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ABSTRACT

ARTICLE HISTORY

This paper presents an investigation on seismic performance of a ring-beam connection that is used to connect reinforced
gangue concrete (RGC) beam to coal-gangue concrete-filled steel tubular (GCFST) column. Two specimens, including an
interior connection with two beams and an exterior connection with one beam, were designed and fabricated for
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experimental tests under full-reversing cyclic loads at beam ends. In addition, finite element models which corresponded to

tested specimens were developed using ABAQUS to conduct numerical simulations of the composite connection subjected
to the combined axial and cyclic loads. The feasibility of the developed model to predict failure modes and load-deformation
response of the connection was validated by comparing with test results. The response of the ring-beam connection to cyclic
loads was examined with respects to the load-bearing capacity, deformation resistance, stiffness and strength degradation,
ability to dissipate energy in a seismic event, and ductility. With numerical models, parametric analysis was completed to
evaluate the influences of material and structural parameters on connection resistance against cyclic loads. Based on the
results of parametric studies, a restoring force model of skeleton curve for the ring-beam connection was developed in terms
of ultimate capacity and corresponding deformation. The results provided practical suggestions for the application of ring-

beam connection to GCFST column in the projects.
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1. Introduction

Coal-gangue concrete filled steel tubular (GCFST) structure is an
innovative composite structure adoptable for the high-rise buildings and bridges
[1]. Gangue concrete filled steel tubular structural element is designed to consist
of a steel tube and gangue concrete filled in the tube. This composite structure
takes advantages of steel tube and confined coal-gangue concrete. The
confinement created by steel tube could significantly increase concrete strength,
and the coal-gangue concrete filled in the tube provides supplementary
resistance against tube buckling [2; 3]. GCFST structure exhibits benefits to
achieve high strength and large ductility under cyclic loading. Furthermore,
prominent merits can be found for the GCFST structures. Compared to regular
concrete, the coal-gangue concrete has the superior lateral deformation
resistance, resulting in the full use of the tube confinement effects and futher
improve the capacity of the composite structure [4]. Another advantage which
attracts the interests of researchers and designers is its less weight than the
concrete filled steel tubular (CFST) structure due to the less density of gangue
concrete. With the development of the society, it is a trend to develop the green
building in Civil Engineering [5]. As a non-recyclable industrial waste, the use
of the gangue for building construction is an economic approach to reduce
environmental pollution and achieve the social benefits [6].

In the seismic design principle, a column-to-beam connection is a critical
element that determines the integrity and safety of the frame building. The
column-beam connection provides stiffness and strength for a building to ensure
its integrity under an earthquake. Many structures collapsed due to severe
damage to the column-beam connection under various earthquake events [7]
such as Wenchuan in China [8]. Therefore, the strength and ductility of the
column-to-beam connection should be improved to ensure the stability and
safety of the entire building under earthquake events.

Many scholars and designers have conducted a series of studies on
performance of various connections between CFST column and beam.
Goldsworthy and Gardner [9] completed an experimental study that proposed a
CFST column-to-beam connection and investigated its performance under wind
or seismic loading. Kataoka et al. [10] developed a new connection between
CFST column and steel beam using endplates and bolts and conducted
experimental investigations on the dynamic behaviors. The study also carried
out an analytical evaluation for the connection behavior based on ABNT NBR
8800. Agheshlui et al. [11] investigated the cyclic behavior of moment-resisting
bolted connection between square CFST column and steel beams. The study
analyzed the failure mode, hysteretic performance, capacity, stiffness of
proposed connection and demonstrated its satisfactory performance to resist

lateral loads for high-rise building. Tizani et al. [12] designed a new connection
to CFST columns using the blind bolts and experimentally examined the
performance and reliability of this new connection for the seismic design
requirements. The study indicated that this new connection with an acceptable
capacity to dissipate energy has adequate seismic resistance for the entire
building. Khanouki et al. [13] created ABAQUS numerical model of a through-
beam connection to CFST column and evaluated its cyclic behaviors using a
series of parametric studies. Choi et al. [14] developed a through-type CFST
column-to-beam connection and experimentally studied its failure mode and
energy-dissipation capacity for earthquake-resistant applications. However,
limited studies have been conducted to investigate the cyclic-loaded response
of the GCFST column-to-beam connection. Due to inadequate understanding of
seismic behavior, this new composite connection does not reach its full potential
in the application, and more studies need to provide information on the
performance of the promising composite connection for design and application
in the engineering projects.

