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A concrete-filled steel tube (CFST) column has the advantages of high bearing capacity, high stiffness, and good ductility, while
reinforced concrete (RC) structure systems are familiar to engineers. The combinational usage of CFST and RC components is
playing an important role in contemporary projects. However, existing CEST column-RC beam joints are either too complex or
have insufficient stiffness at the interface, so their practical engineering application has been limited. In this study, the results of a
practical engineering project were used to develop two kinds of CEST column-RC beam joints that are connected by vertical or
U-shaped steel plates and studs. The seismic performance of full-scale column-beam joints with a shear span ratio of 4 was
examined when they were subjected to a low-cyclic reversed loading test. The results showed a plump load-displacement curve for
the CFST column-RC beam joint connected by steel plates and studs, and the connection performance satisfied the building code.
The beam showed a bending failure mode similar to that of traditional RC joints. The failure area was mainly concentrated outside
the steel plate, and the plastic hinge moved outward from the ends of the beam. When the calculated cross section was set at the
ends of the beam, the bending capacity of joints with the vertical or U-shaped steel plates and studs increased compared to the RC
joint. However, when the calculated cross section was set to the failure area, the capacity was similar to that of the RC joint. The
proposed joints showed increases in the energy dissipation, average energy dissipation coefficient, and ductility coefficient
compared to the RC joint.

1. Introduction

Concrete-filled steel tube (CFST) columns are widely used in
practical engineering because of their excellent construct-
ability, such as reduced labor and materials, lack of form-
work, and quick construction. In addition, CFST columns
provide a high bearing capacity, good ductility, and
toughness [1-3]. Considering the common use of beams and
slabs, CFST columns with RC beams and RC slabs are an
optimal choice for buildings. However, there have been
relatively few engineering applications of CFST columns
joined to reinforced concrete (RC) beams because of the
complex construction of the joint and difficulty with
forming a rigid connection.

In contrast to the comprehensive research on CFST
column-steel beam joints [4-8], CFST column-RC beam
joints have received little attention in the published litera-
ture. According to the moment transfer between beams and
columns, joints can be divided into three categories: rigid,
semirigid, and pinned [9, 10]. Xiang and Lv [11] summarized
the existing forms of CFST column-RC beam joints and
classified them into these three categories. Based on the
results of experimental research and engineering applica-
tions, Cai and Huang [12] analyzed the working mechanism
and mechanical properties of existing CFST column-RC
beam joints. Lu et al. [13] discussed types of joints for the
frame structure system and proposed corresponding cal-
culation methods and suggestions for reference in
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engineering design and applications. Fang et al. [14] pro-
posed adding a ring beam outside the CFST column with
longitudinal reinforcements of the slab beam anchored to
the ring beam: the ring beam resists the bending moment of
the RC beam by bearing the torsion, and the surface of the
connection between the beam and steel tube is bonded with a
welded steel ring. They performed experiments on 14 CFST
column-ring beam specimens subjected to a cyclic lateral
load and studied the seismic performance of the ring beam
joint. The joints exhibited good energy dissipation capacity,
and the failure of the joint did not influence the load carrying
capacity of the column. Han et al. [15] proposed two types of
connections between a CFST column and RC beam: a ring
steel plate, radial reinforcement, and steel brackets installed
through the tubular core; and ring reinforcement welded to
the tube and steel brackets installed through the tubular
core. Shi et al. [16] suggested two types of connections for an
outer-plated steel-concrete composite beam and CFST
column. They carried out a low-cyclic reversed loading test
and finite element simulation for the two types of joints and
analyzed the performance in terms of the failure mode,
hysteretic curve, strength, ductility, and strain of the steel
bars, plates, and tubes. The results showed that both con-
nections provided a high carrying capacity, ductility, and
energy dissipation capacity. Nie et al. [17] and Bai et al. [18]
proposed a new connection for concrete-encased CFST
columns and RC beams. The steel tube is interrupted so that
the RC beam is kept continuous in the joint zone, and
multiple lateral hoops are used to guarantee the performance
of the joint. They conducted experimental and theoretical
studies on this approach. Zhang et al. [19] introduced an-
other connection type: ring beam joints with a discontinuous
outer tube between the concrete-filled twin steel tube col-
umns and reinforced concrete beams. The seismic perfor-
mance of the joints was evaluated through cyclic loading
tests and numerical simulation. Their results showed that the
joints satisfied seismic design principles. Chen at al. [20]
investigated a type of through-beam connection between a
CEST column and RC beam. The steel tube was entirely or
partially cut at the location of the beam to keep the lon-
gitudinal steel rebar continuous. They performed experi-
mental and finite element simulation analyses on this type of
connection. Xu et al. [21] proposed a connection between a
stiffened precast sleeve-connected CFST column and RC
beam. They conducted low-cyclic reversed loading tests to
consider the axial compression ratio and location of the
connection. Their results showed that the connection had
excellent load carrying capacity, energy dissipation capacity,
and ductility. Chen et al. [22] and Yao et al. [23] considered
engineering examples and researched CFST columns passing
through rigid joints with circular, long, and rectangular
openings. They showed that the main failure mode of the
specimens was local buckling of the upper and lower re-
inforcement rings. The reinforcement of the joints after
opening did not affect the bearing capacity of the columns
and the short stiffener compensated for the weakening of the
tube due to the opening. Zha et al. [24] carried out a low-
cyclic reversed loading test and finite element simulation
analysis on nonwelded CFST column-RC beam joints and
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showed that such joints demonstrated good ductility and
energy dissipation capacity.

