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Abstract: Owing to the substantial benefits in environmental protection and resource saving, recycled
aggregate concrete (RAC) is increasingly used in civil engineering; among the different types, RAC-
filled steel tubes are an efficient structural form utilizing the advantages of concrete and steel
tubes. This paper proposed a novel full-bolted beam-to-concrete-filled steel tube (CFST) joint and
investigated the anchoring behavior of the steel plates embedded in RAC-filled steel tubes, which
represents the behavior of the tensile zone in this joint, to demonstrate the feasibility of utilizing RAC
in composite structures. The specimen consisted of a CFST and a connecting plate embedded in the
CFST. In total, 18 specimens were tested to study the effects of concrete type (i.e., recycled aggregate
concrete and natural aggregate concrete), anchoring type (i.e., plate with holes, notches, and rebars),
and plate thickness on the pullout behavior, such as anchorage strength, load–displacement response,
and ductility. Based on experimental results, the aggregate type of the concrete does not affect
the pullout behavior obviously but the influence of anchoring type is significant. Among the three
anchoring methods, the plate with rebars exhibits the best performance in terms of anchorage strength
and ductility, and is recommended for the beam-to-CFST joint. In addition, plate thickness obviously
affects the behavior of plates with holes and notches, the bearing area of which is proportional to the
thickness, whereas the pullout behavior of the plates with rebars is independent of thickness. Finally,
design formulas are proposed to estimate the anchorage strength of the connecting plates, and their
reasonability is validated using the experimental results.

Keywords: recycled aggregate concrete; anchoring behavior; pullout test; connecting plates;
load–displacement response; theoretical model

1. Introduction

With rapid urbanization, lots of infrastructures are demolished worldwide, resulting
in a huge amount of construction waste. This had led to severe impacts on the environment
and sustainability [1–7]. To solve this issue, we proposed using crushed waste concrete as
the coarse aggregate of concrete, named recycled aggregate concrete (RAC) [8–10]. The
utilization of RAC efficiently reduces waste concrete, which mitigates the environment
impacts, and solves the resource shortage problem in the construction industry. Currently,
extensive experimental and theoretical studies have been conducted on the mechanical
properties and mixture design of RAC, as well as on the structural behavior of RAC mem-
bers and structures [11–14]. In general, the mechanical properties of RAC are somewhat less
superior to those of natural aggregate concrete (NAC), but the carbon footprint embedded
in RAC is much lower than that of NAC [15,16]. It was found that the replacement ratio
of recycled aggregate is the critical parameter that affects the behavior of RAC. As the
replacement ratio increases, the mechanical properties of RAC tend to decrease [17,18].
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The RAC-filled steel tube is a commonly used structural form in practice, and could
utilize the advantages of both steel and concrete [19,20]. The steel tube could provide con-
finements to RAC to increase the strength and ductility of the concrete [21,22]. Furthermore,
the local buckling of steel tube could be postponed or avoided by the in-filled concrete,
resulting in an enhancement of the steel tube’s local buckling capacity. The RAC-filled
steel tube has the advantages of high strength, high ductility, and high energy dissipation
capacity [23–26]. Currently, the commonly used type for the I section beam-to-square
concrete-filled steel tube (CFST) column connection include joints with interior diaphragms,
exterior diaphragms, and through diaphragms, hybrid joints with welds and bolts, joints
with vertical stiffeners, and joints with binding bars [27–30]. These joints involve on-site
welding, which may increase the construction period and affect the quality of welds. In
addition, welds in joints are prone to brittle failure during earthquakes. Therefore, full-
bolted-joints are encouraged for beam-to-column connections to improve the performance
of the connections.

