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Abstract: As the square steel tube in the tension zone is always the weakest part of moment-resisting
joints, modified blind bolts (Hollo-Bolts) and a locally strengthened steel tube in the panel zone were
adopted to enhance the joint performance. Cyclic loading tests were carried out on eight anchored
blind-bolted extended end-plate joints between square concrete-filled steel tube (CFST) columns and
steel beams. The test parameters included the end-plate thickness, steel tube wall thickness, beam
section size, local strengthening connection method, blind bolt anchorage method, and stiffeners.
The failure mode, hysteretic behavior, stiffness, strength, ductility, strength degradation, stiffness
degradation, and energy dissipation capacity of the joints were studied and analyzed. The test
results showed that the application of anchored blind bolts and a locally strengthened steel tube can
fully utilize the bolt strength and significantly improve the joint performance, especially in terms
of strength and strength degradation. The test observations revealed three typical failure modes
for the joints, and the failure mode depended on the weakest component. In addition, the local
reinforcement of C-channel and change in the anchorage method had a limited effect on the initial
stiffness. Greater end-plate thickness and the use of stiffeners significantly increased the joint stiffness
and decreased the rate of stiffness degradation. The use of stiffeners also significantly enhanced the
ductility and energy dissipation by moving plastic hinge outward from the joints. Finally, finite
element analysis (FEA) models were developed and validated against the experimental results,
and the stress distribution and force transfer pattern were investigated.

Keywords: concrete-filled steel tube (CFST); blind bolts; extended end-plate connections; cyclic
(seismic) behavior; finite element analysis

1. Introduction

Concrete-filled steel tube (CFST) columns have been widely used in multistory and high-rise
buildings in many countries, mainly due to their high structural efficiency, low cost and fast construction
time [1–4]. Currently, most existing CFST columns are connected to H-steel beams via welding processes,
but this kind of installation is complex, time consuming and costly. Moreover, it is quite difficult to
ensure the quality of the site construction, and these connections are prone to brittle welding fractures.
A bolted connection between a CFST column and a steel beam can solve these problems; however,
it is difficult to access the inside of the hollow section, and ordinary high-strength bolts cannot be
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directly used in the connections. However, this problem can be overcome with blind bolts that are
installed only from one side of the steel tube wall. Currently, the most commonly used blind bolts are
the Hollo-Bolt, Molabolt, Flowdrill, Ajax Oneside, and Ultra-Twist.

Currently, the applications of the available blind-bolting systems are restricted to the construction
of shear-resisting joints, whereas blind-bolting systems have not been developed for moment-resisting
joints. This is because when the blind-bolted joint is resisting a moment, the square steel tube in the
tension zone is always the weakest part due to the poor outward bending stiffnesses of the square
steel tube wall; therefore, the blind bolts are unable to utilize their full strengths, which limits the
performance of this type of moment-resisting joint. In a study on the flexural behavior of square
CFST column joints with ordinary blind bolts, the joints typically failed due to cracking at the corner,
excessive deformation of the tube face, and slippage and pull-out of the blind bolt [5,6].

Some researchers have proposed increasing the outward stiffness of steel tubes by using
constructional measures for the bolted connections between the CFST columns and H-steel beams,
including strengthening the panel zone of the joint or transferring the load to the sidewalls or the
back of the column [5,7–9]. Although these measures have certain effects, they are too complicated in
fabrication and are unfavourable to the construction of space connections.

A more convenient and effective method is installing an anchoring device at the end of the blind
bolt to improve its anchorage performance in the tension zone, thereby enhancing the flexural behaviors
of CFST column joints. Gardner and Goldsworthy [10] initially proposed welding a straight or cogged
reinforcing bar to the ends of blind bolts to form a complete unit; several studies have focused on this
type of modified blind bolt [11–15]. Thereafter, Tizani W et al. [16] extended the blind bolt and installed
a nut at the end, similar to a headed stud; this bolt is referred to as the Extended Hollo-Bolt (EHB),
as shown in Figure 1. Pitrakkos T et al. [17] and Agheshlui H et al. [18,19] investigated the tensile
behavior of a modified blind bolt with a nut on the end. Their results indicated that an anchored blind
bolt could ultimately achieve the full tensile capacity of its internal bolt and could limit the local outward
deformation of the column and dramatically improve the strength and stiffness. Moreover, anchorage
failure could occur for short extensions, welding fractures between the bolts and the reinforcing bars.
Tizani W et al. [20,21] investigated the rotational stiffness and hysteretic performance of a blind-bolted
end-plate connection to CFST columns with EHBs. Their results indicated that the connection can offer
an appropriate energy dissipation capacity and ductility for its potential use in seismic design.
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Figure 1. Modified anchored Hollo-Bolt.

To date, research on anchored blind-bolted joints to CFST columns is limited, especially for cyclic
loading tests, and the experimental parameters are incomplete, presenting limitations in these studies.
Moreover, when considering increasing the tube wall thickness in previous studies, the thickness
generally varied along its length; the traditional studies conducted on locally strengthened steel tube
joints consistently increased the tube thickness in the panel zone, resulting in a less economical structure.

The objective of this study is to develop a new anchored blind-bolted moment connection to
CFST columns to be applied effectively and economically. It is suggested that modified blind bolts
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(Hollo-Bolts) and a locally strengthened steel tube in the panel zone be used to improve the joint
performance, making full use of the capability of each component and achieving a greater economic
benefit. The cyclic characteristics of eight anchored blind-bolted joints to CFST columns with different
configurations were analyzed and evaluated in detail.