Although these joints have been applied to some engi-
neering projects, each type has some disadvantages, such as
difficulties in welding and pouring concrete into tubes be-
cause of corbels. In addition, the rebar in the joint area is
arranged together more closely, which affects the quality of
the poured concrete and the spatial use of the building.

In this study, small holes were opened in the steel wall of
the CFST column, and longitudinal rebar was passed
through the holes to form the RC beam. Two connection
methods for the CFST column and RC beam are proposed: a
vertical steel plate and studs and a U-shaped steel plate and
studs. These connections can enhance the stiffness of the
CFST column-RC beam joint. They are not only easy to apply
to the structure but also provide other advantages, such as
clear force transmission, good integrity, reduced material
consumption, and convenient construction.

The proposed CFST column-RC beam joints have not
previously been reported. In order to study the seismic
performance of the CFST column and RC beam with steel
plate-stud connections, three full-scale joint specimens were
designed and fabricated. Low-cyclic reversed loading tests
were performed to study the failure mode, failure mecha-
nism, hysteretic curve, and skeleton curve. The results
showed that the proposed joints have good mechanical
properties and ductility, so they have a wide range of en-
gineering applicability.

2. Types of Proposed Joints and
Experimental Plan

2.1. New Joint Types and Details. This paper proposes steel
plate-stud connection methods based on passing the lon-
gitudinal rebar of an RC beam through a CFST column.
Specifically, small holes are made on the steel tube to pass the
longitudinal reinforcement through so that the bending
moment can be transferred. A segmental tube or steel plate is
welded outside the section of the rebar holes to reinforce the
CFST column and guarantee its performance. The vertical or
U-shaped steel plate and studs are welded outside the steel
tube to facilitate the transfer of the interfacial shear force
between the RC beam and CFST column. Figure 1 shows the
joint construction diagrams.

2.2. Experimental Program. In order to study the seismic
behavior of the RC beam with the new connection types,
three beam-column joints were designed in accordance with
the current code’s specifications of strong joints and weak
members: XJJD, SSJD, and SUJD. XJJD was a common RC
beam-column joint that was selected from the interior joints
of a frame structure in a project. The specimen was taken
from the middle part of a beam’s reverse bending point. The
column height was four times the diameter of the CFST
column. The specimens were designed to be full scale.
Figure 2 shows the sectional dimensions and reinforcement
details of XJJD. SSJD and SUJD were CFST column-RC
beam joints: SSJD was connected by studs and a vertical steel
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RC beam

FIGURE 1: Schematic diagrams of the joints: (a) configuration of the steel plate-stud connection; (b) configuration of the U-shaped steel

plate-stud connection.
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FIGURE 2: Sectional dimensions and reinforcement details of specimen XJJD: (a) schematic diagram, (b) column section, and (c) beam

section.

plate, and SUJD was connected by studs and a U-shaped
steel plate. Table 1 presents the main parameters of each
specimen.

The sectional dimensions and reinforcement details for the
beam were the same for all three specimens. The beam cross
section was 300 mm x 700 mm. For reinforcement, 3¢25 + 2620
longitudinal rebars were distributed in two rows on the top of
the beam section and 4425 longitudinal rebars were distributed
at the bottom. The stirrups were distributed to follow 3¢10@
100. All beams had a concrete strength grade of C35. The cross
section of the RC column was 700 mm x 700 mm.

For the CFST specimens of SSJD and SUJD, the diameter
of the CFST column was 610 mm, and the wall thickness was
10mm. Small holes were made in the steel tube of the
column with a diameter of 1.2d, where d is the diameter of
the longitudinal rebar. The outside of the tube was reinforced
by a steel plate welded on. Reinforced steel plates with
the same holes (b=402mm, h=219mm, ¢=10mm;
b=402mm, h =180 mm, and ¢t =10 mm) were taken from a
steel tube with a diameter of 630 mm and wall thickness was
10 mm. All of the steel tubes had a strength grade of Q345.
The longitudinal rebar of the beam passed through the holes.
Eight ML15 grade studs with a diameter of 16 mm and
length of 100 mm were welded on the beam-column in-
terface. The studs were distributed in four rows and two
columns with both the horizontal and vertical spacing being
100 mm.

SSJD was the joint specimen connected by a vertical steel
plate and studs. The vertical plate had a thickness of 6 mm,
height of 350 mm, and length along the beam of 350 mm. Six
ML15 grade studs with a diameter of 13 mm and length of
80 mm were welded on each side of the vertical steel plate.
The studs were distributed in three rows and two columns
with horizontal and vertical spacing of 110 and 90 mm,
respectively. The details of the connection configuration are
shown left in Figure 3(b).

SUJD was the joint specimen connected by a U-shaped
steel plate and studs. The U-shaped steel plate had a
thickness of 4 mm, height of 550 mm, and length along the
beam of 350 mm. Six ML15 grade studs with a diameter of
13 mm and length of 80 mm were welded on each inner face
for the two vertical plates of the U-shaped steel plate. The
studs were distributed in three rows and two columns with
horizontal and vertical spacing of 110 and 150 mm, re-
spectively. The details of the connection configuration are
shown right in Figure 3(b).