This study proposed a new type of I beam-to-CFST joint that is fully bolted. As shown
in Figure 1, there are three connecting plates, and one end of each is embedded in CFST
while the other end is bolted to the flanges and the web of the I-beam. Different measures
could be adopted to increase the anchorage of the connecting plates, such as setting steel
bars, and cutting holes or notches in the plates. Specially, the configuration of connecting
plates with steel bars is similar to that of perfobond rib connectors (PBLs), in which the
shear resistance comes from the bearing of the end concrete, the shear of the concrete dowel,
and the shear of the rebar [31–33]. Nevertheless, PBL is used in steel–concrete composite
beams to maintain the bond between the concrete slab and the steel beam. The anchoring
behavior of connecting plates in CFST is different from that of PBLs. In addition, it is more
difficult to set rebars in a position for close sections than it is to set them in composite beams.
Therefore, it is worthwhile to explore other efficient methods to improve the anchorage of
the connection plates in CFSTs and investigate the anchoring behavior for the proposal of
design methods.
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Although there are no studies for the proposed configurations, the anchorage behavior
of blind bolts in CFSTs have been extensively investigated via pullout tests and may
provide some insights for this study. Various types of blind bolts were studied, such as
Extended Hollo Bolt [34], T-bolt [35], and the Ajax anchored bolt [36]. By setting anchors,
the anchorage strength could be greatly enhanced and the pullout capacity comes mainly
from the anchorage of the bolt’s anchor and the bearing of the tube face wall [37]. The
anchorage strength depends on the embedment depth of the anchor, the bearing area of
anchor-to-concrete, and the strength of the concrete. It is noted that this study focused on
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the anchorage of a steel plate, which is different from bolts with anchors, and the anchorage
mechanism is also different.

This study focused on the anchoring behavior of steel plates embedded in square
RAC/NAC-filled steel tubes using pullout tests. Three types of anchoring methods, namely
plates with circular holes, plates with rectangular notches, and plates with rebars, were
proposed and investigated. In total, 18 specimens were tested to investigate the effects of
the key parameters, including the replacement ratio of RAC, thickness of the plates, and
anchoring methods, on the pullout behavior (e.g., ultimate capacity, load–displacement
curves, and ductility). Thereafter, theoretical studies were conducted and formulas were
proposed to estimate the ultimate pullout capacities (i.e., the anchorage strength) of the
steel plates anchored in the RAC-filled steel tubes.

2. Experimental Program
2.1. Specimens

Pullout specimens were adopted to investigate the tensile behavior of the tension zone
of the beam-to-column joint. In total, 18 specimens were tested under monotonic pullout
loads. The parameters investigated in this study include the concrete type (i.e., normal
concrete and RAC), the thickness of the connecting plate (i.e., 6 mm and 10 mm), and the
anchoring type (i.e., the plate with holes, plate with notches, and plate with rebars).

The specimen consisted of a 650 mm long RAC (or NAC)-filled steel tube (CFST) and
a 120 mm by 280 mm connecting plate anchored in the CFST. Dimensions of the specimen
are shown in Figure 2, in which T is the plate thickness and the embedment depth of the
plate is 80 mm. The dimensions of the CFST are 200 mm × 650 mm × 8 mm. Details of the
anchoring type are shown in Figure 3, where A1, A2, B1, B2, and C indicate the anchorage
type. The size of the rectangular slot on the top surface of the CFST is 122 mm by T + 2 mm,
where T is the thickness of the connecting plate.

Buildings 2024, 14, 1178  3  of  19 
 

Although there are no studies for the proposed configurations, the anchorage behav‐

ior of blind bolts in CFSTs have been extensively investigated via pullout tests and may 

provide some insights for this study. Various types of blind bolts were studied, such as 

Extended Hollo Bolt [34], T‐bolt [35], and the Ajax anchored bolt [36]. By setting anchors, 

the anchorage strength could be greatly enhanced and the pullout capacity comes mainly 

from the anchorage of the bolt’s anchor and the bearing of the tube face wall [37]. The 

anchorage strength depends on the embedment depth of the anchor, the bearing area of 

anchor‐to‐concrete, and the strength of the concrete. It is noted that this study focused on 

the anchorage of a steel plate, which is different from bolts with anchors, and the anchor‐

age mechanism is also different. 

This study  focused on  the anchoring behavior of steel plates embedded  in square 

RAC/NAC‐filled  steel  tubes  using  pullout  tests.  Three  types  of  anchoring methods, 

namely plates with circular holes, plates with rectangular notches, and plates with rebars, 

were proposed and investigated. In total, 18 specimens were tested to investigate the ef‐

fects of  the key parameters,  including  the  replacement  ratio of RAC,  thickness of  the 

plates, and anchoring methods, on the pullout behavior (e.g., ultimate capacity, load–dis‐

placement curves, and ductility). Thereafter, theoretical studies were conducted and for‐

mulas were  proposed  to  estimate  the  ultimate  pullout  capacities  (i.e.,  the  anchorage 

strength) of the steel plates anchored in the RAC‐filled steel tubes. 

