness between these two thresholds is classified as semi-rigid. A connection can be
classified as full strength, partial strength, and nominally pinned according to the connection strength.
The maximum required connection resistance for nominally pinned connection design is 0.25Mpy,
and the full-strength connection resistance is greater than My, where My, represents the design plastic
flexural resistance of the steel beam. If the flexural resistance is located between the two thresholds,
the connection is partial strength. The classification of tested connections is illustrated in Figure 13.
Most blind bolted flush end-plate connections to CFST columns are classified as semi-rigid and partial
strength; however, specimen ST-6, with a weak beam, is classified as semi-rigid and full-strength.

1.2+ I I Rigid/full s:(rength ccl)nnetion-
Sway frame__|
0.8 _
Non-sway frame

04 r —r—v—y 4

< 00 Pinned connection
= -0.4+ —o— ST-1 ——ST-2 1

——ST-3——ST-4
-0.8r i| —ST-5——5ST6 ]
-1.2¢ -
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

6 (rad)

Figure 13. Classification of tested connections.
4.4. Rotation Ability and Ductility Ratio

The Chinese code GB50011-2010 [24] specifies an elastic layer angular displacement [0.] of
0.004 rad and an elastic-plastic layer angular displacement [6p] of 0.02 rad. As is shown in Table 4, for
all tested joints, the yield connection rotation (6y) is 1.55-3.13 times [0.], and the failure connection
rotation (0y) is 1.62-5.13 times [0 ]. To satisfy the ductility requirement in seismic design, FEMA 350 [25]
suggests a ductility limit of 0.03 rad. It is indicated by comparison that the anchored blind bolted
connections show excellent rotation ability, satisfying the specified earthquake design requirements
in both GB50011-2010 and FEMA 350.

The concept of ductility is one of the important elements in the structural earthquake-resistant
design. In this paper, the angular ductility coefficient (u¢) is adopted to define the ductility of the joint

as follows:
I

o =73 @)

y
where 0y is the failure connection rotation and 0y is the yield connection rotation.

The ductility coefficients of the test specimens are greater than 3, and the test specimens show
good ductility. These specimens that failed in mode I exhibited much greater ductility coefficients than
those that failed in mode II. However, failure mode I is achieved by concrete crushing in the columns
and the local buckling of the steel tube faces, and the full strength of the anchored blind bolts cannot
be reached, resulting in a low capacity of connections. Additionally, the ductility coefficient of
specimens ST-1 is 42% and 65% those of ST-2 and ST-5, respectively. These results indicate that
the ductility coefficient increased with an increase in the end-plate thickness due to the high stiffness
of the thick end-plate, which limited the rotation of the joint and slowed the decline of the bearing
moment of the joints, resulting in a more ductile joint. Moreover, the ductility coefficient of specimen
ST-5 is 3.4 times that of specimen ST-4 because using blind bolts without anchor nuts directly led
to the change in the failure mode from mode II to mode I, resulting in a significant improvement
in the ductility.
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For the specimens that failed in mode II, due to the thicker end-plates used in specimens ST-4 and
ST-6, premature fracturing of the bolts was observed, and the corresponding ductility coefficients of
both connections were less than 4, demonstrating a lower ductility for these connections. However,
with the weaker steel beam used in specimen ST-6, the ductility coefficient increased by 22% at the cost
of a 19% reduction in the flexural resistance compared to that of specimen ST-4. The ductility coefficient
of specimen ST-3 is 5.171, which is clearly greater than that of the other specimens, showing good
ductility. Compared with specimen ST-4, the ductility coefficient of specimen ST-3 increased by 66%,
indicating that the connection ductility clearly increased with a decrease in the end-plate thickness.
However, the counterpart flexural resistance for specimen ST-3 decreased by only 26%. Therefore,
with a thick steel tube, the use of thin end-plates and a weak steel beam could exhibit good ductility
and seismic performance and ensure a high flexural resistance, which is in accordance with the “strong
column-weak beam” design concept. In addition, a large bolt diameter and high bolt grade should be
adopted to avoid premature brittle fracture of the bolt and fully develop the deformation performance
of the end-plate and steel beam.