The joint specimens designed in this study follow the
design concept of “strong column and weak beam, strong
shear and weak bending, and strong joint and weak
member” in the code for seismic design of building struc-
tures (GB50011-2010) [25]. According to the design code for
concrete structures (GB50010-2010) [26], the design
bending capacity of the RC beams M, was 424.23 kN-m or
—415.84 kN-m. The longitudinal rebars of beam section were
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TaBLE 1: Parameters of specimens.

Specimen  Column section Reinforcement in  Column height Beam section =~ Reinforcement in  Configuration of the beam-

no. size (mm) column H (mm) size (mm) beam column connection
Longitudinal bar
XJJD 700 x 700 4622 + 12820 2440 300 x 700 Longitudinal bar top: —
Stirrup: 5¢10@100 3925 + 2620
SSJD 610 %10 — 2440 300 x 700 Bottom: 4¢25 Vertical steel plate and studs
SUID 610 x 10 . 2440 300 x 700 stirrup: 3¢10@100 U-shaped steel plate and

studs
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FiGgure 3: Continued.
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FIGURE 3: Sizes and connection configurations for specimens SSJD and SUJD: (a) schematic diagram of SSJD and SUJD; beam-column
connections of (b) left: SSJD and right: SUJD; sectional views of (c) SSJD and (d) SUJD.

asymmetrical; for convenience, here the upper longitudinal
reinforcement of the beam section was defined as positive
when in tension, while the longitudinal reinforcement of the
lower part was negative when in tension. The design shear
capacity V. was 692.91 kN. For the RC columns, the design
axial compressive capacity N was 11, 900.41 kN, the design
bending capacity M. was 1339.53kN-m, and the design
shear capacity V_ was 1826.47 kN. According to the technical
code for CFST structures (GB50396-2014) [27], the design
axial compressive capacity of the CFST columns N, was 16,
190.98 kN, the design bending bearing capacity M, was
1807.26 kN-m, and the design shear bearing capacity V , was
2429.28 kN. According to the code for seismic design of
buildings (GB50011-2010), the design value of the combined
shear force of the core area of the beam-column joints in
XJJD V; was 936.00kN, and the shear capacity of the core
section of the joint Vjz was 1741.3kN. For SSJD and SUJD
specimens, there is no formula for calculating the shear
capacity of the core area of CFST column-RC beam joints in
the current code, so the shear capacity of the core area of
CFST column-RC beam joints was not checked in this study.
The bearing capacities of the beam, columns, and joints were
checked separately, and the results are presented in Table 2.
The calculation results show that the three specimens all
satisfy the design principles of “strong column and weak
beam, strong shear and weak bending, and strong joint and
weak member.”

The SSJD and SUJD joint specimens in this study had a
CFST column-RC beam structure connected by steel plates
and studs. The connection structure of a steel plate and studs

was used to ensure that the shear force on the beam could be
transferred to the column through the steel plate and studs.
The design value of the shear capacity was calculated sep-
arately for each specimen, and the results are listed in Ta-
ble 3. The equations employed for connector design are as
follows.

According to the design code for concrete structures
(GB50010-2010), the design value of the shear capacity of the
beam V_ was calculated using

A
Vcs = ‘xcvftbho + fyv% hO’ (1)

where a, is the shear capacity coeflicient of the concrete in
the inclined section, f, is the design value of the axial tensile
strength of concrete, b is the width of the beam section, h; is
the effective height of the beam section, f,, is the design
value of the tensile strength of the stirrups, f,, is the total
cross-sectional area of each stirrup limb in the same cross
section, and s is the spacing of stirrups along the length of the
members.

According to the steel structure design standard
(GB50017-2017) [28], the design value of the shear capacity
of the interface connectors can be calculated using

V=V +V, (2)

The design value of the shear capacity of the interface
connectors consists of two parts: V, the total shear capacity
of the welded studs on the wall of steel pipe, and V', the
shear capacity of the vertical or U-shaped steel plate. These
quantities can be calculated as follows:
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TABLE 2: Specimen bearing capacities.
Check Bending capacity ratio Shear capacity ratio Shear capacity of core area
Ratio RC column/beam CFST column/beam Beam RC column CFST column XJJD
M /M, M /M, VIV VIV VolV Vir/V;
Result 3.16 (3.22) 2.56 (4.35) 4.30 (4.38) 1.19 1.17 1.86

Note. V= M, /L, where L is the distance from the loading point to the end of the beam; V! = M_/H., V= M y/H_, H. is the distance from the end of the
column to the outside of the core area of the joint, and the values in parentheses are the results calculated with the longitudinal bar of the beam section under

tension.

TaBLE 3: Design values of the shear capacities of the beams.

Specimen no. V. (kN) V (kN) V. (kN) VIV VIV Failure mode estimation
XJJD 692.91 — 161.30 (158.11) — 4.30 (4.38) Bending failure
SSJD 692.91 840.16 161.30 (158.11) 1.22 4.30 (4.38) Bending failure
SUJD 692.91 940.70 161.30 (158.11) 1.36 4.30 (4.38) Bending failure

Note. V.= My/L, where L is the distance from the loading point to the end of the beam. The values in parentheses are the results calculated with the

longitudinal bar of the beam section under tension.