2. Experimental Program 

2.1. Specimens 

Pullout specimens were adopted  to  investigate  the  tensile behavior of  the  tension 

zone of  the beam‐to‐column  joint.  In  total, 18 specimens were  tested under monotonic 

pullout loads. The parameters investigated  in this study  include the concrete type (i.e., 

normal concrete and RAC), the thickness of the connecting plate (i.e., 6 mm and 10 mm), 

and the anchoring type (i.e., the plate with holes, plate with notches, and plate with re‐

bars). 

The specimen consisted of a 650 mm long RAC (or NAC)‐filled steel tube (CFST) and 

a 120 mm by 280 mm connecting plate anchored in the CFST. Dimensions of the specimen 

are shown in Figure 2, in which T is the plate thickness and the embedment depth of the 

plate is 80 mm. The dimensions of the CFST are 200 mm × 650 mm × 8 mm. Details of the 

anchoring type are shown in Figure 3, where A1, A2, B1, B2, and C indicate the anchorage 

type. The size of the rectangular slot on the top surface of the CFST is 122 mm by T + 2 

mm, where T is the thickness of the connecting plate. 

 

Figure 2. Dimensions of the pullout specimen. Figure 2. Dimensions of the pullout specimen.

Details of all the tested specimens are listed in Table 1. The label of the specimen
consists of the anchorage configuration (A1, A2, B1, B2, and C, as illustrated in Figure 3),
rebar diameter (“r” followed by the nominal diameter in mm for a type C specimen),
tube thickness (“T” followed by the nominal thickness in mm), and RA replacement ratio
(“F” followed by the replacement percentage). For example, C-r8-T6-F100 means that the
pullout specimen has a 6 mm thick connecting plate with 8 mm diameter rebars, and the
RA replacement ratio is 100%.
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Table 1. Specimen table.

Specimen Configuration T (mm) RA Replacement (%) Remark

A1-T6-F100 1 Φ 50 hole 6 100

With holes

A1-T10-F100 1 Φ 50 hole 10 100
A1-T10-F0 1 Φ 50 hole 10 0

A2-T6-F100 2 Φ 35 hole 6 100
A2-T10-F100 2 Φ 35 hole 10 100

A2-T10-F0 2 Φ 35 hole 10 0

B1-T6-F100 2□20 × 40 notch 6 100

With notches

B1-T10-F100 2□20 × 40 notch 10 100
B1-T10-F0 2□20 × 40 notch 10 0

B2-T6-F100 2□40 × 20 notch 6 100
B2-T10-F100 2□40 × 20 notch 10 100

B2-T10-F0 2□40 × 20 notch 10 0

C-r8-T6-F100 2 Φ 8 rebar 6 100

With rebars

C-r8-T10-F100 2 Φ 8 rebar 10 100
C-r8-T10-F0 2 Φ 8 rebar 10 0

C-r12-T6-F100 2 Φ 12 rebar 6 100
C-r12-T10-F100 2 Φ 12 rebar 10 100

C-r12-T10-F0 2 Φ 12 rebar 10 0

The manufacturing procedure of the pullout specimens is as follows: (1) fix the hollow
tube on the timber plate with silicon; (2) position the connecting plate and rebars (if
applicable) with temporary supports; (3) cast the concrete. Figure 4 shows the pictures
of the steel tubes, connecting plates, and specimens before we casted the concrete and
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casted the specimens. Six concrete cylinders with a diameter of 150 mm and height of
300 mm were also casted to measure the concrete strength. After casting the concrete, all
the specimens and cylinders were cured at ambient temperature until the testing date. The
actual curing time of the specimens was 28~32 days.
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Figure 4. Preparation of pullout specimens: (a) steel tubes; (b) connecting plates; (c) specimen before
casting concrete; (d) casted specimens.