4.5. Energy Dissipation

The three key parameters expressing the energy dissipation capacity for CFST column
connections are the total dissipation energy (Wiqta1), the equivalent viscous damping coefficient
(&e), and the dissipated energy capability (E.). The total dissipation energy (W) is the cumulative
dissipation energy (W) described as a function of the drift ratio, where W is the area of the P-A
hysteresis curve at a certain cycle time. The dissipated energy capability (E.) and the equivalent viscous
damping coefficient () are calculated from Equations (5) and (6). Figure 14 describes the idealized
load versus deflection relationship, where Sppc and Scpa refer to the upper half area and lower half
area of the hysteresis loop, respectively, and Sopg and Spopr refer to the corresponding triangular areas.

_ Sapc+5Scpa 5)
¢ Sose + Sopr
Ee = o (6)

M B

F O AE 0

D

Figure 14. An idealized hysteretic loop.

Table 5 compares the dissipated energy capability (E.), the equivalent viscous damping coefficient
(&e), and the total dissipation energy (Wipta1) in the limit state. Figures 15 and 16 exhibit the equivalent
viscous damping coefficients () of each hysteresis loop versus the drift ratio and the total dissipation
energy (Wiota1) related to the drift ratio, respectively. These experimental results show:

(1) The specimens that failed in mode I (ST-1, ST-2, and ST-5) have a better energy dissipation
performance than the specimens that failed in mode II (ST-3, ST-4, and ST-6).

(2) Among the specimens that failed in mode II, the energy dissipation capacity of specimen ST-3,
with a thinner end-plate, is the best; a reduction of the steel beam section helps to increase
the energy dissipation capacity of joints.
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(3) An increasing end-plate thickness results in a reduction in the equivalent viscous damping
coefficient (&¢) for those specimens with failure mode II. The end-plate thickness has little influence
on the energy dissipation capacity for the connections with failure mode I. Those connections
mainly dissipate energy through CFST columns.

(4) The influence of the steel tube thickness on the equivalent viscous damping coefficient (&¢) is
related to the end-plate thickness. For the joints with thinner end-plates, the thickness of the steel
tube had little effect on the equivalent viscous damping coefficient (£¢), which can be attributed
to the fact that the thinner end-plate played a major role in energy dissipation. For the joints with
thicker end-plates, the effective viscous damping coefficient (£¢) increased with a decreasing steel
tube thickness. This result suggests that the CFST columns dominated the energy dissipation.

Table 5. Key parameters of energy dissipation in the limit state.

Specimen E. &e Wiotal (KN-m)
ST-1 1.263 0.201 23.74
ST-2 1.318 0.210 39.80
ST-3 1.042 0.166 15.57
ST-4 0.540 0.086 5.51
ST-5 0.830 0.132 38.27
ST-6 0.770 0.123 11.86

0.20

010 | ofd

0_05 1 1 1 1 1
0 6
Drift ratio (%)

Figure 15. &e versus drift ratio.
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Figure 16. Wtotal related to drift ratio.
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5. The Finite Element Model
5.1. Finite Element Modeling

5.1.1. Material Models

The stress—strain relationship of the steel can be simplified multi-linear stress—strain curves
and is shown in Figure 17 with the material stress—strain curve suggested by Bahaari et al. [26] and
Wang et al. [27] as references. The stress—strain relation model considers the plastic hardening of
the material and based on the incremental theory of plasticity. The Von Mises yield criterion is adopted
to determine whether the steel reaches the yield point in the multiaxial stress state.

Ey &u &
Figure 17. Trilinear model.

The concrete model adopted in this paper is the damaged plasticity model, which can reflect
the true condition of the concrete in the FE simulations. The core concrete in the concrete-filled steel
tubes is restricted by the steel tubes to change its properties; i.e., the plasticity of the concrete increases.
This change is mainly represented by two responses. The first is the strain increase in the corresponding
peak stress. The second is the descending segment of the stress—strain curve plateaus. The change
in concrete plastic behavior is not reflected by its typical uniaxial compression tests; consequently,
the passive constraining force on the core concrete cannot be described. For a reasonable and
accurate consideration of these factors, the uniaxial stress-strain relationship model recommended by
Hanetal. [28] and Wang et al. [12] is used to simulate the core concrete in the analysis. The default values
of the parameters mentioned above were assumed to be 38, 0.1, 1.16, 0.66, and 0.0005, respectively.