V, =0.43AE_f <0.7A,f, (take the smaller value),

Vi, =Vion + Vi < f A, (take the smaller value),
(3)

where f, is the design value of the tensile strength of the
studs, A, is the sum of the cross-sectional areas of the studs,
E. is the elastic modulus of concrete, f is the design value of
the compressive strength of concrete, V, is the local
bearing capacity of concrete, V,; is the shear capacity of the
studs on the vertical or U-shaped steel plate, f is the design
value of the shear strength of the steel plate, and A, is the
cross-sectional area of the vertical or U-shaped steel plate.

The calculation results show that the shear capacities of
the connectors are greater than those of the beams and that
the shear forces generated by the bending resistance in the
beams are less than the shear capacities of the beams, so the
test specimens were predicted to undergo bending failure.

2.3. Material Properties. For all specimens, the re-
inforcement rebar had the Chinese grade HRB400. The steel
tubes and plates were Q345 grade steel. ML15 grade studs
were used in the proposed plate-stud connections. All beams
were made of C35 grade concrete based on the Chinese
design code (2010). All columns were made of C50 grade
concrete. Tables 4 and 5 list the tested mechanical properties
of the steel and concrete.

2.4. Test Setup and Loading Program. The tests were carried
out with a 4000 kN multifunction electrohydraulic servo test
system. Figure 4 shows the loading device. At the beginning
of a test, a vertical load with an axial compression ratio of 0.3
was applied to the column and kept constant for the duration
of the test. Then, antisymmetric loads were applied to both
ends of the beam. Displacement control was adopted for the
test. Before the specimen yielded, it was loaded in in-
crements of 5 mm. After yielding was reached, the specimen
was loaded in increments of the yield displacement. Two
cycles were repeated for each level of displacement. The test

was terminated when the specimen failed, which was defined
as a decrease in the apparent load capacity to 85% of the
maximum supported load. Figure 5 shows the loading
program.

2.5. Measurement Contents and Method. For the test, the
following were observed and measured: the vertical load at
the top of the column, the vertical compressive and tensile
forces at the beam end, the vertical displacement at the
loading point of the beam end, the rotation and shear de-
formation of the plastic hinge area at the end of the beam, the
crack development and failure mode of the specimen, etc.
Figure 6 shows the instrumentation arrangement.

3. Test Results and Discussion

3.1. Failure Process and Failure Mode. The observed damage
phenomena and failure mode were similar for each speci-
men. The failure process can be divided into three stages:
cracking, yielding, and failure. Figure 7 shows the failure
mode of each specimen. From the beginning of the test
loading to the failure of the three specimens, the core area of
the joints remained intact. No cracks were found in the core
area of the XJJD specimen, and no obvious deformation was
observed in the core area of the SSJD and SUJD specimens.

3.1.1. Failure Process of XJJD. The XJJD specimen was in the
elastic state for the initial loading stage. After the first-level
load (+5 mm) was applied, 3-4 microcracks occurred on the
top and bottom of the south and north beams (Figure 6).
When the second-level load was applied, the number of
vertical microcracks on the sides of the beams increased, and
some cracks occurred at the end of the beam. Existing cracks
were also observed to extend. After the third-level load
(+15mm) was applied, the number of microcracks increased
and the existing cracks continued to extend obliquely. The
upper and lower two diagonal cracks developed to connect
on each beam. The longitudinal reinforcement of the beam
yielded at the fourth-level load (+20mm). The existing
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TaBLE 4: Material properties of steel.

Material Diameter (thickness) Material Yield strength

Ultimate strength f, (MPa) Elongation A (%) Elastic modulus E, (MPa)

(mm) grade fy (MPa)
10 HPB400 413 607 22.06 1.8x10°
Rebar 20 HRB400 430 559 20.13 2.0x10°
22 HRB400 436 617 19.50 2.0x10°
25 HRB400 436 608 19.93 2.0%10°
4 Q345 395 530 19.03 2.1x10°
Steel plate 6 Q345 409 539 22.90 2.0%10°
Steel tube 10 Q345 423 569 16.17 2.0x10°
stud 13 ML15 339 456 15.38 —
v 16 MLI15 340 457 15.40 -

TaBLE 5: Material properties of concrete.

Strength grade Axial compressive strength f_ (MPa)

Axial tensile strength f, (MPa) Elastic modulus E. (MPa)

C35 29.2
C50 52.1

3.34x10%
3.78 x10*

2.48
3.35

FIGURE 4: Test setup: (1) spherical hinge and (2) vertical actuator.
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FIGURE 5: Loading history.

cracks were observed to widen and extend. The number of
diagonal penetrating cracks increased to 5-6. The main
diagonal penetrating cracks became wider upon further
loading. When the sixth-level load (£3A) was applied, the
cracks near the end widened, and the concrete was crushed

with little spalling. The load on the south beam reached its
maximum value. After the seventh-level load (+£4A) was
applied, the main diagonal cracks near the end of the beam
widened further, and the concrete at the corner was crushed
with spalling. When loaded to —4A, the north beam reached
its peak load in the negative direction. When loaded to 5A,
the concrete bulged within 30 cm from the end of the upper
north beam. Meanwhile, the concrete bulged within 30 cm
from the end of the lower south beam. The north beam
reached the peak load in the positive direction. When loaded
to —5A, the concrete on the upper part of the north beam end
showed spalling and the longitudinal reinforcement buckled.
The concrete had serious spalling within 20 cm from the end
of the south beam. The longitudinal reinforcement and
stirrups were visible in this area. After the ninth-level load
was applied, the concrete spalled off within 40 cm from the
end of the beam, the longitudinal reinforcement buckled,
and the load resistance of the beam decreased. At this point,
the specimen was destroyed. The crack development process
is shown in Figure 8.