This paper proposed and designed a ring-beam connection that is used to
connect RGC beams with GCFST column. The connection specimens were
fabricated for experimental tests to investigate their seismic behaviors. In
addition, finite element models corresponding to experimental specimens were
developed using ABAQUS, and the feasibility of the developed model was
verified by comparing numerical results with test data. Several critical indexes
were examined to evaluate the connection performance in a seismic event for
this study. Parametric analysis was conducted to examine the influences of
concrete and structural parameters on the connection response. Finally, a
restoring force model of skeleton curve for the ring-beam connection was
developed in terms of ultimate capacity and corresponding deformation.

2. Experimental tests
2.1. Experimental specimens

The prototype of the ring-beam connection was designed in accordance
with requirements of the code CECS28-2012 [15]. The ring-beam connection
to GCFST column was fabricated in structural laboratory at the Shenyang
Jianzhu University. Fig. 1 shows the geometries and reinforcement details of
tested specimen. This composite connection consisted of a GCFST column,
RGC beams of a frame building, an RGC ring beam and shear rings. The shear
ring was designed as circle reinforcing bars which was welded to tube wall in
the vicinity of ring beam bottom and embedded in the ring beam. The function
of welded shear ring was to transfer shear stress from ring beam to GCFST



Chen Fang et al.

column. The number of shear ring was determined from shear stress generated
by cyclic loads and design requirement provided in GB50936-2014. For the
experimental program, two specimens were tested: one interior connection that
includes two frame beams and one exterior connection involving one frame
beam. The column was designed as a circular gangue concrete filled steel
tubular column with a diameter of 325 mm. The thickness of steel tube was 6
mm, which results in a steel ratio of 0.078 for the GCFST column. The clear
height of the GCFST column was 1500 mm. All beams with cross-sectional
dimensions of 180>250 mm were reinforced by 2020 longitudinal bars and ®10
hoops spaced at 100 mm. The ring beam was 120 mm in width and 250 mm in
depth. The ring beam was reinforced using 2012 longitudinal bars and ®6
hoops spaced at 100 mm. An axial load, which produces an axial load ratio of
0.6, was placed at the top column during the process of test.
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Fig. 1 Geometries and reinforcement details of tested specimen

Table 1 lists the geometries and reinforcement details of the tested
connections. In this table, D is the outside diameter of GCFST column; t is the
thickness of steel tube; b and h are the width and depth of the frame beam,
respectively; H is column height; L is the frame beam length; Ay is the area of
longitudinal reinforcement for frame beam; % is ring beam height; Ay is the
area of circle reinforcement for ring beam; 4’ is the width of the ring beam; n is
the axial load ratio for the GCFST column [15].
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Table 1
Dimensions of tested specimens

Dxt H L b h A b’
(mm) m m @m @@  (m)

JH-E-B 3256 15 1 0.18 025 2920 0.12 2012 @10 0.6

Specimen Asr hoop n

JH-E-Z 3256 15 2 0.18 025 2920 0.12 2012 @10 0.6

Based on the design code GB50011-2010 [16], the specimens were
designed in accordance with the philosophy that “strong column and weak
beam”. Therefore, the RGC frame beam was designed to fail under earthquake
events, while the column must have sufficient strength to resist the earthquake.
This principle can ensure safety and stability of a building under earthquake
events. Fig. 2 shows the tested specimen of JH-E-Z connection.
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Fig. 2 Tested specimen of JH-E-Z connection

2.2. Concrete and steel properties

Tension test was conducted on the steel coupon to measure the steel
properties using the code GB/T228-2002 (2003) [17]. The steel had the yield
strength of 500 MPa, the ultimate strength of 650 MPa, and the Young’s
modulus of 215 GPa. Table 2 lists the material properties for each steel
determined for this experimental investigation. Gangue concrete mix proportion
that was designed by the weight included, the cement: 420 kg/m?, sand: 412.5
kg/m3; gangue: 412.5 kg/m?; water: 250 kg/m?; and coarse aggregate: 608 kg/m®.
The regular Portland cement with a grade of 32.5 and the coal gangue with an
aggregate size of 5~10 mm collected in Fuxin city were used to produce the
gangue concrete. The compressive cube strength test was performed on the
gangue concrete block at 28 days according to GB/T50081-2002 (2003) [18].
The average strength of the coal-gangue concrete was 21.4 MPa.