2.2. Materials

The designed grade of the concrete is C50 with a water-to-cement ratio of 0.55, and the
mixture is shown in Table 2. Both recycled aggregate concrete (RAC) and natural aggregate
concrete (NAC) were adopted in this study. The recycled aggregate (RA) was obtained from
the demolished concrete of old buildings. The old concrete was crushed into small sizes,
screened, washed, and dried (Figure 5a). The mechanical and physical properties of the RA
met the requirements in [38]. The NA was fabricated from crushed basalt (Figure 5b). Both
RA and NA had continued particle size distributions with a size range of 5~20 mm, which
met the requirement indicated in GB/T 25177-2010 [39]. River sand was adopted as the fine
aggregate. General-purpose cement (Grade 42.5) was used as the binder, and its initial and
final setting time were >45 min and <10 h, respectively. A polycarboxylate-based water
reducer was used for the concrete to improve workability. At the time of the specimen test,
a compressive test was conducted on the concrete cylinders with a diameter of 150 mm
and height of 300 mm to measure the compressive strength (fc′) and Young’s modulus
(Ec); the average measured values are listed in Table 2. The compressive strengths of RAC
and NAC are very close. The main reason is that the RA was crushed from concrete with
granite as coarse aggregate, whereas the coarse aggregate for NAC was basalt, the strength
and hardness of which are lower than those of granite. In addition, RA has higher water
absorption than NA does, resulting in a lower water-to-cement ratio for RAC. Therefore,
strength reduction was not observed after replacing NA with RA.

Table 2. Mixture and hardened properties of concrete.

Replacement
Ratio of RA (%)

Mass per Unit Volume (kg/m3)
f c

′ (MPa) Ec
′ (GPa)

Cement Sand Natural CA Recycled CA Water Water Reducer

0% 425 762 1018 0 175.5 8.5 50.3 49.4
100% 425 762 0 1018 175.5 8.5 49.3 41.5

Note: CA = coarse aggregate.
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The square steel tubes were cold-formed and purchased from the market. Both the
square steel tube and connecting plates were made of Q235 steel, the nominal yield strength
of which is 235 MPa. The grade of the deformed steel rebars was HRB400 (nominal yield
strength = 400 MPa). Tensile coupon tests were conducted on the steel plates and rebars,
and the measured material properties are listed in Table 3. It is necessary to mention
that the properties of the steel tube were not measured experimentally, as past similar
studies [37,40] indicated that the yield strength of a steel tube is not a governing parameter
affecting the anchorage of steel plates.

Table 3. Material properties of steel plates and rebars.

Type Es (GPa) fy (MPa) fu (MPa)

Steel plate 211 328 444
Steel rebar 209 453 672

2.3. Experimental Setup

Figure 6 shows the experimental setup for the pullout test. The connecting plate was
gripped by the 500 kN universal testing machine (MTS-322), and the load was applied
upward. Two 500 mm long welded rectangular hollow tubes (130 mm × 150 mm × 30 mm)
were placed on the CFST, working as the reaction beams to resist the upward movement
of the specimen. Each reaction beam was connected to the base plate of the test machine
via two high-strength steel (HSS) rods measuring a diameter of 28 mm. The clear distance
between the reaction beams was about 350 mm, ensuring that the constraining effect at
beam ends did not affect the pullout behavior of the specimen. The load was applied under
displacement control with a loading rate of 1.2 mm/min. The experiment was terminated
when obvious failure occurred, such as when the pullout of the steel plate, the fracture of
the steel plate, or a substantial drop in the applied load was observed.

Two linear variable displacement transducers (LVDTs) were deployed between the
actuator and the top surface of the CFST (near the edge) to measure the vertical displace-
ment of the connecting plate (Figure 6). It is necessary to mention that the average value
of LVDTs was the same as that for the displacement recorded by the test machine. Seven
strain gauges (S1, S2, S3, S4, S5, S6 and S7) were fixed on the top surface of CFST, as shown
in Figure 7, to measure the strain distribution of the steel tube. All the data, such as load,
displacements, and strains, were recorded simultaneously during the experiment.
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3. Experimental Results
3.1. Failure Modes

The deformed shapes of the tested specimens are presented in Figure 8. After each
test, the CFSTs were cut off and the concrete was removed to observe the failure modes of
the connecting plates, as shown in Figure 8. In general, owing to the different anchorage
mechanisms, the failure modes of the tested specimens (plates with holes, notches, and
rebars) varied significantly.