3.1.2. Failure Process of SSJD. The SSJD specimen was in the
elastic state in the initial loading stage. After the first-level
load (+5 mm) was applied, 4-5 microcracks were observed
on the south and north beams. The number of microcracks
on the sides of the beam increased after the second-level load
was applied. The existing microcracks extended and three
cracks within 1 m from the joint became connected. After
the third-level load was applied, the number of cracks
gradually increased. The existing vertical cracks extended to
the end of the beam along the diagonal direction. Five cracks
developed through both the south and north beams. The
longitudinal reinforcement of the beam vyielded at the
fourth-level load (+20 mm). The number of connected
cracks on both sides of the beam increased, but the crack
width was still small. The cracks were distributed between
the loading point and end of the beam. Compared with
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Figure 7: Failure modes of specimens: (a) XJJD, (b) SSJD, and (c) SUJD.
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FIGURE 8: Crack development process of XJJD: (a) yielding stage, (b) peak load stage, and (c) failure mode.



Advances in Civil Engineering

XJJD, the cracks were more dispersed. After the fifth-level
load (+2A) was applied, the number of cracks at the end of
the beam increased and the existing cracks extended. The
damage range of the beam end expanded. After the sixth-
level load (+3A) was applied, cracks developed within 1 m
from the ends of the north and south beams. Both the
number and width of the cracks increased. When the
seventh-level load was applied, the cracks at the end de-
veloped, and the main cracks 30-40cm from the end
widened. The concrete between the cracks showed slight
spalling. After the eighth-level load (+5A) was applied, a
large number of cracks occurred on the upper and lower
parts of the beams, and the concrete was crushed. The cracks
concentrated at 30-40 cm and 50 cm from the beam end
showed clear widening. At this loading stage, both the south
and north beams reached the peak loads in the positive and
negative directions, respectively. When the seventh-level
load (+6A) was applied, the concrete on the upper and
lower sides of the south and north beams was crushed and
spalled off. The rebar was exposed, and the longitudinal
rebar of the two beam ends buckled. When loaded to —6A,
the concrete within 30-60 cm from the end of the beam
spalled off, and the load resistance of the beam decreased. At
this point, the specimen was destroyed. Compared with
XJJD, the main damage area of the beam end moved out-
ward. Figure 9 shows the crack development process.

3.1.3. Failure Process of SUJD. The SUJD specimen was in
the elastic state in the initial loading stage. After the first-
level load (+5mm) was applied, 4-5 microcracks occurred
on the south and north beams. When the second-level load
was applied, the number of cracks increased, and the existing
cracks extended to form 3-4 connected cracks. After the
third-level load was applied, some vertical cracks were
observed in the area above the U-shaped steel plate. The
number of new microcracks increased and was distributed
over the RC beam. The existing cracks on the upper and
lower parts of the beam developed along the diagonal di-
rection, and the connected cracks increased to 5-6. When the
fourth-level load (+20mm) was applied, the longitudinal
reinforcement of the beam yielded, the number of diagonal
cracks increased, and the cracks widened. After the fifth-
level load (+2A) was applied, both the number and width of
the vertical and diagonal cracks increased. As the load was
increased, the number of cracks on the upper part of the
U-shaped steel plate and within 30 cm of the plate increased
gradually. Some concrete spalling occurred at the outer edge
of the U-shaped steel plate. The cracks near the U-shaped
steel plate widened to form the main cracks. When the
seventh-level load (+4A) was applied, the diagonal cracks
within 40 cm of the U-shaped steel plate showed obvious
widening. The vertical cracks on the upper side of the
U-shaped steel plate also widened. The cracks were observed
to extend and widen upon further loading. The concrete
outside the bottom of the U-shaped steel plate was crushed
and began spalling off. The concrete cracks along the upper
part of the U-shaped steel plate widened and developed
underneath the plate. The positive and negative peak loads

were each reached at the eighth-level load. After the ninth-
level load (+6A) was applied, the concrete outside the
bottom of the U-shaped steel plate was severely crushed and
fell off. The concrete at the upper part of the U-shaped steel
plate was crushed and bulged. The rebar was exposed and
buckled. The bearing capacity decreased, and at this point
the specimen was destroyed. The crack development process
is shown in Figure 10.

3.2. Load-Displacement Relationship. Figure 11 shows the
load-displacement curves of each specimen. The first
quadrant represents the upper reinforcement of the beam
section in tension. A plumper hysteresis loops indicates a
stronger energy dissipation capacity. The specimens were in
the elastic stage and the hysteresis curves were almost linear
in the initial stage of loading. The residual deformation was
small after unloading in this stage. As the load increased, the
stiffness of the load-displacement curves gradually de-
creased. The slopes of later loading curves were smaller than
the second cycle at the previous load level. When the
concrete spalled, the decrease in stiffness increased with the
cycle times, and the degradation phenomenon became
obvious. After the peak load, the strength degradation in the
second cycle became noticeable. The three specimens had
plump hysteretic curves. SUJD had the plumpest hysteretic
curve and largest envelop area of the hysteretic loops.