5.1.2. Finite Element Modeling

The FE models are established and solved using ABAQUS/Standard module. All parts are
modeled using the 8-node linear brick incompatible mode element (C3D8R). Seven parts are established,
including: steel tube wall, end-plate, C-shape channel, concrete, steel beam, sleeve, and bolt shank.
The bolt shank and anchor nut are modeled as the same component, and the modeling of weld
fillets is not considered. "Tie’ contact is used for the welding relationships between the end-plate and
steel beam, and a surface-surface interaction with normal direction hard contact and the tangential
penalty function is used to simulating the surface between the other components. The model assembly
and meshing for these components are presented in Figure 18. Due to the numerous modeling
elements, half of the symmetric connection is modeled to reduce computation time. According to
the experimental setup, the top and bottom of the column were assumed to be hinged base, which
limits three degrees of freedom in the direction and allow to rotate. Symmetry boundary conditions
were imposed in the model. The test loading is controlled through displacement applied on a reference
point coupled with the loading surface.
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Figure 18. 3-D finite element (FE) model and mesh of the connection components.

5.2. Validation

The flexural behavior of the anchored blind bolted joints to CFST columns is analyzed, and the FE
models are validated against the experimental results. The moment-rotation curves obtained by
the finite element calculations are compared with the moment-rotation envelope curves obtained by
the experiments in Figure 19. The curves of specimens ST-3, ST-4, and ST-6 approximately coincide.
The curves of specimens ST-1, ST-2, and ST-5 approximately coincide in the early stage and exhibit few
errors in the latter stage. Due to the influence of anchor nuts, anchoring bolts, and expansive sleeves,
and considering the group anchoring effect and steel tube confinement, the multidirectional stress
states of concrete between the steel tube wall and anchoring end were very complicated. Moreover,
in the latter loading stage, specimens ST-1, ST-2, and ST-5 underwent severe concrete damage and bolt
slippage, and many cracks would continue to occur until the core concrete in the panel zone was totally
destroyed. Regardless of whether the ordinary concrete uniaxial pull-out model or the confined concrete
model was used to simulate concrete behavior, it was difficult to fully reflect the true concrete behavior
in the complicate state of stress. In addition, under cyclic loading, the cracking of core concrete would
be aggravated. Therefore, the maximum moment of those specimens would be reduced to some extent,
and the ultimate moment was hard to predict accurately. As shown in Table 6, only the initial stiffness
value calculated using FE analysis for specimen ST-3 is underestimated. Through the comparison
between FE analysis and the following theoretical formula derivation, this underestimation might
occur because the test data of specimen ST-3 in the elastic stage had some measurement errors and
were overestimated to a certain extent. The prediction of the initial stiffness obtained from the other FE
models shows sufficient accuracy, with an average value of the FE/Test ratio of 1.088 and a standard
deviation of 0.017.

As shown in Figure 20, model validation is conducted by comparing the failure modes of
the FE models with those observed in the experimental observations. The end-plates, the thick steel
tube, the weak beam, and the bolts showed similar deformation in the test and FE models. The only
differences observed between the experimental tests and FE models were for the thin tubes of specimens
ST-1 and ST-2 due to the severe damage of the infill concrete, as mentioned above, which resulted
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in excessive outward deformation of the tube face. Therefore, the failure modes of the connections

in both the experimental tests and FE models show good agreement.

Through this validation of the tested connections, it is clear that the FE models could simulate
the connection behavior successfully; in particular, the stiffness of the anchored blind bolted joints
obtained in the early stage could be predicted by the models with sufficient precision. Therefore, the FE

models are suitable for the following stiffness analysis.
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Figure 19. Comparison of test and finite element moment-rotation curves. (a) ST-1; (b) ST-2; (c) ST-3;
(d) ST-4; (e) ST-5; (f) ST-6.
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Table 6. Comparison of the FE analysis and test results.

Specimen My (kKN-m) Oy (mrad) K; (kN-m/mrad) Kpg/Ktest
ST Mead @ 105 1196 110
T2 Moad 7126 79 1670 108
T3 Mad @ 99 1256 083
ST4 Mad 195 98 2060 107
SIS Moad  s8m 107 1562 110
STO  Moadl s> 1o 1930 1

S, Mises

(Avg: 75%)
800. 08
733.42
600. 10
533. 44

166. 78
9

S, Mises

(Avg: 75%)
800. 00
733.37
666. 73
600. 10
533.47
466. 84
400. 20
333.57
266. 94
200. 31
133. 67
67.04
0.41