As shown in Figure 8a, the deformation of the steel tube was insignificant during
the test, indicating that only a small portion of concrete was involved in resisting the
applied force. Furthermore, the bearing deformation of the steel plate was not obvious.
Localized failure happened in the concrete within the holes. This was likely due to the
shear failure and bearing failure (concrete-to-steel) of the concrete. For specimens with
notches (Figure 8b), the deformation of the CFST was not obvious. However, significant
deformation was observed in steel plate’s notches. The bottom edge of the notch could be
regarded as a cantilever beam in contact with the filled concrete. As shown in Figure 8b,
with the increase in notch width (from 20 mm to 40 mm), the governing failure mode of the
notch edge changed from shearing-governed to bending-governed due to the increase in
the length-to-depth ratio of the cantilever beam. Excessive deformation of CFST face wall
was observed for specimens with rebars (Figure 8c). Shear failure of the rebars occurred
for the plates with thickness of 10 mm. A combination of the shear and bending failure
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of rebars and the tearing of the steel plate was observed for the 6 mm thick plate. The
deformation of the rebar was mainly induced by the shear and bending effects, which could
be regarded as a beam on continuous springs (i.e., surrounded concrete) and it is under
laterally distributed loads. Su et al. [41] and He et al. [42] observed the similar failure mode
and defined it as the tension-shear failure.
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3.2. Load–Displacement Curves

Load–displacement curves of all the tested specimens are shown in Figure 9, in
which the vertical displacement was recorded by the test machine. In general, the peak
load and the shapes of the curves varies greatly depending on the anchoring methods
and configurations.
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For connecting plates with holes, the anchorage strength increases by about 50% if the
thickness is increased from 6 mm to 10 mm (Figure 9a). Although the total void areas are
the same, plates with one Φ50 hole have a lower anchorage strength than those with two
Φ35 holes (Figure 9b), which is due to the larger bearing area of the latter. After reaching the
peak load, plates with one hole (A1) can sustain the applied load without an obvious load
drop, indicating that this configuration (with one larger hole) has better ductility than the
A2 configuration (with two smaller holes). The reason is that the bearing deformation in the
A1 plate is more significant than that in the A2 plate and that the bearing failure is usually
more ductile than the shear failure of the concrete cylinder within the hole. For the plates
with holes, the bearing area is proportional to the hole diameter whereas the shear area is
proportional to the square of hole diameter. By decreasing the diameter (e.g., from 50 mm
to 35 mm), the failure mode may change from bearing-dominated to shear-dominated,
and the latter failure will be more brittle. Effects of concrete type (NAC vs. RAC) on the
anchorage strength and curve shape are not obvious, except that specimen A2-T10-F100
shows a faster load drop after the peak load than its natural aggregate counterpart does. In
addition, the displacements corresponding to the anchorage strength are about 2~4 mm,
confirming the experimental observation that the deformation of CFST was not obvious.

Figure 9c,d show the load–displacement curves of the plates with notch dimensions
(width × height) of 20 mm × 40 mm (B1) and 40 mm × 20 mm (B2), respectively. As
expected, concrete type does not influence the pullout behavior obviously. Nevertheless,
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the plate thickness greatly affects the anchorage strength as the bearing area is proportional
to the thickness. In general, effects of the notch dimensions on the peak load are not obvious
whereas the B2 group shows a slightly slower load drop than that of the B1 group.

For plates with rebars (Figure 9e,f), the effects of plate thickness and concrete type on
the pullout behavior are insignificant. Nevertheless, the anchorage strength and ductility
are greatly enhanced by an increase in the rebar diameter from 8 mm to 12 mm, which
is caused by the increase in the bearing area in concrete. After a dramatic load drop, a
strength re-gain is observed for the plates with Φ6 rebars (Figure 9e). In general, specimens
with Φ12 rebars exhibit the best performance among the tested specimens.

3.3. Key Experimental Results

Based on the load–displacement curves, key experimental results, including the yield
capacity (Py), ultimate capacity (Pu), displacement at Py (∆y), displacement at Pu (∆u), and
ductility index (DI) could be determined. The Pu, also called anchorage strength in this
study, is the peak load of the load–displacement curve. As there is no obvious yielding
plateau of the load–displacement curves, the method in [43] was adopted to specify the
Py and ∆y. As illustrated in Figure 10, the procedures for determining Py are as follow:
(1) draw the line OA, the slope of which is the initial stiffness; (2) draw a vertical line at A to
obtain intersection B; (3) draw the line OB and find intersection C; (4) draw a vertical line at
C to obtain the yield point D (∆y, Py). In this paper, the ductility index is defined as the ratio
of the area covered by the load–displacement curve of OBDEF to OBD (Figure 10), in which
the load at F is equal to 0.8Pu. All the values of Pu, Py, ∆u, ∆y, and DI are summarized in
Table 4 and will be used for the discussions in Section 4.
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Table 4. Experimental results and predictions.