3.3. Skeleton Curve. Figure 12 shows the skeleton curves for
the specimens. Because of the asymmetric reinforcement of
the beam section, the skeleton curves obtained with the low-
cyclic reversed loading test differed. The elastic, yielding, and
ultimate states of the three specimens were clearly observed.
Table 6 lists the feature points of the test results. Table 7
presents the calculated average reaction forces of each
specimen; the positive direction was as defined previously in
the paper.

3.4. Analysis of the Bending Capacity of RC Beam with the Steel
Plate-Stud Connection. According to the design code for
concrete structures (GB50010-2010) [26], the bending ca-
pacity of RC beams is given by

Y X =0,
alfcbx = fyAs’

Y M=o,

M<M, = (xlfcbx<h0 —g)

(4)

The measured reaction forces at the loading point of the
beam end were used to calculate the bending capacities M,
at the end of the beam and M, at the failure section. Based
on the failure modes of the three specimens, the end of the
beam was taken as the failure section of XJJD, and section
350 mm away from the end (i.e., the outer edge of the vertical



10

Advances in Civil Engineering

3 \\\:/\\\_\l *\\3‘}‘({\\\‘ /\Sﬁf /);/\/ 77
,/»/,/5/,1 t // v MH\\E”\ \\

RGN I Y
NN X

PRIV 7
l<\“’(\\ "< ’<

()

()

Ve \leJ)
Y

N TN \% T ‘i 5 v.‘.
RPN 4
Y’»i//«‘ ;’(/r‘T\ ,

ST
{aL \:\\X\ \&<~&\

FiGure 9: Crack development process of SSJD: (a) yielding stage, (b) peak load stage, and (c) failure mode.

RO N RV R R IRUREGITHES I %
WA S VR
A m}z‘{/h £y

»! P/

TR R e BT
\'\7\/)\}&\ ’ ] Y
r/?f/ RP ”\.\i/\/%

()

(b)

T
(/;{ ><(b )]

TR

F1Gure 10: Crack development process of SUJD: (a) yielding stage, (b) peak load stage, and (c) failure mode.

or U-shaped steel plate) was taken as the failure section of
SSJD and SUJD.

(5)

where F is the average reaction force at the ends of the south
and north beams, L is the distance between the loading point
and end of the beam (2590 mm for XJJD and 2635 mm for
SSJD and SUJD), and Ly is the distance between the loading
point and failure section.

The theoretical and experimental values of the bending
capacity of the beams were calculated for loads in the
positive and negative directions. Table 8 presents the results.

The results showed that the experimental bending ca-
pacity for each specimen was higher than the theoretical
calculated values. Compared with the RC beam-column
joint specimen XJJD, the bending capacity of SSJD and
SUJD showed increases in the bending capacity at the end of
the beam of 10.6% and 17.7%, respectively, under positive
loading and 17.0% and 18.3%, respectively, under negative
loading. For the failure section, the bending capacities of the
three specimens were basically consistent: compared to
XJJD, SSJD decreased by 4.1% and SUJD increased by 2.0%
under positive loading and SSJD and SUJD at the end of the
beam increased by 1.4% and 2.6%, respectively, under
negative loading. In SSJD, the vertical steel plate and studs
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FiGgure 11: Load-displacement curves of specimens: (a) XJJD, (b) SSJD, and (c) SUJD.
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TaBLE 6: Test values of feature points of specimens.
) o ) L Yield Peak Ultimate
Specimen no. Position Loading direction
A, (mm) P, (kN) Aoy (mm) P (KN) A, (mm) P, (kN)
North beam Positive 17.71 220.34 100.81 250.22 112.98 212.69
XJJD Negative -22.86 —184.33 —79.34 —255.55 -122.50 -217.22
South beam Positive 16.73 196.33 79.67 222.63 87.99 189.24
Negative -22.25 -195.34 -83.10 —-257.17 -91.00 —218.59
North beam Positive 18.63 223.90 91.47 263.91 108.07 224.32
SSJD Negative -19.69 -235.62 -97.62 —288.47 -107.54 —245.20
South beam Positive 19.35 213.73 96.87 250.04 104.46 212.53
Negative -19.32 -251.96 -97.98 -301.00 -126.12 —255.85
North beam Positive 19.29 227.45 96.96 279.27 115.81 237.39
SUID Negative -19.21 —-251.93 -94.46 —288.77 -118.75 —245.45
South beam Positive 17.94 220.51 92.93 267.66 104.23 227.51
Negative -18.90 —249.64 -93.30 -307.61 -121.53 -261.47
TaBLE 7: Average peak loads. TaBLE 8: Bending bearing capacity of each specimen.
Specimen B Specimen no.
no. North beam F South beam F Average F loading M, (kN-m) M, (kN-m) M, (kN-m)
loading (kN) (kN) (kN) direction
direction N 533.37 612.34 612.34
XJJD (+) 250.22 222.63 236.43 7 (=) 522.61 663.97 663.97
) 255.55 257.17 256.36 wp 533.37 677.13 587.19
$SID (+) 263.91 250.04 256.98 J (=) 522.61 776.63 673.47
) 288.47 301.00 294.74 wp @ 533.37 720.58 624.87
SUID (+) 279.27 267.66 273.47 J (-) 522.61 785.73 681.36
=) 288.77 307.61 298.19

were set at the end of the beam, which improved the local
stiffness and made the failure area move away from the end
of the beam. In SUJD, the U-shaped steel plate and studs
were set at the end of the beam and the concrete in this area
was constrained by the U-shaped steel plate. Thus, the cracks
were restrained during the loading process.