2. Materials and Methods

2.1. Specimen Design

In the test, eight anchored blind-bolted extended end-plate joints between CFST columns and steel
beams were designed and tested. The main parameters of the specimens are listed in Table 1, and the
basic configurations of the joint are shown in Figure 2. The specimen parameters include the steel tube
wall thickness in the panel zone, end-plate thickness, beam section size, local strengthening connection
method, blind bolt anchorage method, and stiffeners. A cold-formed square steel tube with cross-sectional
dimensions of 200 mm × 200 mm × 5 mm was used. Grade 8.8 M16 Hollo-Bolts, made in the UK, were
adopted as high-strength blind bolts with extended bolt shanks and grade 8.8 anchor nuts at the end,
as shown in Figure 1. The embedded depth (demb) for the blind bolts was 90 mm, which is the length along
the bolt between the inner surface of the steel tube and the bearing surface of the anchor nut. HN350 ×
175 × 7 × 11 (mm) H-beam sections were used for specimens SJ-1 through SJ-5, whereas HN300 × 150
× 6 × 9 (mm) H-beam sections used for specimens SJ-6 through SJ-8. For specimens SJ-3 through SJ-8,
two C-channels were externally welded in the panel zone to increase the local steel tube wall thickness.
Moreover, as shown in Figure 3, the C-channels in SJ-5 were connected to the steel tube by fillet welding
only, whereas the C-channels in the other specimens were additionally connected to the steel tube wall
through plug welding. In SJ-5, only the bolts were extended, and no nuts were installed on the end of the
bolts. The design of the specimens is outlined as follows:

Specimens SJ-1 versus SJ-3 and specimens SJ-2 versus SJ-4 were used to study the effect of the
wall thickness of the steel tube;

Specimens SJ-1 versus SJ-2 and specimens SJ-3 versus SJ-4 were used to study the effect of the
end-plate thickness;

Specimens SJ-3 and SJ-5 were used to investigate the effect of the local strengthening connection
method and anchorage method on joint performance;

Specimens SJ-3 and SJ-6 and specimens SJ-4 and SJ-7 were used to examine the effect of steel
beam sections;

Specimens SJ-6 and SJ-8 were used to study the effect of stiffeners.
To install a blind bolt, first, an impact wrench was used for pretightening, and then a torque wrench

was used for the final tightening. According to the instructions provided by Lindapter International,
a torque of 190 N·m was applied, corresponding to a pretension load of 70 kN. Prior to installing the
blind bolt, the nut and the bolt were fixed with glue or a spot weld to prevent the nut from falling off

due to vibration during installation or concrete casting.

Table 1. Details of the test specimens.

Specimen
Number

Column
Section (mm)

Column
Length (mm) Beam Section (mm) End-Plate

Thickness (mm)
Local

Reinforcement
Anchorage

Method Stiffener

SJ-1 250 × 5 1736 HN350 × 175 × 7 × 11 12 None Nut None
SJ-2 250 × 5 1736 HN350 × 175 × 7 × 11 24 None Nut None
SJ-3 250 × 5 1736 HN350 × 175 × 7 × 11 12 With Nut None
SJ-4 250 × 5 1736 HN350 × 175 × 7 × 11 24 With Nut None
SJ-5 250 × 5 1736 HN350 × 175 × 7 × 11 12 With None None
SJ-6 250 × 5 1736 HN300 × 150 × 6 × 9 12 With Nut None
SJ-7 250 × 5 1736 HN300 × 150 × 6 × 9 24 With Nut None
SJ-8 250 × 5 1736 HN300 × 150 × 6 × 9 12 With Nut With

Note: HN refers to narrow flange H-beam. 350 mm is the height of H-beam, and 175 mm is the width of H-beam.
7 mm and 11 mm are the thicknesses of the web and flange, respectively.
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2.2. Testing of Material Properties

The steel used for the beams in SJ-6 through SJ-8 had a nominal yield strength of 235 MPa, whereas
the steel used for all other steel components had a nominal yield strength of 345 MPa. The steel tensile
coupons were fabricated and subjected to tensile tests, and Table 2 presents the test results of the primary
properties for each steel component. Grade 8.8 blind bolts have a nominal yield strength of 640 MPa,
a nominal ultimate strength of 800 MPa, and an elastic modulus of 206 GPa. Commercially available
self-compacting concrete (SCC) was used for the CFST columns in all specimens. Six standard concrete
cubes (150 × 150 × 150 mm) were cast simultaneously for use as compression testing samples; these
cubes were cured naturally under the same conditions as the joint specimens. On the testing day,
the concrete test cubes had an average cubic compressive strength of 39.92 N/mm2 and an average
elastic modulus of 3.27 × 104 N/mm2.

Table 2. Uniaxial tensile test results of the steel components.

Steel Component Thickness (mm) Es (GPa) f y (MPa) f u (MPa) δ (%)

End-plate-2 25 198.26 408.5 534.5 28.7
End-plate-1 12 197.29 399.2 562.8 25.7
Steel tube 5 208.75 477.1 609.2 21.3
C-channel 7 192.29 395.2 567.8 27.7

Beam flange-1 11 202.13 412.4 591.7 18.6
Beam web-1 7 202.35 412.6 593.7 24.83

Beam flange-2 9 197.41 269.7 405.7 26.6
Beam web-2 6 192.05 254.1 397.0 30.0

tp is the end-plate thickness, which was 12 mm for specimens SJ-1, SJ-3 and SJ-6 and 24 mm for
specimens SJ-2, SJ-4, and SJ-7; specimens SJ-3 and SJ-5 were the same except for the connection mode
of the C-channel and the anchorage method of the anchor bolts.
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2.3. Test Setup

The experiment was conducted on an MTS hydraulic actuator in the State Key Laboratory of
Subtropical Building Science at the South China University of Technology. The test setup is shown in
Figure 4. The CFST column was connected to the reaction wall through two hinge supports to allow
the rotation of the column end, and the beam end was connected to the MTS actuator through a loading
plate to apply the cyclic load. The loading point at the beam end was 1.2 m away from the column face.
To reflect the axial pressure of the CFST column in a practical structural system, an axial load with
an axial compression ratio (n) of 0.3 was applied to the top of the column through a hydraulic jack.
The axial pressure ratio is expressed as follows:
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n = N/Nu (1)

where N is the axial compression applied on the top of the column, and Nu is the nominal ultimate
axial compression of the CFST column. In accordance with standard JGJ3-2010 [22], Nu = f cAc + f aAa.
Here f c and f a are respectively the compressive strength of the concrete and steel, and Ac and Aa are
respectively the section area of the concrete and steel.