Table 2
Steel material properties
Steel fy (MPa) fu(MPa) E (MPa)
@20 500 650 2.17x10°
D12 385 553 2.07x10°
@10 325 427 2.06x10°
6 342 398 2.15x10°
Steel tube 324 459 2.19x10°

2.3. Test preparation

Fig. 3 illustrates experimental setup. A constant axial load (No) created
using a hydraulic jack was imposed at the top of the GCFST column. The top
and bottom of the column were restrained to the hinged boundary conditions.
Two MTS hydraulic rams were set at both ends of RGC beams to generate a
cyclic load. In the initial stage, the axial load was gradually increased up to the
designed load prior to the cyclic load. The axial load was employed to simulate
the dead load effects.
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Fig. 3 Test setup

The cyclic load determined based on JGJ/T101-2015 [19] was applied at
beam ends within two stages as shown in Fig. 4. At the force control stage, two
cycles were employed using the load levels of 0.25P,, 0.50P,, 0.75P, and 1.0P,
in both beam ends, where Py is the estimated connection yield load under
combined axial and cyclic loads and received from finite element models. In
these specimens, P, was close to the yield strength of RGC beam. As the cyclic
load reached Py, the connection was determined to be yielded, and then the
displace control was used to apply the cyclic loads. At the displacement control
stage, displacement cycles with an increase rate of A, were applied at the GRC
beam ends, in which Ay represents the displacement obtained at P,. Each
displacement level had three displacement cycles before failure of the ring-
beam connection. In the test, a 1-kN/s force rate was used at the force-control
stage, and a 1-mm/s displacement rate was utilized at the displacement-control
stage.
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Fig. 4 Applied cyclic loading stage

The connection response was recorded and examined in the terms of the
displacement of GCFST column, displacement and load at beam end, strains of
concrete and reinforcing bars. Loads at both beam ends were measured using
the transducers of MTS hydraulic actuators, and displacements were recorded
using displacement transducers located below RCC beams. A displacement
transducer was set at the top of the GCFST column to receive the column
displacement. The dispacements at the RGC beams were recorded using two
displacement transducers. strains for the steel tube, reinforcing bars, and coal-
gangue concrete were obtained using several strain gauges. The locations of
these displacement transducers are shown in Fig. 3.

2.4. Experimental observations

2.4.1. JH6-E-Z specimen
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Fig. 5 Load-displacement curve for JH-E-Z connection

Fig. 5 illustrates the load-displacement time history for JH-E-Z connection.
As shown in this figure, the specimen deformation demonstrated the linear
characteristics at the beginning of testing, and cracking did not occur to the
connection. When the cyclic force in the beams ends reached 13 kN, the first
crack was observed at the end of the frame beam in the vicinity of ring beam.
The 0.05 mm wide first crack was perpendicular to RGC frame beam. As the
cyclic load increased to 19 kN, the concrete cracks were 0.1 mm in width and
shown at the ring beam bottom. Concrete cracking was developed along the
radial direction of ring beam. With the increased cyclic load, the vertical cracks
and the diagonal cracks were shown in the side of ring beam. Diagonal cracks
were propagated from the junction between ring beam and frame beam to the
ring beam side as the cyclic load approached to 24 kN. It was clear that a wide
crack along the beam depth was observed in the junction between the ring beam
and the frame beam. This specimen was yielded at this load. After the yield load,
the displacement control was used to impose the cyclic displacement in both
beam ends. When the cyclic displacement increased to 2A,, the composite
connection reached its ultimate load bearing capacity. As the cyclic
displacement increased, new cracks were created on the sides of the ring beam
and the frame beam. At the cyclic displacement of 5Ay, the ring beam
experienced significant concrete spalling, with the formation of lantern-shaped
cracks in the ring beam side. The reinforcing bars of the connection were
exposed. Failure modes of the specimen JH6-E-Z were shown in Fig. 6.