3.5. Displacement Component. The total displacement A of
the beam end mainly comprises the bending deformation Ay,
shear deformation A, and slip deformation Ag;,,. Figure 13
shows a diagram of each deformation. The values measured
by the dial gauges shown in Figure 6 and the following
equations were used to calculate the displacements of each
stage.
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FIGURe 13: Three main deformation components: (a) bending, (b) shear, and (c) sliding.

The total bending deformation A; caused by the rotation
of the beam hinge in the plastic hinge region is given by

(6)

The deflection of the beam end &), caused by the rotation
of the plastic hinge region can be calculated from the
measured average rotation of the section:

Af = 6b1 + 6b2‘

Oy = 1R, + O,R,,

9 — (51 + 61,)
T 7)

_ (6, + 62’)

0, = o

where 0,, 0, are the average rotations of the section of the
plastic hinge region; §,,0,,0,,8, are the elongation and
compression measured by the dial gauges on the upper and
lower surfaces of the beam; and h,,h, are the distances
between the upper and lower dial gauges on the beam.

Beyond the plastic region, the bending deformation Jy,
of the beam is calculated according to elastic theory:

3
8, = =D (8)
3EI,

where P is the load applied at the beam end, (L—I) is the
length of the beam from outside the plastic hinge region to
the loading point, E, is the elastic modulus of concrete, and
I, is the effective moment of inertia of the beam (I, = 0.51;
I, is the gross section moment inertia).

The shear deformation of the plastic hinge region is
shown in Figure 13(b). The shear deformation A at each
stage is calculated as follows:

_ |85] +[8.]
S 2cosf,’
9)
h
osbs = T

where J3, §, are the elongation and compression of the dial
gauges along the diagonal direction of the plastic hinge
region; h is the height of the beam section; / is the length of
the plastic hinge region; and the slip deformation Ay, is
given by Ay, = A—Ag— A,

The displacement A’ is caused by bending, shear, and slip
within / of the plastic hinge region:

A =8y + A+ A

slip

slip- (10)

Table 9 lists the calculation results for the components of
the total displacement at the beam end. The bending de-
formation A; accounted for 78%-95% of the total dis-
placement A. The plastic hinge region total displacement A’
accounted for over 79% of the total displacement A. The total
displacement A of the beam end mainly comprised the
bending deformation A, shear deformation A, and slip
deformation Ay;,. Bending accounted for the largest pro-
portion of deformation among the components.

3.6. Stiffness Degradation. The stiffness degradation reflects
the effect of accumulated damage on the structure and refers
to the increase in the peak displacement with the cycle times
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TABLE 9: Test results of the deformation.

Specimen no.  Feature state  §,; (mm) A, (mm) Agip (mm) A’ (mm) &, (mm) (8,/A) (%) (A/A) (%) (A'/A) (%)
Yield 13.27 0.62 0.36 14.25 3.46 74.9 94.5 80.5
XJJD Peak 79.74 9.69 7.45 96.88 3.93 79.1 83.0 96.1
Ultimate 90.84 12.42 6.38 109.64 3.34 80.4 83.4 97.0
Yield 12.90 0.50 1.45 14.85 3.78 69.2 89.5 79.7
SSJD Peak 75.78 6.69 4.55 87.02 4.45 82.8 87.7 95.1
Ultimate 90.03 9.54 5.31 104.88 3.19 83.3 86.3 97.0
Yield 13.03 0.48 1.94 15.45 3.84 67.5 87.4 80.1
SUJD Peak 75.86 9.65 6.74 92.25 4.71 78.2 83.1 95.1
Ultimate 87.19 15.24 9.38 111.81 4.00 75.3 78.7 96.5
when the peak cycle load is maintained. In this study, the 20
secant stiffness was used to evaluate the stiffness degrada- :
tion. Figure 14 shows the stiffness attenuation curve. There i
were some differences between the positive and negative 16 - ;
initial stiffness, which was mainly because of the asymmetric — i
reinforcement of the beam section. Under cycle loading, the é 2L ;
specimen accumulated damage, and the stiffness in the Z i
positive and negative directions gradually approached each P ;
other. The initial stiffness in the negative direction was é 8 i
greater for SUJD and SSJD than for XJJD. The configurations 3 ;
of the U-shaped and vertical steel plates and studs increased Al |
the negative initial stiffness of the specimen. The three i
specimens showed similar failure processes. When the i
concrete was not cracked, the specimens were basically in the 0 A e

elastic stage, and the stiffness was very high. As the load and
displacement increased, the stiffness gradually decreased.
When the concrete spalled off, the reduction in stiffness
increased with the number of load cycles, which indicated
obvious degradation.

3.7. Displacement Ductility. In this study, the displacement
ductility coefficient was used to reflect the ductility per-
formance of the specimen and is defined as the ratio of the
ultimate displacement to the yield displacement. The dis-
placement ductility coeflicients of the three specimens were
all higher than 4.0, and all specimens had good deformation
capacity. Compared with XJJD, SSJD and SUJD showed
increases in the displacement ductility coefficient of 10.1%
and 15.6%, respectively. Table 10 lists the displacement
ductility results.