The required axial load was calculated as 980 kN in accordance with standard JGJ3-2010 [22].
The cyclic loading was controlled using the layer angular displacement, and the loading procedure
recommended in SAC Joint Venture (1997) [23] was adopted for cyclic testing, as shown in Figure 5.
In the test, the load was stopped when the connection failed or the loading device limit was reached.
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2.4. Displacement Measurement

The load-displacement hysteresis curve was automatically recorded by the MTS loading system,
and the layout of the Linear Variable Differential Transformers (LVDTs) used for the joint displacement
measurements is shown in Figure 6; the accuracy of the LVDTs is 0.01 mm. LVDT3 and LVDT4 were
used to monitor the rotation of the beam. For specimens with a strong beam, LVDT3 and LVDT4 were
located 30 mm away from the column face, as shown in Figure 6a. For specimens with a weak beam,
taking into account the local buckling at the root of the beam flange, LVDT1 and LVDT2 were placed
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on the beam web, 150 mm away from the column face, as shown in Figure 6b. LVDT1 and LVDT2 were
placed at the column end to measure the rotation of the column, and LVDT5 was placed at the beam
end to measure the displacement of the loading point.
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The relative rotation between the beam and column flange can be obtained from the
following expressions:

θc =
u1 − u2

1300
(2)

θb =
u3 − u4

H
(3)

θ = θb − θc (4)

where u1, u2, u3, and u4 are the displacements measured by LVDT1 through LVDT4, respectively; θb is
the rotation of the steel beam; θc is the rotation of the CFST column; and H is the horizontal distance
between LVDT3 and LVDT4, where H is 350 mm for specimens SJ-1 through SJ-5 and 180 mm for
specimens SJ-6 through SJ-8.

3. Results

Test Observation and Failure Modes

In the initial stage of testing, the eight specimens behaved similarly, during which a slight gap
appeared between the end-plate and the column wall, and the specimens were not significantly
deformed. Under subsequent loading, the deformation process and the failure mode were related to
the steel tube wall thickness, end-plate thickness, local strengthening connection method, beam section
size, anchorage method and stiffeners. There were three main types of failure modes, as shown in
Table 3.

Table 3. Representative failure modes of the connections.

Component Failure Mode I
(Specimen SJ-1 and SJ-2)

Failure Mode II
(Specimen SJ-3 ~SJ-6, SJ-8)

Failure Mode III (Specimen
SJ-7)

Anchored blind bolt Partial pull-out Bolt rupture Intact
Tube wall Bulging deformation Slight bulging at the bolt holes Slight bulging at the bolt holes

Concrete in the panel Severely damaged Local concrete crush Local concrete crush

Steel beam No significant plastic
hinge of the steel beam

No significant plastic hinge of
the steel beam except SJ-8

Significant plastic hinge of the
steel beam

For failure mode I, the following test phenomena were typically observed: the anchored blind
bolt was partially pulled out; the steel tube wall underwent significant yielding, and the steel tube
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wall had remarkable bulging deformation, especially at the bolt holes; and the concrete in the panel
of the joint was severely damaged. Therefore, the CFST column became the weakest component.
Specimens SJ-1 and SJ-2 exhibited this failure mode, as shown in Figure 7a–f. As the drift ratio
increased, a significant gap appeared between the end-plate and the steel tube wall, indicating that the
concrete in the panel of these specimens gradually cracked and was damaged; the anchorage and bond
from the blind bolts failed during this time. Thus, the bolts were gradually pulled out, and the steel
tube wall at the bolt holes gradually bulged.
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specimen SJ-1; (e) column wall in specimen SJ-2; (f) core concrete.

The thin end-plates in the tension zone of specimen SJ-1 exhibited significant flexural deformation,
resulting in a relatively large gap between the adjacent bolts around the flanges. Eventually, the weld
between the beam flange and end-plate fractured, and then the loading stopped. However, no obvious
flexural deformation was observed for the thick end-plate in specimen SJ-2, which rotated as a rigid
body. Finally, a wedge-shaped gap was formed. For specimen SJ-2, the outward deformation of the
column flange was more significant than that in specimen SJ-1, and the outward deformation outside
the panel was also obvious, which was not observed in specimen SJ-1. The steel tube wall was cut open
to observe the failure mechanism of the CFST column. As shown in Figure 7f, severe local concrete
crushing and widespread concrete cracks were observed in the panel zone of the column, showing a
significant cone-shaped failure; thus, the damage situation was more serious in specimen SJ-1 than in
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specimen SJ-2. For specimen SJ-1, the anchored bolts were notably loosened, indicating anchorage
failure. However, the mechanical anchorage of the nut prevented the bolt from being completely
pulled out. For specimen SJ-2, the concrete infill had been completely damaged, and the bolts were
completely pulled out.

For failure mode II, the following test phenomena were typically observed: the anchored blind
bolts experienced shank rupture; the outward deformation of the steel tube wall was very small,
and there was only slight bulging at the bolt holes; and the core concrete in the panel of the joint
was also basically intact. Therefore, the bolts became the weakest component. Specimens SJ-3, SJ-4,
SJ-5, SJ-6 and SJ-8 failed in this mode, as shown in Figures 8 and 9. As the drift ratio increased, a gap
appeared between the end-plate and the steel tube column, but the corresponding gap was significantly
smaller than that in the first failure mode, indicating that the gap in failure mode II was mainly due to
the elongation of the bolt shank itself, whereas the gap in failure mode I was mainly due to the bolt
pull-out after the anchorage failed.