S, Mises
(Avg: 75%)
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333,37

0. 06

PEEQ
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Figure 20. Observed and predicted failure modes. (a) The flexural deformation of the thin end-plate
in specimen ST-1. (b) The outward deformation of the thick end-plate in specimen ST-4. (c) The local
buckling at the root of the steel beam in specimen ST-6. (d) The fractured bolt shank in specimen ST-6
(bending and shearing fracture).
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6. Research on the Initial Stiffness of Connection Based on the Component Method

6.1. A Mechanical Model of the Initial Stiffness

The initial stiffness of the joints anchored to the CFST columns by blind bolts can be predicted
according to the classical component method recommended by EC3 [23]. The various finite element
simulations show that when calculating the initial stiffness, the first two rows of bolts contribute
to the tension of the connection, and the third row hardly contributes, especially for the proposed
connections with a thin end-plate. The displacement cloud chart in Figure 21 shows that the area behind
the third row of bolts undergoes approximately no displacement for specimen ST-3 at a drift ratio of 1%.
Based on the plastic development of the FE models at the end-plate, the plastic hinge appeared around
the center line of the third row of bolts. Therefore, when calculating the initial stiffness, the top two
rows of bolts are assumed to be in tension, and the center line of the third row of bolts in compression
is regarded as the center of the rotation of the specimen. The simplified initial stiffness mechanical
model of the joint is shown in Figure 22a; ke 1 and kegs 2 are the effective stiffnesses of the first bolt row
and second bolt row, respectively, and they consist of four springs in series, representing the following
stiffnesses: the end-plate in bending (k;), the bolt in tension (k;), the concrete in compression (k3),
and the steel tube wall in bending (k4), as shown in Figure 22b. Therefore, ks and k¢ are the stiffnesses
of the column wall in compression and concrete in compression, respectively. The CFST column is
adequately rigid, therefore ks and k¢ are assumed to be infinite and neglected. These components are
discussed further in the next section.

UT, Magnitude
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+32.6172+00
+2.333e+00
+2.0482+00
+1.763e+00
+14796400
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+6.2542-01

+3.409e-01
+5.6432-02

Figure 21. End-plate displacement cloud chart for specimen ST-3 at a drift ratio of 1%.
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Figure 22. Mechanical model of initial stiffness of connection. (a) Component model for the joint;
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(b) component model for the effective stiffness.

6.2. Stiffness Calculation of the End-Plate in Bending and the Bolt in Tension

The formula for calculating the stiffness of an end-plate in bending and a bolt in tension is provided
by EC3 [23], as shown in Equations (7) and (8), respectively.

0.9Eslefft?};
k= ® %
m
1.6EA
ky = o sts (8)

Lbo
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where Ej is the elastic modulus of steel; [ is the effective length of the T-stub; ¢, is the end-plate
thickness; m is the distance between the centre of the bolt hole and the intersection of stem and
end-plate; A; is the effective tensile area of the bolt; L, is the effective bolt length, given by Ly, = t. +
tp + demb + (tw + thut)/2, where t is the steel tube wall thicknesses; and t,, and tnyt are the thicknesses
of the blind bolt washer and anchor nut, respectively.

6.3. Stiffness Calculation of the Concrete in Compression and the Steel Tube Wall in Bending

Most of the force in the concrete is transmitted to the tube face in the form of a cone with the anchor
nut as the vertex, as shown in Figure 23. The calculation assumes that the concrete deforms elastically
in the initial state and that the bolt force can be spread to the tube face in the form of a cone. The model
of the bolt force in concrete is shown in Figure 24, and the cone diffusion angle is approximately 60°,
according to the results of FE analysis.

Figure 23. Transmission of force in concrete.

70N

F/2 F/2

Figure 24. The model of bolt force in concrete.
6.3.1. Stiffness Calculation of the Concrete in Compression

When the concrete is subjected to bolt pressure, it will produce compression deformation. Figure 25
shows the compression stiffness calculation model, where F indicates the resistance produced by
a unit of compression deformation and A is the corresponding compression deformation. Moreover,
the stiffness of concrete in tension was neglected according to EC3 [23]. The calculation formula is
proposed as follows:

emb P/Z
A= fd EA )
Ay = n[(dnut + x cot QCC)Z - de] (10)
F
b=t (11)

where d.p, is the embedded depth of the blind bolt, E. is the elastic modulus of concrete, Ay is
the compressive area of the concrete as a function of x, dnyt is the diameter of the anchor nut, dy, is
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the effective diameter of the bolt, and O is the angle between the inclined plane and the horizontal
plane of the cone. The parameters are shown in Figure 25.
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Figure 25. Calculation model of concrete stiffness in compression.