3.8. Energy Dissipation Capacity. The energy dissipation
capacity of components is an important index for evaluating
the seismic performance. The area surrounded by a hys-
teretic loop is the energy dissipated by a component for one
cycle loading. A larger value indicates a better seismic
performance by the specimen. In this study, the average
energy dissipation coefficient g, and equivalent viscous
damping ratio &, were used to evaluate the energy dissi-
pation capacity of the joints:

_E
#e_mE 4 (11)

-5 -4 -3 -2 -1 0 1 2 3 4 5
Drift ratio 6 (%)

-m XJJD
-@- SSJD
—A— SUJD

FIGURE 14: Stiffness attenuation curves of the specimens.

TaBLE 10: Ductility coefficients of the specimens.

Ductility
coefficient

(+) =)
North beam 6.38 5.36

XJb South beam 5.26 4.09 227

North beam 5.80 5.46
South beam 5.40 6.53
North beam 6.00 6.18

SUID South beam 5.81 6.43 6.1

Specimen no. Position Average value

SSJID 5.80

where E_. is the sum of the energy dissipation of each cycle
and is obtained from the area of the hysteresis curve, m is the
number of cycles after yielding, and E, = P, - A//2 is the
nominal elastic energy.

1 S (ABC+CDA)

=—, (12)
¢ 2n S (OBE+ODF)

where S zpcicpa) 18 the area enclosed by the hysteretic curve
in Figure 15, and S opg,opy) is the sum of the areas of AOBE
and AODF in Figure 15.
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F1GURE 15: Schematic diagram for the calculation of the equivalent
viscous damping coefficient.

The average areas surrounded by the hysteretic curves of
the north and south beams were calculated as the total
energy dissipation. Figure 16 shows the total energy con-
sumption of each specimen. Table 11 lists the calculated
average energy dissipation coeflicients. Compared with
XJJD, SSJD and SUJD showed increases in the cumulative
energy dissipation of 23.0% and 25.8%, respectively. SUJD
showed energy consumption about 2.2% higher than that of
SSJD. SSJD and SUJD had higher average energy dissipation
coefficients than XJJD, which indicates that the proposed
joints have a significantly higher energy dissipation capacity
than ordinary RC joints. Table 12 lists the equivalent viscous
damping ratios &, &, ., and &, 59, of the yield point, peak
load point, and maximum deformation point (0=4.5%),
respectively. At the yielding point, XJJD had a slightly
greater equivalent viscous damping ratio than SSJD and
SUJD. However, after the peak load was reached, SSJD and
SUJD had greater equivalent viscous damping ratios than
XJJD. The specimens with plate-stud connections showed
good energy dissipation capacity.

Figure 17 shows the relationship between the equivalent
damping ratio and drift ratio for the three specimens. From
the initial loading stage to yielding, the envelope area of the
hysteretic loop was small, and the equivalent viscous
damping coefficient decreased. The energy dissipation ca-
pacity of each specimen increased with the displacement
until the drift ratio reaches 3%. When the drift ratio
exceeded 3%, the energy dissipation of XJJD decreased,
while the equivalent viscous damping ratios of SSJD and
SUJD still grew slowly and became larger than that of XJJD at
the ultimate displacement.

4. Conclusions

(1) Two kinds of plate-stud connections pierced with
longitudinal rebars are proposed for CEST column-
RC beam joints. The bending moment at the end of
the beam is transmitted by the longitudinal rebar of
the beam, which is consistent with the traditional RC
structure. The shear force at the end of the beam is
transmitted by the plate and studs, which is similar to
the CFST column-steel beam structure. The mech-
anism of force transmission is clear.
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FIGURE 16: Accumulative energy dissipation of each specimen.

TaBLE 11: Average energy dissipation coeflicient.

Specimen no. E m (KN-m) Ue
XJJD 275.06 13.89
SSJID 338.41 15.20
SUJD 345.94 15.47
TaBLE 12: Equivalent damping ratio.
Specimen no. Sy Sep $easm
XJ]D 0.137 0.288 0.244
SSJD 0.110 0.312 0.304
SUJD 0.089 0.303 0.280
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FiGure 17: Equivalent damping ratio.

(2) For CFST column-RC beam joints connected by a
plate and studs with a shear span ratio of 4, the
deformation of the longitudinal rebar at the end of
the beam is consistent with that of the RC joint under
a low-cyclic load. There is no shear slip at the beam-
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column interface. The load-displacement hysteretic
curve is plump, and the joint has a good connection
performance.

(3) The failure mode of CFST column-RC beam joints
with plate-stud connections is similar to that of
traditional RC joints, but the damage region mainly
occurs outside the connecting steel plate, and the
plastic hinge shifts outward.

(4) For the CFST column-RC beam joint with steel plate-
stud connections, the calculated bending capacity at
the failure section of the beam was basically con-
sistent with that of RC joints. The bending capacity of
the vertical and U-shaped plate-stud connection
joints at the end of the beam showed increases of
about 10.6% and 17.7%, respectively, in the positive
direction and 17.0% and 18.3%, respectively, in the
negative direction.

(5) Compared with the RC joint, the energy dissipation
of the CFST column-RC beam joints with vertical
and U-shaped plate-stud connections increased
about 23.0% and 25.8%, respectively. The average
energy dissipation coefficient increased by 9.4% and
11.4%, respectively. The equivalent damping ratio
increased by 10.1% and 15.6%, respectively.
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