For specimens SJ-3, SJ-5, and SJ-6 with thin end-plates, the thin end-plates underwent significant
deformation, which was similar to that in SJ-1; when the inner row of blind bolts in the tension zone
were ruptured, the transverse weld fractured at the interface between the end-plate near the outer bolts
and the steel beam, as shown in Figure 8d. The outward deformation of the steel tube wall in specimen
SJ-5 was slightly larger than that in SJ-3, as shown in Figure 8e,f. Local buckling was observed at the
root of the beam compression flange in specimen SJ-6 with a weak beam. For specimens SJ-4 and
SJ-8 with thick end-plates or end-plates reinforced by stiffeners, only slight end-plate deformation
was observed, similar to that of SJ-2; the outer row of blind bolts ruptured, and there was no welding
fracture, as shown in Figure 9. Because stiffeners were used to strengthen the end-plate, the end-plate
deformation of specimen SJ-8 was notably different from that of SJ-6, and the plastic hinge of the steel
beam shifted significantly outwards. Moreover, the bolts of specimens SJ-3, SJ-5, and SJ-6 fractured
at a larger drift ratio, indicating that the use of the thinner end-plate and weaker steel beam had an
improved effect on the deformation capacity.
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The bolt failures in specimens SJ-3 and SJ-4 are compared in Figure 10a. The bolts in specimen
SJ-3 failed in flexure-shear mode, whereas those in SJ-4 mainly failed in tension mode. The concrete
exposed by cutting open the column is shown in Figure 10b. The concrete in the panel of specimen
SJ-3 was basically intact except for local crushing around the expansive sleeve, whose surrounding
concrete was likely to experience local cracking under tension. The anchored bolts were not loosened,
meaning that the anchorage did not fail and that the concrete could effectively restrain the blind bolt
from pulling out. The concrete damage in specimen SJ-4 was similar to that in SJ-3. For specimen SJ-5,
some individual anchor bolts were slightly loosened, and the surface concrete was nearly completely
crushed, indicating the local failure of the anchorage.
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For failure mode III, the following test phenomena were typically observed: the steel beam exhibited
significant local buckling; there was basically no deformation in the end-plate, and the gap between the
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end-plate and the column flange was especially small; no significant outward deformation of the steel
tube wall was observed, and the blind bolts did not rupture; and the core concrete in the panel was also
basically intact. Therefore, the steel beam became the weakest component. Specimen SJ-7 exhibited this
failure mode, as shown in Figure 11. Because a plastic hinge at the root of the beam led to out-of-plane
instability in the beam, the loading stopped at a larger drift ratio, demonstrating good deformability.
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Figure 11. Failure mode III. (a) SJ-7; (b) Column wall in specimen SJ-7.

As shown in Figure 12a,b, for the failure modes described above, the anchored part of blind bolts
in the concrete were basically intact, including the bolt sleeve, threaded cone, bolt shank, and anchor
nut. There was no damage, such as breaking or bending, for the anchored part. However, notable
scratches were found on the anchor nut, apparently caused by the interaction between the mechanical
anchorage and the concrete. As shown in Figure 12c,d, for specimen SJ-5, there was a significant gap
between the steel tube wall and the C-channel; in contrast, the steel tube and the C-channel fitted
closely together for specimen SJ-3. This result implies that the steel tube wall and the C-channel can
work well together when a plug weld was adopted between them.
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Figure 12. Failure pattern of the components. (a) Embedded extension of blind bolt; (b) Anchor nut;
(c) Bolt holes in specimen SJ-3; (d) Bolt holes in specimen SJ-5.
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The failure mode was affected by the relative strength of the main components, which included
the steel tube, blind bolt, end-plate and steel beam, and the failure mode depends on the weakest
component. In the test, the steel tube thickness and the beam section size directly affected the change
in the three types of failure modes for such joints. Owing to the large spacing between the blind bolts,
the anchorage method did not alter the failure mode. In the failure mode II, the deformation pattern
depended on the relative strength-weakness relationship of the bolt and the end-plate. There were
three possible modes: the root of the end-plate flange yield, the root of the end-plate flange yield
and blind bolt failure, and blind bolt failure. In addition, local strengthening connection method and
stiffeners had an effect on the deformation pattern.

When modified blind bolts (Hollo-Bolts) and a locally strengthened steel tube in the panel zone
were used for the joints to the CFST column, the strength of the blind bolts can be fully utilized, thereby
providing the joint favorable stiffness and strength. Using thinner end-plates and weaker steel beams
for the proposed connection can avoid premature brittle failure to the greatest extent and result in
favorable deformation capacity. The use of a plug weld to connect the C-channel to the steel tube
enables these components to exhibit good synergistic deformation capability.

4. Discussion

4.1. Moment-Rotation Hysteresis Curves

The moment-rotation hysteresis curves of the test specimens are presented in Figure 13.
The hysteresis curves of specimens SJ-1 through SJ-6 all exhibit a significant pinching effect, whereas
those of specimens SJ-7 and SJ-8 exhibit a far smaller pinching effect. The pinching effect was caused
by the bulging deformation of the steel tube face, the deformation of the end-plate, the slippage of the
anchored bolts and the crushing of concrete. The moment-rotation curve of each specimen basically
exhibited a linear relationship in the initial elastic stage. After entering the inelastic state, the hysteresis
curve of the specimen gradually became plump. With increasing drift ratio, the pinching effect became
more evident.

Specimens SJ-1, SJ-2, SJ-3, SJ-5, and SJ-6 all have a relatively plump hysteresis loop, demonstrating
relatively strong hysteresis performance and seismic energy absorption capacities. The energy
dissipation in specimens SJ-1 and SJ-2 was mainly realized by the crushing of concrete in the columns
and the deformation of the steel tube walls, which was not an expected failure mode in engineering
practice. Moreover, specimens SJ-1 and SJ-2, which experience failure mode I, exhibited particularly
remarkable stiffness and strength degradation compared with the other specimens, which is attributed
to the same reasons mentioned above. However, for specimens SJ-3, SJ-5, and SJ-6, which exhibit
failure mode II, the stiffness and strength degradation were not significant.

Due to its failure mode with brittle bolt fracture, the hysteresis loop of specimen SJ-4 is flat,
indicating the poor ductility and energy dissipation capacity of the joint. Due to the weak beam
used in specimens SJ-7 and SJ-8, a plastic hinge was observed at the root of the beam end, and the
hysteresis loop was very plump, reflecting the highest hysteresis performance of the overall joints and
subsequently good seismic performance and energy dissipation capacity.