Specimen Py (kN) ∆y (mm) Pu (kN) ∆u (mm) DI Np (kN) Np/Pu

A1-T6-F100 36.4 1.14 62.6 9.3 82.5 60.6 1.03
A1-T10-F100 54.5 1.57 93.6 3.3 45.2 101.0 1.08

A1-T10-F0 70.4 1.51 89.8 3.4 22.3 103.2 1.15
A2-T6-F100 62.3 1.56 105.9 6.4 20.1 84.8 0.80

A2-T10-F100 102.4 1.53 142.7 2.5 8.0 141.4 0.99
A2-T10-F0 109.8 2.01 151.5 2.5 14.0 144.4 0.95
B1-T6-F100 11.7 0.67 24.4 4.4 38.8 28.0 1.15
B1-T10-F100 48.0 1.29 73.8 4.4 13.0 60.3 0.82

B1-T10-F0 31.6 1.15 59.2 4.6 19.5 61.6 1.04
B2-T6-F100 12.6 0.76 28.4 3.6 25.8 28.0 0.99
B2-T10-F100 37.2 0.85 58.7 4.3 26.4 60.3 1.03

B2-T10-F0 36.3 0.55 55.7 4.8 43.9 61.6 1.11
C-r8-T6-F100 58.0 1.80 89.4 5.9 7.9 71.9 0.80

C-r8-T10-F100 63.6 2.27 95.6 6.3 6.4 71.9 0.75
C-r8-T10-F0 26.9 2.02 69.4 4.8 9.4 72.0 1.04

C-r12-T6-F100 110.1 3.58 168.0 25.2 31.1 160.0 0.95
C-r12-T10-F100 110.8 3.64 160.4 38.0 30.1 160.0 1.00

C-r12-T10-F0 107.6 5.10 157.0 21.8 15.2 160.1 1.02
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3.4. Strain Distributions of CFST

The strain distributions on the CFST’s face wall of the specimens with RAC and a plate
thickness of 10 mm are shown in Figure 11, which includes the strain data corresponding
to the loads of 0.2Pu, 0.4Pu, 0.6Pu, and 0.8Pu before reaching the peak load. The layout
of the strain gauges is illustrated in Figure 7. The strains in the corner (S2 and S6) are
positive (in tension), whereas the strains in other locations (S1, S3~S5, and S7) are negative
(in compression). The strain data were mainly used for assessing the deformation of the
CFST and verifying the finite element models that will be constructed in a future study.
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As shown in Figure 11, the absolute strain values are quite small, and are less than
50 µε, except for specimen C-r12-T10-F100, indicating that the deformation of the steel
tube was negligible. It can be concluded that the deformation of the connecting plate and
the CFST can be ignored during service load. Furthermore, in the determination of the
initial stiffness of a beam-to-column joint carried out by using the well-known component
method, the stiffness of CFST and connecting plates could be assumed as infinity. A
higher value of the strain indicates larger deformation of the tube face wall, and this was
induced by the expansion and movement of the in-filled concrete. Therefore, more concrete
was involved in anchoring the connecting plates if the strains were larger. As shown in
Figure 11, specimen C-r12-T10-F100 has the most concrete involved and would have the
highest anchorage strength, which is in agreement with the experimental results in Table 4.
Plates with holes and notches had a lower anchorage strength as only a small portion of
concrete could participate in resisting the applied load. In addition, the strain in the middle
(SG4) was larger than the strains in the locations near the side walls (i.e., SG3 and SG5).
This phenomenon could be explained by simplifying the tube face wall as a fixed supported
beam (i.e., larger strain at mid-span).
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4. Discussions
4.1. Effect of Anchoring Type and Configurations

The effects of the key parameters, such as concrete type, anchoring type, anchoring
configurations (e.g., size and number of holes, direction of notches, and diameter of rebars),
and plate thickness on the pullout behavior of the connecting plate are discussed in this
section. The pullout behavior mainly includes the anchorage strength, load–displacement
response, and ductility index, which were defined in Figure 10.