(b) Top side

Fig. 6 Failure mode for JH-E-Z connection
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2.4.2. JH6-E-B specimen
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Fig. 7 Load-displacement curve for JH-E-B connection

Fig. 7 shows load-displacement time history for JH-E-B connection. The
composite connection showed an elastic behavior, and the crack was not
observed when the cyclic load was less than 10 kN at the force control phase.
When the cyclic load increased to 11 kN, first vertical crack was noted at the
ends of the frame beams. The width of the first crack was measured about 0.05
mm. The crack in the frame beam was developed to diagonal cracks from the
beam bottom when the connection was subjected to cyclic load of 16 kN. These
cracks were approximately 0.1 mm in width. The increase in the cyclic load
resulted in the development of new cracks in the beam sides and the propagation
of diagonal cracks to the ring beam side. A wide crack through the frame beam
height was generated in the frame beam region that was close to ring beam at a
cyclic load of 21 kN. This load was regarded as the yield load for this connection
specimen. The displacement at the yield load was specified as the yield
displacement for this connection specimen. After the yield load, the test was
transferred to be at the displacement control phase. The existing cracks were
increased and widened with the increase in the cyclic displacement. At the
cyclic displacement of 2A,, a plastic hinge was developed in the ends of the
frame beams with the occurrence of ultimate connection capacity. When the
cyclic displacement increased to 5Ay, the ring beam experienced concrete
spalling in the vicinity of frame beam, with the formation of lantern-shaped
cracks in the ring beam side. The reinforcements in the region of the plastic
hinge were exposed. Fig. 8 shows failure modes for the J6-E-B specimen.
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Fig. 8 Failure mode for JH-E-B connection
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3. Finite element model
3.1. Material constitutive model

3.1.1. Concrete

The concrete behavior under cyclic loading was modeled using the
ABAQUS concrete plastic damage model, which is capable of simulating
stiffness and strength degradation [20]. The core gangue concrete filled in tube
was subjected to three-dimensional compressive stress due to tube confinement
effect. The response of the confined coal-gangue concrete was simulated using
the constitutive model for light-aggregate concrete filled steel tube provided by
Fu, as shown in Eq (1).

o=o0, l:A(jj - B(gij } (e<g) (1-a)
o, (1—q)+o-0q[8i] [£>1.22]

(6> &) (1-b)
[£<1.22]

The details of the constitutive model were provided in the related research study.
For the unconfined gangue concrete, a constitutive model of the light aggregate
concrete developed by Zhang and Cao [21] was used in this study, as illustrated
in Fig. 9. This material model can ensure accurate representation of failure
modes obtained in the experimental tests and computation convergence during
the simulation.
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Fig. 9 Constitutive model for unconfined concrete

The concrete damage was represented through the development of the
damage variable (dc), which is in a range from 0 to 1 [22]. The unit of the
damage variable indicates the total loss of stiffness and strength in concrete. The
concrete damage variable can be calculated using Eq. (2) and incorporated in
ABAQUS.

o + nco-cu (1)

where o, is the ultimate compressive stress; o is the compressive stress on the
material; E. is the concrete Yong’s modulus; & is the compressive strain; and nc
is the constant factors for compression and should be larger than 0. Based on
extensive trials and previous research, n; is taken to 2 for the confined gangue
concrete in GCFST column when subjected to compressive force. n. was taken
to 1 for the unconfined gangue concrete in GC beam. The compressive stiffness
recovery factor (w.) was taken to O in the simulations. For the concrete brittle
behavior under tension, the fracture energy cracking criterion was used in this
model by specifying a fracture energy-cracking displacement curve [23], as
illustrated in Eq. (3).
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f' 0.7
G, = a[ﬁ] x107 3)

where a=1.25dma+10; dmax represents the maximum coarse aggregate diameter;
and f; is the gangue concrete compressive strength.