The different structural parameters of an anchored blind-bolted joint lead to different failure
modes, which are eventually reflected in their different hysteresis curves. In addition, the bulging
deformation of the steel tube wall can produce a good energy dissipation capacity but will also
cause significant stiffness and strength degradation; the use of a thin end-plate and weak beam
resulted in better hysteretic performance, which amounts to excellent seismic performance and energy
dissipation capacity.
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Figure 13. Moment (M) versus rotation (θ) hysteresis curves of the specimens.
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4.2. Moment-Rotation Envelope Curves

The moment-rotation envelope curves of different specimens are compared in Figure 14, which
are averaged for comparative purposes. Figure 15 defines the key parameters in the moment-rotation
relationship of the joints. In this study, the yield points of all specimens were determined using
the same criterion to conduct a comparative analysis among the specimens. Therefore, a general
yield moment method [24], one of the commonly used defining methods, was adopted in this study,
where point B is the equivalent yield point. The moment and the rotation corresponding to point B
are the yield moment (My) and yield rotation (θy) of the connection. The moment and the rotation
corresponding to the highest point of the M-θ curve are defined as the measured flexural resistance
(Mmax) and the corresponding rotation (θmax), respectively. With reference to the definitions presented
by Wang et al. [5] and Tao et al. [25], Mf = 0.85 Mmax is the failure moment of the connection, and the
corresponding rotation is the failure rotation (θf), which represents the rotation ability of a joint in this
paper. Table 4 summarizes the main results for each key point of the specimen.
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Figure 14. Comparison of the moment (M)-rotation (θ) envelope curves of the specimens; (a) Effect of
steel tube thickness and end-plate thickness; (b) Effect of the local strengthening connection method
and anchorage method; (c) Effect of the steel beam section, and (d) Effect of the stiffeners.

4.2.1. Effect of the Steel Tube Wall Thickness on Joint Performance

Figure 14a shows that the initial stiffness of specimen SJ-3 was 18.4% higher than that of specimen
SJ-1. However, the initial stiffness of specimen SJ-4 was approximately equal to that of specimen SJ-2,
indicating that a thicker steel tube only increased the stiffness to a limited extent; particularly for joints
with thick end-plates, this effect was negligible. The flexural resistance of specimen SJ-3 approximately
equal to that of specimen SJ-1, and the flexural resistance of specimen SJ-4 was only 14.1% higher than
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that of specimen SJ-2. These results indicate that an increase in the steel tube thickness also only had a
slight improvement effect on the flexural resistance; particularly for joints with thin end-plates, this
effect was negligible. Both the horizontal and vertical spacings of the bolts in the extended end-plate
joints were relatively large, and the critical tensile capacity of the anchored blind bolts was higher at
anchorage failure. Thus, a greater steel tube thickness did not provide the expected improvement in
flexural resistance.
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Table 4. of the main results.
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(mrad)

Mmax
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(mrad)
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SJ-7 146.12 8.13 184.56 34.04 184.56 34.04 4.19 33.27
SJ-8 145.65 5.83 188.19 24.51 172.95 35.76 6.13 32.12

4.2.2. Effect of the End-Plate Thickness on Joint Performance

Figure 14a illustrates the initial stiffness of specimens SJ-2 and SJ-4 respectively increased by 37.7%
and 20.7%, compared to those of specimens SJ-1 and SJ-3, indicating that increasing the end-plate
thickness could increase the initial stiffness of the joint; this effect was more pronounced for joints
with thin steel tubes. The flexural resistances of specimens SJ-2 and SJ-4 were 10.5% and 26% higher
than those of specimens SJ-1 and SJ-3. When the connections exhibited failure mode I, an increase
in the end-plate thickness had a limited influence on the flexural resistance, which was controlled
by the CFST columns. However, when the connections exhibited failure mode II, a thicker end-plate
resulted in a greater increase in the flexural resistance. This phenomenon occurred because the flexural
resistance was controlled by the bolts, and the end-plate thickness directly affected the deformation of
the bolts.

4.2.3. Effect of the Local Strengthening Connection Method and Anchorage Method on Joint Performance

Figure 14b indicates that specimens SJ-5 and SJ-3 had comparable initial stiffness values. In the
initial loading stage, the deformation of the thick steel tube wall was very small. Therefore, the effect
of the local strengthening connection method on the joint can be neglected, and only the influence
of the anchorage method needs to be considered. Thus, it can be concluded that the change in the
anchorage method (with or without an anchor nut) had little influence on the initial stiffness of the
joint. The flexural resistance of specimen SJ-5 was 13% less than that of specimen SJ-3, indicating that
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the local strengthening connection method and anchorage method had a certain weakening effect on
the flexural resistance.

4.2.4. Effect of the Steel Beam Section on Joint Performance

As shown in Figure 14c, the flexural resistance and initial stiffness of specimen SJ-3 were 50.9%
and 62.4% higher than those of SJ-6, respectively. Moreover, the flexural resistance and initial stiffness
of specimen SJ-4 were 22% and 28% higher than those of SJ-7, respectively. Therefore, an increase in
the beam section size increased the initial stiffness and flexural resistance of the joint, and this effect
was especially pronounced for the joints with thin end-plates. This was due to that the thick end-plate
directly affected the failure mode of the joint and had a greater influence on the joint performance than
the steel beam section.

4.2.5. Effect of the Stiffeners on Joint Performance

Figure 14d shows that the initial stiffness and flexural resistance of specimen SJ-8 were 47.9% and
59% higher than those of SJ-6, indicating that the use of stiffeners significantly improved the initial
stiffness and flexural resistance of the joint.

4.3. Classification of the Tested Joints

According to EC3 Part 1-8 [26], joints can be classified as rigid joints, nominal pinned joints,
and semi-rigid joints in terms of their rotational stiffness. The detailed classifications are as follows: for a
rigid connection, Ki ≥ kbEbIb/Lb; for a pinned connection, Ki ≤ 0.5EbIb/Lb; and for a semirigid connection,
0.5EbIb/Lb < Ki < kbEbIb/Lb. Note that in these classifications, Eb is the elastic modulus of the steel
beam, Ib is the second moment of area for the steel beam, Lb is the beam span, and kb = 8 (for a braced
frame) or 25 (for a non-braced frame). According to the flexural resistance, joints can be divided into
full-strength joints, nominal pinned joints, and partial-strength joints. The detailed classifications are as
follows: for a full-strength joint, Mu ≥Mbp; for a pinned joint, Mu ≤0.25Mbp; and for a partial-strength
joint, 0.25Mbp < Mu < Mbp. Note that in these classifications, Mu is the flexural resistance of the joint
and Mbp is the designed plastic moment resistance of the steel beam. The classification of the tested
joints is shown in Figure 16. The results show that the anchored blind-bolted extended end-plate joints
to CFST columns with a strong beam are classified as semi-rigid and partial-strength joints, whereas
those with a weak beam are in the range of semi-rigid and full-strength.
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Figure 16. Classification of the specimens. (a) Specimens SJ-1 through SJ-5; (b) Specimens SJ-6 through SJ-8.