As shown in Table 4 and Figure 9, the anchoring type (hole, notch or rebar) has a
significant effect on the anchorage strength, ductility index, and pullout load–displacement
curves, owing to the different anchorage mechanisms. The plates with rebars or holes
had much higher anchorage strength than plates with notches did. For plates with similar
total void areas, the configuration of smaller holes led to a higher anchorage strength (by
about 70%) but lower ductility. With the same notch area, the effect of notch direction
(see Figure 3b) on the anchorage strength was not obvious. The plate with wider notches
exhibited slightly better ductility (i.e., a slower load drop and a higher ductility index)
than that with narrow notches. By increasing the diameter of the rebars, the anchorage
strength and ductility were greatly improved. The connecting plates with Φ12 rebars
performed the best among the tested specimens. Therefore, the anchoring type of using a
rebar is recommended for the connecting plates in beam-to-column joints. Nevertheless, it
is necessary to mention that the construction of this configuration is less convenient than
that of connecting plates with holes or notches.

4.2. Effect of Plate Thickness

As shown in Table 4 and Figure 12, the anchorage strength of the 10 mm thick con-
necting plates with holes is 35~50% larger than that of the 6 mm thick plates, whereas the
enhancement is 100~170% for the plates with notches. Plate thickness has a significant
impact on anchorage strength as the anchorage strength is mainly contributed by the
bearing effect, the bearing area of which depends on the plate thickness. Nevertheless, the
ductility index shows a decreasing trend (about 50%) with the increase in plate thickness.
For plates with rebars, the effects of thickness on the pullout behavior are not obvious. The
reason is that the applied load is mainly resisted by the bearing of the rebars, which is not
related to the plate thickness.
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4.3. Effect of Concrete Type

One of the aims of this study was to investigate whether or not recycled aggregate
has an obvious effect on the anchoring behavior of plates. As reported in Section 2.2, with
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the same mix proportions, RAC has a similar compressive strength but slightly lower
Young’s modulus compared with NAC, probably because of the lower modulus of recycled
aggregates than that of natural aggregates. As shown in Figures 9 and 13, the effects of the
RA content on the anchorage strengths, and load–displacement curves are insignificant.
NAC specimens showed slightly higher ductility than RAC specimens did, as shown in
Figure 13b, likely due to the higher modulus of NAC. Nevertheless, this observation is
only valid for four of the six groups (i.e., A2, B1, B2, and C-r6) and more research is needed.
Therefore, it could be concluded that RAC has similar anchoring behavior to that of NAC,
provided that the compressive strengths are similar.
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5. Prediction for the Anchorage Strength of the Connecting Plate
5.1. Connecting Plate with Holes

The possible failure modes of the connecting plates with holes are the bearing failure
of the hole, the shear failure of the concrete cylinder within the hole, and the bearing failure
of the concrete within the hole. The anchorage strength (Np) is the lower strength of the
bearing strength of steel (Nbs), shear strength of concrete (Nsc), and bearing strength of
concrete (Nbc).

Np = min(Nbs, Nsc, Nbc) (1)

Based on the design methods for bolted connections, Equation (2) from GB50017 [44]
was adopted to predict the bearing strength of the steel plate:

Nbs = ndht fbs (2)

where Nbs is the bearing strength of steel plate, dh is the diameter of the hole, n is the
number of the holes, t is the thickness of the plate, and fbs is the bearing strength of the
steel plate, taking this as 405 MPa for Q235 steel [39] or considering it equal to 0.67(fy + fu),
as suggested by the HK code [45], where fy and fu are the yield strength and ultimate
strength, respectively.

The current design method for determining the shear strength of a perfobond rib
connector in JTG [46] is adopted to calculate the shear strength of concrete within the
holes (Nsc):

Nsc = 1.4d2
h f ′c (3)

where fc′ is the compressive strength of concrete.
As indicated by the experimental observations, the failure mode of the tested spec-

imens is the localized bearing failure of the concrete within the hole. Equation (4) is
proposed to estimate the bearing strength of the concrete:

Nbc = ηndht f ′c (4)
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where fc′ is the compressive strength of concrete, and η is an empirical coefficient accounting
for the bearing strength enhancement of the localized concrete induced by confinement.
The value for η is obtained from the regression analysis of the experimental data, and it is
recommended to be 4.1. Therefore, the anchorage strength could then be determined via
Equation (1).

5.2. Connecting Plate with Notches

By analyzing the bearing stress in the notch, Equation (5) is proposed to predict the
anchorage strength of the plate with notches:

Np = χnbnt f ′c (5)

where n is the number of notches, bn is the width of the notch, t is the plate thickness, fc′ is
the concrete compressive strength, and χ is an empirical coefficient that considers the effect
of notch size on anchorage strength.