3.1.2. Steel

Given the Bauschinger effects on the composite member response, a
kinematic hardening model [24] was employed to represent the steel
constitutive model of tube, as shown in Fig. 10. This model was incorporated
with an plastic flow rule using a von Mises yield surface. Based on computation
trials, the cyclic response of the reinforcement embedded in the concrete was
modeled using a double linear model (USTEELO02) [25] developed by Tsinghua
University to ensure computation convergence and accurate simulation results.
This model (USTEELO02) demonstrates its ability to consider the deterioration
of steel capacity for the hysteretic response and provide a reasonable
representation of bond slip [26].

Eo

Fig. 10 Constitutive model for steel

3.2. Element formuation and contact model

The coal-gangue concrete and the rigid plates that were placed at the top
and base of the GCFST column were modeled using an 8-node, reduced-
integration, solid element (C3D8R). A 4-node, continuous, reduced-integration,
shell element (S4R) was employed to create steel tube [23]. A truss element was
used to model reinforcements embedded in RGC beams. A constraint-based
coupling was used to develop the contact between the reinforcement and its
surrounding concrete using embedded region constraints in ABAQUS. Fig. 11
shows the ring-beam connection model. The accuracy of finite element model
depends on the proper mesh density. The mesh size for the core part of the
connection was refined with the increased mesh density for other parts. The
mesh sizes of steel tube and confinded coal-gangue concrete were identical to
make computation convergence easy.

The tube-to-concrete contact consists of the tangential bond-slip interation
and the normal contact [27]. For this model, the tube-concrete bond-slip was
modeled using Mohr-Coulomb friction model [23], and the tangential force was
determined with a frictional coefficient was 0.6 using a penalty friction
approach [28]. The normal contact behavior was simulated using ABAQUS’s
hard contact to fully transfer the interfacial stresses. In the experimental tests,
two hinges were set at both column ends. The plate at the column end was
assumed to be rigid in the model. The Poisson’s ratio of the rigid plate was
0.0001 and the plate Yong’s modulus 110° GPa. The contact between the plate
and the tube was modeled using a shell-to-solid coupling model, and the core
concrete-plate contact was simulated using the hard contact model. The cyclic
load in the form of displacement was applied on the beam ends as shown in Fig.
11. To replicate experimental boundary conditions, all translations and rotations
in X and Z axes were constrained at the column bottom. At the column top, X
and Z axes rotations and X and Y axes translations were constrained to model
the hinged boundary condition.

510

Displacement

Fig. 11 Finie element model of ring-beam connection

3.3. FE model validation

3.3.1. Failure mode

A comparison of failure modes for the ring beam connection between finite
element analyses and experimental tests was illustrated in Fig. 12. It was
concluded that modeled failure modes achieved an acceptable agreement with
tested modes. The ring-beam connection was damaged by the failure of RGC
beams in the vicinity of ring beam, which matched well with experimental
results. Experimental results identified that the lantern-shaped cracks were
formed at ring beam side, which were observed in finite element models. In the
experimental tests and finite element models, the GCFST column did not
experience obvious damage. The ring beam connection to GCFST column was
shown to exhibit adequate stiffness and strength against the cyclic loads. This
finding satisfied the design philosophy in the seismic design code that mandates
“strong column and week beam, strong connection and week members” [16].
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Fig. 12 Finie element model of ring-beam connection
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3.3.2. Load-displacement hysteretic curve

Fig. 13 illustrates a comparison of load (P) - displacement (A) curves for
the ring beam connection between finite element models and experiment tests.
P represents the load applied on both beam ends, and A is the frame beam
deformation. The simulated P - A curve for the connection matched with the
experimental curve in the terms of load, strength and stiffness degradation, and
deformation. It was clear from Fig. 13 that, the stiffness degradation of ring
beam connection in finite element analyses was close to those in experimental
tests, and modeled strengths during the process of unloading and reloading were
almost same with experimental values. The experimental curve was shown to
have an obvious pinching shape, while modeled curve was relatively fuller than
experimental curves. The shape of modeled curve was slightly different from
experimental curve. The difference in curve shape would be caused by the
deficiency of selected concrete constitutive model in simulating the large bond-
slip between the reinforcements and surrounding concrete. Few research studies
have been investigated on the constitutive model of the gangue concrete;
therefore, a perfect concrete model was not located in the open literature. The
simulated load-bearing capacity, deformation, and the strength and stiffness
degradation agreed well with the tested resutls. Overall, the modeled curve

obtained in simulations showed acceptable agreements with experimental curve.