4.4. Rotational Capacity and Ductility Ratio

The rotational capacities of the specimens are presented in Table 4 and compared in Figure 17a.
The European standard Eurocode-8 [27] specifies a connection rotation [θf] of 0.025rad for the
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connections in frames of medium ductility class (DCM). Table 4 shows that for all tested joints,
the θf-values are greater than 0.025rad. To meet the ductility requirement for seismic design,
the American standard FEMA-350 [28] suggests that θf should not be less than 0.03 rad. Only the
θf-value of specimen SJ-4 is less than 0.03 rad, due to the premature brittle fracture of bolt. A comparison
with the rotational capacity requirements in various codes shows that the anchored blind-bolted joint
can exhibit a good rotational capacity and can satisfy the relevant earthquake-resistant requirements of
both Eurocode-8 and FEMA-350.
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Figure 17. Comparison of the (a) Rotational capacity and (b) Ductility coefficient of the specimens.

Ductility is a main parameter reflecting the post-yield deformation capacity and is also an
important index in the seismic design of composite structures. The angular ductility coefficient (µθ) is
used in this study to analyze the deformation capacity of the anchored blind-bolted joint under seismic
loading, and this coefficient is expressed as follows:

uθ =
θf

θy
(5)

where θf is the failure connection rotation and θy is the yield connection rotation.
Figure 17b shows a comparison of the ductility coefficients of the specimens. The specimens with

failure mode I (due to the outward deformation of the steel tube wall) and the specimens with failure
mode III (due to the local buckling of the steel beam) both have good ductility. The specimens fail in
mode II have good ductility if they have thin end-plates and weak beams but have poorest ductility if
they only have thick end-plates, just like specimen SJ-4. However, for the specimens that fail in mode I,
significant concrete crushing and local buckling of the steel tube faces occurred, and the blind bolts
could not reach their ultimate strength, resulting in a low flexural resistance.

The ductility coefficient of specimen SJ-5 was the highest among all specimens, indicating that the
local strengthening of the connection without plug welding and the anchorage method without an
anchor nut could greatly increase the ductility. A certain gap could be formed between the C-channel
and the steel tube wall, and the absence of an anchor nut caused the bolt to slip to a certain extent,
ultimately resulting in the maximum specimen ductility.

The ductility coefficient of specimen SJ-8 with stiffeners was 24.3% higher than that of specimen
SJ-6. This phenomenon mainly occurred because the stiffeners resulted in more pronounced local
buckling at the root of the beam. It is indicated the use of stiffener can change the deformation pattern
of the joint to improve the ductility and ensure the high strength and stiffness.

The effect of the end-plate thickness on the ductility is related to the failure mode. For specimens
SJ-1 and SJ-2, which exhibit failure mode I, the ductility of the two specimens was nearly equal
because the joint failure was mainly governed by the steel tube wall. For the specimens that exhibit
failure mode II, the ductility coefficient of specimen SJ-3 with thin end-plates was 47.6% higher than
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that of specimen SJ-4 with thick end-plates, indicating that the reduction in the end-plate thickness
significantly enhanced the ductility of the joint.

4.5. Strength Degradation

Repeated cyclic loading resulted in strength degradation for the anchored blind-bolted joints.
The strength degradation in the specimens under the same drift level can be evaluated using the
strength degradation coefficient (λi) recommended by Wang et al. [29]. For the tested joints, a significant
stiffness degradation occurred only when the drift ratio exceeded 1%. After reaching that drift ratio, there
were only two loading cycles for each drift level. Hence, the strength degradation coefficient (λi) can be
expressed as the ratio of the peak point load in the second cycle to the peak point load in the first cycle.

Figure 18 shows the curves of the strength degradation coefficient (λi) at the same drift level versus
the drift ratio. There was no significant stiffness degradation in the specimens at the same drift level in
the elastic stage. After the specimens reached the flexural resistance, specimens SJ-1 and SJ-2 exhibited
significant strength degradation at the same drift level, whereas the other specimens exhibited moderate
stiffness degradation. For specimens SJ-1 and SJ-2, which exhibit failure mode I, when the specimens
reached the flexural resistance, anchorage failure would occur, and the infill concrete suffered significant
damage, directly resulting in significant strength degradation. However, as the loading continued,
the stiffness degradation coefficient (λi) of the two specimens gradually increased, mainly due to
the redistribution of the internal forces between the different components inside the steel tube after
anchorage failure.
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Figure 18. Strength degradation coefficients at the same drift level. (a) Specimens SJ-1 through SJ-5;
(b) Specimens SJ-3, SJ-4, SJ-6 through SJ-8.

To evaluate the degree of strength reduction with increasing drift ratio during the entire loading
process, the strength degradation coefficient of the entire loading process (λi) is introduced as follows:

λ j =
P j

Pmax
(6)

where Pj is the peak load associated with the jth drift level and Pmax is the maximum load during the
entire loading process.

Figure 19 shows the curves of the strength degradation coefficient of the entire loading process (λj)
versus the drift ratio. After reaching the peak values, theλj curves of specimens SJ-3 and SJ-5 were relatively
gentle with an approximately horizontal stage, indicating that the two specimens, which had thick steel
tube walls and thin end-plates, did not fail immediately after reaching the flexural resistance and could
continue to withstand a certain load, thereby enhancing the joint performance. When specimens SJ-1 and
SJ-2 reached the flexural resistance, significant stiffness degradation occurred throughout the entire process.
This phenomenon was also due to the failure mode of these two specimens.
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where Pij and uij are the peak point load and its corresponding displacement in the ith loading cycle 
at the jth drift level, respectively, and n is the number of cycles. 
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stiffness but slowed the stiffness degradation with an insignificant magnitude. The use of a weak 
beam decreased the joint stiffness and increased the rate of stiffness degradation. 
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Figure 19. Strength degradation coefficients of the entire loading process. (a) Specimens SJ-1 through
SJ-5; (b) Specimens SJ-3, SJ-4, SJ-6 through SJ-8.