Based on the experimental results, there are several important findings regarding the
anchorage strength and failure modes: (1) the anchorage strength is not proportional to the
thickness of the plate; (2) Although the bearing areas are the same, the anchorage strength
differs somewhat for different notch widths (bn); (3) the failure of the connecting plate can
be regarded as a combination of the bearing failure of concrete and the bending failure
of the cantilever deep beam with a cross-section of hn by tn and a length of bn (Figure 14).
Therefore, χ is assumed to be related to the size of the notch, and governs the bending and
shear behavior of the notch. Via regression analysis, as shown in Figure 15, Equation (6) is
proposed to estimate the value of χ:

χ =
5√

b2
n/(hnt)

(6)
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5.3. Connecting Plate with Rebars

The experimental results indicated that the anchoring mechanism of the plate with
rebars is similar to that of perfobond rib connectors in resisting shear load. The anchorage
strength is proposed to be estimated via the existing design method for perfobond rib
connectors in JTG [46]:

Np = 1.4n(d2
h − d2

s ) f ′c + 1.2nd2
s fy (7)

where n is the number of rebars, dh is the diameter of the hole, ds is the diameter of the
rebar, fc′ is the compressive strength of the concrete, and fy is the yield strength of the rebar.

5.4. Verifications

A comparison of the experimental and predicted anchorage strengths of the tested
specimens is summarized in Table 4 and Figure 16. The average experimental-to-predicted
ratios are 1.00, 1.02, and 0.93, whereas the COVs (coefficient of variations) are 0.11, 0.10,
and 0.12, for the connecting plates with holes, notches, and rebars, respectively. Therefore,
the proposed methods could reasonably estimate the anchorage strength. Nevertheless,
it is necessary to mention that the coefficients in Equations (4) and (6) are determined by
regressing the experimental data of this study. If more data are available in the future, those
formulas could be further refined. The prediction of JTG [46] on the anchorage strength of
the steel plate with rebars is conservative. The main reason would be that the concrete in
this study is confined by the square steel tube but the confinement effect does not exist in
perfobond rib connectors.
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6. Conclusions

This paper presents an experimental and theoretical study on the pullout behavior
of connecting plates embedded in recycled/natural aggregate concrete-filled square tubes
(CFSTs), which could simulate the behavior of the tension zone in a novel full-bolted
steel beam-to-CFST joint. Effects of the recycled aggregate replacement, anchoring type,
and plate thickness on the pullout behavior (e.g., anchorage strength, load–displacement
curves, and ductility) are discussed. Theoretical models are then proposed to estimate the
anchorage strength of the connecting plates. The following conclusions could be drawn:

(1) Mechanical properties of recycled aggregate concrete are similar to those of natural
aggregate concrete with the same mixtures. Using recycled aggregate for a CFST does
not obviously affect the pullout behavior of plates, demonstrating the feasibility of
using RAC for composite structures.

(2) The failure modes of the specimens greatly depend on the anchoring types and
configurations. Plates with rebars exhibit higher strength and ductility than the
plates with holes or notches, so it is a recommended anchoring method for beam-to-
CFST joints.
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(3) With the same void area, plates with two small holes have higher strength than plates
with one large hole do, likely due to the increase in bearing area. The effect of the
notch dimension (20 mm × 40 mm vs. 40 mm × 20 mm, same area but different
direction) on the anchorage strength is not significant, whereas the ductility is slightly
influenced. The diameter of the rebars greatly affects the anchorage strength and
ductility of the connecting plates.

(4) Because the bearing area is proportional to the plate thickness, thickness has a signifi-
cant influence on the pullout behavior of the connecting plates with holes and notches.
However, the behavior of the plates with rebars is not affected by the plate thickness.

(5) Deformations of the connecting plate and CFST are negligible, and their stiffness
could be assumed to be infinity in the determination of the initial stiffness of a beam-
to-column joint using the component method.

(6) The proposed formulas could reasonably predict the anchorage strength of the connect-
ing plates with holes and notches. The current method for perfobond rib connectors
somewhat underestimates the anchorage strength of the connecting plates with rebars,
likely due to the lack of consideration of the confining effect in CFSTs, which is a
major difference compared with that in perfobond rib connectors.
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