6.3.2. Stiffness Calculation of the Steel Tube Wall in Bending

A steel tube wall pulled on by a row of bolts can be considered equivalent to the calculation
model proposed by Neves et al. [29], where Hollo-Bolts were used without extended bolt shanks and
an anchor nut. The formula for calculating the stiffness of the steel tube wall is shown in Equation (12).

_ 16E2  a+(1-p)tang

2 104(A-A
L (1-p)® + %

4 (12)

where E; is the elastic modulus of steel, L. is the distance between the fixed axis of the two ends of
the steel tube wall, f. is the steel tube thickness, « is the ratio of the diameter of the bolt head (c) to Le, 8
is the ratio of the distance between the outer diameter of the bolt head to L, and y is the ratio of Le to
the steel tube wall thickness (t.). The proposed value of ¢ is 35-10 8 (refer to Neves et al. [29]), and A
and A, are 1.5 and 1.6, respectively.

For the proposed connections in this paper, considering the compression surface of the steel tube
wall to greatly increase in size, the compression surface is modified by introducing a magnification
coefficient for the bolt head diameter (c). According to Elamin [30], this coefficient is related to
the binding force of the steel tube wall to the concrete and the lateral spacing of the bolts; the value of
the magnification coefficient used in this paper is 3.5.

6.4. The Calculation Results of Initial Stiffness

The effective stiffness ke of bolt row r can be derived from

(13)

where k; , is the stiffness for the i-th component corresponding to bolt row r.
A single equivalent spring with stiffness k., replaces components related to the first bolt row and
second bolt row. The following expression can be derived for k.

Zk iZ. 2
hog = Rt (19
i kefiz

where z; defines the location of bolt row r with respect to the assumed center of rotation.
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The corresponding equivalent lever arm zq is derived from

L Yikeftiz] (15)
U Yikettiz,
The overall connection initial stiffness (Kj) can be calculated from Equation (16):
2 2
M Zeq Zeq 2
~ k; keq T ks T ke

1

Equation (16) is first applied to test specimens ST-1 to ST-6 for validating the improved component
model for predicting the initial stiffness. The results from the proposed component model, the test and
the corresponding FE models are summarized in Table 7. Compared with the test and the FE results,
the theoretical predictions basically agree, and the error margin for individual specimens is 17%.

Table 7. Comparison of the component model to the test results and corresponding FE analysis results.

Specimen  Component Model Kipeory ~ Test Kiest ~ Ratio Kipeory/Ktest ~ FE Model Kgg Ratio Kipeory/KFE

ST-1 9.90 10.83 0.91 11.96 0.83
ST-2 14.73 15.42 0.95 16.70 0.88
ST-3 12.15 15.21 0.80 12.56 0.97
ST-4 20.33 19.18 1.06 20.60 0.98
ST-5 19.99 17.77 1.12 19.62 1.02
ST-6 20.32 17.57 1.16 19.20 1.06

Note: Units for stiffness, K: kKN-m/mrad.

To further validate the proposed component model described above, an extensive parametric
analysis was carried out on the typical connection configurations. Hence, a total of 17 FE models for
various tube thickness, end-plate thickness, vertical bolt distances, and bolt diameters were modeled
to validate the proposed component method. Table 8 provides the comparison of the stiffnesses
from the FE predictions to the ones from the component-based model for the various research cases.
The component-based model calculations are within +17% of those of the FE models and mostly
within an error margin of 10%. Although the initial stiffness error margins are very high, due to
the complexity of the experiment, these values might be acceptable. Furthermore, it is also worth
noting that an average value of the Theory/FE ratio is equal to 0.95 with a standard deviation equal
to 0.072.

Therefore, it can be seen that the predicted initial stiffnesses are generally in good agreement
with those of the test results and the FE analysis results for typical cases, proving the reliability of
the proposed method for predicting the initial stiffness of a connection.



Appl. Sci. 2020, 10, 2517

24 of 26

Table 8. Comparison between the component method and FE analysis results for overall connection stiffness.