4.6. Stiffness Degradation

To estimate the stiffness degradation in a specimen during the entire loading process, the stiffness
degradation coefficient (Kj) is introduced as follows:

K j =

∑n
i=1 Pi

j∑n
i=1 ui

j

(7)

where Pi
j and ui

j are the peak point load and its corresponding displacement in the ith loading cycle at
the jth drift level, respectively, and n is the number of cycles.

Figure 20 shows the curves of the stiffness degradation coefficient (Kj) of the specimens versus
the drift ratio. Greater end-plate thickness and the use of stiffeners significantly increased the joint
stiffness and decreased the rate of stiffness degradation. The thicker steel tube wall resulted in greater
stiffness but slowed the stiffness degradation with an insignificant magnitude. The use of a weak beam
decreased the joint stiffness and increased the rate of stiffness degradation.
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Figure 20. Stiffness degradation coefficients: (a,c) Positive direction and (b,d) Negative direction.
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4.7. Energy Dissipation

There are three key parameters used to evaluate the energy dissipation performance of a joint:
the total dissipated energy (Wtotal), the equivalent viscous damping coefficient (ξe), and the energy
dissipation coefficient (Ee). Wtotal is the cumulative dissipated energy (W) of the joint at each drift level
of the loading process, where W is the area enclosed by the hysteresis curve at a certain cycle time, Ee

is the ratio of the total energy in a hysteresis loop to the elastic energy of the component, and ξe = Ee

/2π. The idealized load versus deflection relationship is presented in Figure 21, and E can be defined
as follows:

Ee =
SABC + SCDA

SOBE + SODF
(8)

where SABC and SCDA represent the areas enclosed by the upper half and lower half of the hysteresis
loop, respectively, and SOBE and SODF represent the areas of the corresponding triangle, respectively.
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Table 5 compares the values of Wtotal, ξe, and Ee in the limit state, and Figure 22 shows the variation in
Wtotal and ξe as a function of the drift ratio. Through comparison, the following conclusions can be drawn:

(1) The ξe values of specimens SJ-7 and SJ-8 are the largest among all the specimens, indicating
that beam buckling deformation is the most effective method for dissipating energy in such joints.
According to the American standard ANSI/AISC 341-10 [30], they also satisfy the seismic requirement
for intermediate moment frames.

(2) The ξe values of specimens SJ-4 and SJ-6 are the smallest among all the specimens. This was
due to that dissipating energy in such joints were mainly realized by the deformation of the bolt.

(3) The ξe values of specimens SJ-1, SJ-2, SJ-3 and SJ-5 are in the middle. For specimens SJ-1 and
SJ-2, the joint dissipates energy mainly through the crushing of concrete and the deformation of the
steel tube wall. For specimens SJ-3 and SJ-4, the energy dissipation is mainly achieved through the
end-plate deformation. Those indicate that the energy dissipation of these two deformation modes is
in the medium level.

(4) The use of stiffeners enhances the energy dissipation capacity of the joint; although a certain
deformation of the end-plate is also found, the joint mainly dissipates energy through the local buckling
deformation of the weak beam.

(5) When the joint exhibits failure mode I, increasing the end-plate thickness has little effect on
the energy dissipation capacity of the joint. When the joint exhibits failure mode II, increasing the
end-plate thickness significantly reduces the energy dissipation capacity of the joint.
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Table 5. Energy dissipation parameters of the specimens in the limit state.

Specimen Number Ee ξe Wtotal (kN·m)

SJ-1 1.69 0.27 57.50
SJ-2 1.77 0.28 56.82
SJ-3 1.93 0.31 36.93
SJ-4 1.41 0.22 18.81
SJ-5 1.64 0.26 42.10
SJ-6 1.06 0.17 21.83
SJ-7 2.35 0.37 46.63
SJ-8 2.33 0.37 31.19
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Figure 22. Wtotal and ξe versus the drift ratio. (a,c) Specimens SJ-1 through SJ-5; (b,d) Specimens SJ-3,
SJ-4, SJ-6 through SJ-8.

5. Finite Element Analysis

5.1. Finite Element Modeling

A three-dimensional finite element analysis (FEA) model was created using the ABAQUS/Standard
module to represent the tested joint. Due to the symmetric conditions along the longitudinal plane,
half of the connection was modeled to improve calculation efficiency. The material and geometric
nonlinearities and complex contact interactions between the various elements were considered in the
analysis. All parts were modeled using 8-node linear brick incompatible mode elements (C3D8R),
which are a linear displacement interpolation solid (brick) based on reduced integration. The model
was divided into seven parts: the end-plate, steel beam, steel tube wall, C-channel, concrete, bolt and
sleeve. For model simplification, the bolt and nut were modeled as the same component, and the
bolt heads and nuts were modeled as circular parts. The structured mesh control was adopted for
all parts; the model assembly and mesh of the components are shown in Figure 23. The influence
of the weld was ignored, and welding relationships between the steel components were achieved
by tie constraints. The connections contain several different complex contact interfaces between the
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components, and surface-to-surface contact was employed in the FEA model to define those contacts,
which consist of a contact pressure model in the normal direction and a Coulomb friction model in the
tangential directions. The boundary conditions in the model were consistent with the actual boundary
conditions of the specimens, and the symmetric boundary conditions were applied. As the test load
was controlled through displacement, the load in the FEA was applied by establishing reference points
coupled with the loading surface and applying a certain displacement value.
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Figure 23. Model assembly and mesh of the components. (a) Global mesh of the joints; (b) Mesh of the
bolt and the sleeve.

A simplified trilinear model proposed by Bahaari et al. [31] was proposed for the stress-strain
relationship of the steel, as shown in Figure 24. The elastoplastic stress-strain relationship was based on
the von Mises yield criteria and isotropic hardening rule. The damaged plasticity model was adopted for
simulating the concrete properties in this study. The model allowed for the input of a multilinear uniaxial
compression stress-strain curve and provided the general capability for the analysis of concrete under
monotonic loading based on a damaged plasticity algorithm. This study adopted the uniaxial stress-strain
relationship model proposed by Han et al. [32] for the core concrete in the ABAQUS software.
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Figure 24. Trilinear model.