These FE model for the ring-beam connection were conservative but applicable
to complete the research content and purpose.
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Fig. 13 Expeiremntal and simulated load-displacement curves

3.3.3. Skeleton curve

Fig. 14 compares the modeled and experimental skeleton curves for the
ring-beam connection. The skeleton curve of the connection obtained in
numerical simulation agreed well with experimental curve, with modeled peak
value 10 % less than the recorded bearing capacity. Before the peak values, the
modeled curve was identical with experimental curve. Again, the difference was
due to the concrete model and simplified simulation of welding for various
compnents. Overall, the developed numerical model provided conservative but
acceptable predictions on failure mode and load-deformation response for the
ring-beam connection under resverse cyclic loading.
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Fig. 14 Comparison of expeiremntal and simulated skeleton curves

The influences of axial load ratio on the ring beam connection behavior
were analyzed with the variation of axial loads using the validated model. In
this research study, finite element models with the different axial load levels
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were developed using the interior connection with two frame beams. In models
of JH6-A-0.2 and JH6-A-0.8, the axial load was changed to develop additional
models with n = 0.2 and 0.8, respectively. Table 3 lists the geometries and
design detailing for the developed models.

Table 3
Geometries and design details for developed models
Specimen Dt H L b h Ast b Asr hoop n

(mm) (m) (m) (m) (m)
JH-AB 32566 15 1 018 025 2020 012 2012 @10 06

JH-A-Z 325%6 15 2 0.18 025 2920 0.12 2012 @10 0.6
JH-A-0.2 3256 15 2 018 025 2020 012 2012 @10 0.2
JH-A-0.2 3256 15 2 018 025 2920 012 2012 @10 038

4. Analysis and results
4.1. Load bearing capacity

A standard method to determine yield point and failure load for the ring-
beam connection has not been proposed in the open literature. The method used
in the code JGJ/T101-2015 [19] for calculations of the yield strength and
corresponding displacement in concrete members was selected for current study.
Fig. 15 plots a typical P - 4 skeleton curve of the ring-beam connection. Point
A is defined as initial yielding of the connection under cyclic loading. The
connection initial yielding was found on the RGC beam. The displacement
corresponds to the yield load (Py) and is defined as the yield displacement (Ay).
In the connection specimens, P, approximates to the yield strength of
longitudinal reinforcement embedded in the RGC beam. The peak load is the
ultimate load (Pmax) for the connetion at the peak point (B), with the appearance
of the ultimate displacement (4ma). The connection failed at 85% of ultimate
load (P, = 0.85Pna), referenced as to the failure load at the point C, with a
failure displacement (Ay).

P
max(H) | B C
(S o e P e

‘max
A ; 4 :
Py(+) |-=-g<

P
Py(+) (=0.85P,

OAkf) Apd®) 4,4 4

Fig. 15 Typical P-A skeleton curve for column-beam connection

Fig. 16 shows the load-displacement curves for these connection models.
Table 4 lists critical loads and displacements for the ring-beam connection at
points A, B, and C. It was concluded that, (1) Predicted bearing capacities at
each stage obtained in finite element analyses were approximately 10% lower
than experimental results. Before the ultimate bearing capacity, predicted
displacements and loads were close to measured values in experimental tests.
After the peak, predicted results were slightly less than the experimental results
with the acceptable differences. (2) With an increase in the axial load magnitude,
the connection ultimate capacity at n = 0.8 was 18.5% higher than that at n =
0.2 and was 1.1 times that at n = 0.6. The increase in the axial load magnitude
at the column top provided a contribution to improving load-bearing capacity
of the ring-beam connection. (3) For both experimental testing and numerical
modeling, the yield strength, ultimate bearing capacity, and failure load of an
exterior connection were larger than those of an interior connection. The
exterior connection experienced more severe damage to RGC beam than the
interior connection. (4) Overall, all critical displacements and loads were
improved as the axial load magnitude increased. After the peak capacity, a
higher decrease was shown in the bearing capacity of a connection when
subjected to a larger axial load magnitude, and therefore the axial load level for
a composite connection needed to be controlled in a reasonable range.



Chen Fang et al.