Specimen Tube Thickness Endplate Vertical Bolt Bolt Diameter % K Ratio
(mm) Thickness (mm) Distance (mm) (mm) theory FE Kiheory/KFE
M-1 5 12 100 16 9.90 11.96 0.83
M-2 8 12 100 16 12.14 13.75 0.88
M-3 12 12 100 16 12.15 12.56 0.97
M-4 5 25 100 16 14.73 16.70 0.88
M-5 8 25 100 16 20.28 20.59 0.99
M-6 12 25 100 16 20.32 20.60 0.98
M-7 12 8 100 16 5.66 6.37 0.89
M-8 12 16 100 16 16.69 16.29 1.02
M-9 12 20 100 16 19.07 18.78 1.02
M-10 12 12 80 16 10.30 10.60 0.97
M-11 12 12 120 16 14.20 16.09 0.88
M-12 12 25 80 16 17.24 17.99 0.96
M-13 12 25 120 16 23.75 24.72 0.96
M-14 12 12 100 18 12.87 13.79 0.93
M-15 12 12 100 20 13.64 16.09 0.85
M-16 12 25 100 18 22.64 21.89 1.03
M-17 12 25 100 20 25.44 23.03 1.10

7. Conclusions

The observations and conclusions of the experimental and analytical study reported in this paper

can be summarized as follows:

)

2

®)

4)

)

The observed results demonstrated that the application of the modified anchored blind bolts
(Hollo-Bolt) and a locally strengthened steel tube column in the panel zone can effectively
avoid the premature anchorage failure and CFST column damage for the bolted connections
to square CFST columns in the moment-resisting frames. No obvious damage was observed
for the embedded extensions of the blind bolts and C-shaped channels, providing a stable
and sustained effect on the joint performance during cyclic loading. The proposed connection
demonstrated its ability to reach the ultimate strength of the blind bolts and significantly
improved the performance of the connections in terms of the flexural resistance, stiffness and
stiffness degradation.

Two representative failure modes were presented in the test for the anchored blind bolted
connections to square CFST columns. The tube wall thickness and blind bolt anchorage method
mainly determined the failure mode, and the end-plate thickness and steel beam section had
an influence on joint deformation. Connections that failed in mode II exhibited higher flexural
resistances and stiffnesses, while better rotation ability, ductility and energy dissipation capability
were observed for connections that failed in mode I. For connections that failed in mode I,
the good deformation capacity is mainly achieved by the deformation of the steel tube walls
and the crushing of concrete in the columns. For connections that failed in mode II, using
thin end-plates and a weak steel beam could produce a good deformation capacity, avoiding
premature brittle fracture of the connections while maintaining a high flexural resistance.

Due to the change of failure mode, the use of locally strengthened steel tube can not only enhance
the initial stiffness and strength of a connection but also reduce the counterpart rotation capacity
and ductility. The use of thin end-plate and weak beam can effectively enhance the hysteretic
behavior, ductility, and energy dissipation capacity of joints. The change in anchorage method
has a great influence on the flexural capacity but has little effect on the stiffness.

The rotation capacity and the ductility of these anchored blind bolted joints can satisfy
the requirements for structural earthquake-resistant design in most seismic areas. In accordance
with EC3 Part 1-8, most blind bolted flush end-plate connections to CFST columns were classified
as semi-rigid and partial strength, except specimen ST-6 with a weak beam, which shows
semi-rigid and full-strength behavior.

An FE model of these anchored blind bolted joints was also developed in this study using
ABAQUS/Standard module. It is shown that the model could simulate the connection behavior
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successfully, particularly predicting the stiffness of the anchored blind bolted joints obtained
in the early stage with sufficient precision. According to the mechanical behavior of the connection
components, the component model of such a joint is proposed, and the initial stiffness expression is
established. The expression was verified by the experimental results and the results obtained from
numerous parametric FE models, demonstrating the reliability of the initial stiffness expression.

The current work can provide a good understanding of the performance of the proposed
connection, which is an important reference in actual engineering. Especially, the theoretical analysis
of the connection stiffness, which is a foundation of structural elastic analysis and calculation, offer
a significant benefit in design guidance of the anchored blind-bolted connections. These will contribute
to the application of the blind-bolted connections between CFST columns and steel beams in building
construction. In this paper, only cyclic testing on the proposed connections was conducted to
evaluate their seismic behavior. Future testing should be conducted on the proposed connections
using benchmark earthquake load, such as El-Centro, Kobe et al., to assess the seismic behavior of
the connections, which can get the dynamic response of the connections under the real earthquake.
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