5.2. Finite Element Analysis and Test Result Comparison

5.2.1. Moment-Rotation Relationship

The FEA models were validated against the experimental results. Figure 25 shows the comparison
between the moment-rotation curves predicted by the FEA models and the moment-rotation curves
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obtained from the tests. Except for SJ-2, which had few errors in the latter stage, the curves of the other
specimens showed excellent agreement in the elastic range and good agreement in the plastic range.
SJ-2 underwent the most severe concrete damage and bolt slippage, and the existing concrete model has
difficulty fully and truly reflecting the concrete constitutive relationship under such complex stress states.
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Figure 25. Comparison of experimental and simulated moment-rotation curves. (a) SJ-1; (b) SJ-2;
(c) SJ-3; (d) SJ-4; (e) SJ-5; (f) SJ-6; (g) SJ-7; (h) SJ-8.
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5.2.2. Failure Mode

Figure 26 shows the general behavior of the specimens corresponding to the typical failure
modes, which matched well with the observed failure modes in terms of overall deformation, yielding
distribution and failure type. The weakest component deformation corresponding to the typical failure
mode is illustrated in Figure 27, which shows that the end-plates, the tube face, the weak beam and the
bolts in the FEA models and in the test underwent similar deformation evolutions. The FEA model
predicted that the stress concentrations were observed around the bolt holes under high loads, which
showed the yield-lines pattern with four-point loads, and they spread towards the corners of the steel
tubes. High stresses were noted in the end-plate around the tensile flange of the beam. For the tensile
blind bolts, part of the shank between the head and threaded cone had reached the ultimate stress,
but most of the embedded shank and the anchor nut in the concrete remained in elasticity. The stresses
in the beam compressive and tensile flanges exceeded the yield strength of steel, and the buckling
deformation of the beam compressive flange was observed. Whereas the other strong steel beams
were basically in elastic stage. Figures 26 and 27 show that a generally good agreement was achieved
between the simulated and experimental results.
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Figure 27. Predicted weakest component deformation. (a) Outward deformation of the column flange
in specimen SJ-2; (b) Flexural deformation of the thick end-plate in specimen SJ-3; (c) Fractured bolt in
specimen SJ-4 (bending and shearing fracture); (d) Local buckling of the steel beam in specimen SJ-6.

5.3. Force Transfer Pattern

The load transmitted from the beam end is mainly transferred to the end-plate through the upper
and lower flange of the beam. The end-plate is bent, and the end-plate continues to transfer the
load to the bolt. For ordinary CFST column joints, the bolt directly transmits the load to the steel
tube wall, resulting in obvious outward deformation of the steel tube wall. However, for anchored
blind-bolted joints to the CFST column, due to the extended bolt shank into the concrete and the
mechanical anchor at the end, the load transfer pattern is obviously different. Taking the FEA model
of specimen SJ-3 as an example, the internal stress distributions in the concrete in the elastic stage,
yield stage and ultimate stage are shown in Figure 28. For the anchored blind bolt in the tension zone,
obvious stress concentrations occur around the expansion sleeve and around the anchor nut at the end,
indicating that the tension is effectively transferred to the whole bolt shank until reaching the anchor
nut. For the anchored blind bolt in the compression zone, due to the support of the CFST column,
the stress concentration only appears around the expansion sleeve.

In the tensile zone, due to the anchoring effect of the blind bolt, the force transmission zone is
approximately a cone with the anchor nut as the vertex, which transmits the load to the steel tube wall
in the form of a circle. The cone angle is approximately 60◦. The bolt force is mainly undertaken by the
concrete in the cone zone and the upper steel tube wall. The circular stress area of the steel tube wall is
much larger than that of the common joint without an anchored bolt, and the stress is more dispersed,
which decreases the outward deformation of the steel tube wall. After defining the load transmission
pattern and stress distribution in anchored blind-bolted joints to CFST columns, it is helpful to propose
a calculation model for the stiffness and flexural resistance for such joints.
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6. Conclusions

The following observations and conclusions can be drawn from the studies reported in this paper:
(1) This study adopted a new anchored blind-bolted moment connection to CFST columns, and the

anchored blind bolts and a locally strengthened steel tubes were applied to effectively avoid the
premature anchorage failure and CFST column damage. The anchored parts of the blind bolts in
the concrete were not damaged, providing continuous and reliable effect on the performance of the
connections throughout their entire cyclic loading. The steel tube wall and the C-channel can work
well together when plug weld was adopted between them. The test observations the proposed joints
can be fully utilize the bolt strength and significantly improves the joint performance, especially in
terms of strength and strength degradation.

(2) Three typical failure modes were found in the experiment for the anchored blind-bolted
extended end-plate joints, and the failure mode depended on the weakest component. When the steel
tube was not locally strengthened by the C-channel, specimens failed in mode I. These specimens
showed obvious strength degradation, but exhibited better rotational capacity, ductility, and energy
dissipation capacity. However, those were realized by the crushing of concrete in the columns and the
deformation of the steel tube walls. When the steel tube was locally strengthened by the C-channel,
specimens failed in mode II and III. Specimens that failed in mode II exhibited higher stiffness and
strength. The use of the thick end-plate resulted in premature brittle fracture of the bolt. Specimens that
failed in mode III were typical strong column-weak beam joints, and exhibited the highest energy
dissipation capacity, which satisfied the seismic requirement for intermediate moment frames.

(3) For such joints, the local reinforcement of C-channel and change in the anchorage method had
a limited effect on the initial stiffness. Greater end-plate thickness and the use of stiffeners significantly
increased the joint stiffness and decreased the rate of stiffness degradation. The use of stiffeners also
significantly enhanced the ductility and energy dissipation by moving plastic hinge outward from
the joints.

(4) The anchored blind-bolted extended end-plates joints to CFST columns can meet the
requirements for rotational capacity in both Eurocode-8 and FEMA-350 standards. This type of
joint exhibits good rotational capacity and ductility, meeting the seismic design requirements for
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structures. According to EC3 Part 1-8, the anchored blind-bolted extended end-plate joints to CFST
columns with a strong beam are classified as semirigid and partial-strength joints, whereas those with
a weak beam are in the range of semirigid and full-strength joints.

(5) The FEA models using ABAQUS/Standard was used to cross-validate the test results. The FEA
models could simulate the joint behaviors with a proper accuracy, which demonstrated the reliability
of the experimental results and improve the understanding of the connections. The stress distribution
and force transfer pattern were investigated.
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