60 60

a0+

g g
= 0 = 0
a a
20 20
40 - 40 -
------ Hysterectic curve =----=- Hysterectic curve
—— Skeleton curve = Skeleton curve
-60 L . L L -60 . L L
30 =20 =10 0 10 20 an =30 =20 -10 (1] 1 20 30
A (mm) A (mm)
() JH-A-B (b) H-A-Z
60 60
40 40
20F 20
g g
= 0 = 0
a a
20 20
40 - 40 -
------ Hysterectic curve ------ Hysterectic curve
—— Skeleton curve —— Skeleton curve
-60 . L - L -60 L - L
30 =20 =10 0 10 20 an 30 =20 -10 0 1 20 30
A (mm) A (mm)
(c) JH-A-0.2 (d) JH-A-0.8
Fig. 16 Load-displacement curves for numerical connection models
Table 4
Cticial loads and displacements at characteristic points
- No Py Ay Prmax Amax Py Au
Specimen iy M GN)  (mm)  (kN)  (mm)  (KN)  (mm)
JH6-E-B 1800 0.6 21 1.9 39 6.2 32.7 11.4
JH6-E-Z 1800 0.6 24 21 49 6.4 42.6 12.7
JH6-A-B 1800 0.6 19 1.8 44.2 5.93 375 10.9

JH6-A-Z 1800 0.6 23.4 2.0 47.7 5.95 40.6 11.9
JH6-A-0.2 600 0.2 22.4 17 44.2 5.94 375 10.6
JH6-A-0.8 2500 0.8 29.4 2.2 52.5 6.0 44.6 11.6

4.2. Degradation of connection strength

The strength degradation of a column-to-beam connection is evaluated
using a strength degradation coefficient [24]. The coefficient curve could be
used to reflect the decrease of the load during testing and represent the
characteristics of strength degradation for the ring-beam connection. The
strength degradation coefficient for the column-to-beam conenction is
calculated using Eq. (3).

3y ®
! Pmax

where J; is the strength degradation of ring beam at total loads; P; is the
maximum load at the jth cycles when A/Ayat beam ends is j; and Py is the
ultimate connection capacity during the whole process of testing.

Fig. 17 illustrates the 4; - A/Ay curves for the ring-beam connection. Fig. 17
indicates that, (1) Modeled curves matched well with tested results with respect
to the changing trends and values, with the peak value 5% lower than
experimental results. (2) After the connection reached its ultimate bearing
capacity, a relatively long horizontal part was observed in the coefficient curve.
The ring-beam connection possessed a large residual capacity to resist the cyclic
loads after the connection experienced its failure load. The ring-beam
connection exhibits desirable seismic performance for a building. (3) The
strength degradation coefficient (4;) increased with the increas in the relative
beam displacement when A/A, was less than 3. As the relative beam
displacement was larger than 3, the strength degradation coefficient began to
decreasing. (4) An obvious strength degradation was shown to a connection
with a higher axial load ratio. After the peak load, the strength degradation
coefficient of the connection specimen was significantly reduced with the
increased axial load magnitude.
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Fig. 17 Strength degradation curves for ring-beam connection

4.3. Degradation of connection stiffness

The concrete cumulative damage during cyclic loading would lead to the
stiffness degradation of a column-beam connection [24]. The connection
stiffness is defined in terms of maximum load and corresponding displacement
at each loading cycle as expressed in Eq. (4).

2P
K — =l

PiT (4)
2
i=1
where K; is the stiffness of the column-heam connection; P; is peak load at the
jth cycle when the A/Ay in both beam ends is j; and u'; as maximum displacement
at the jth cycle when A/Ay in both beam ends is j.

The connection stiffness (K;) versus relative beam displacement curves are
shown in Fig. 18. It was concluded from this figure that the stiffness
degeneration of ring-beam connection was relatively slow, identifying its
remarkable ability to resist the lateral sway. Furthermore, before the ultimate
bearing capacity, the connection stiffness increased with the increased axial load
magnitude. After that, the connection stiffness with a higher axial load
magnitude reduced more significantly. The ring-beam connection at a higher
axial load ratio experienced severer stiffness degeneration. The axial load ratio
for the ring-beam connection should be desgined in a reasonable range to avoid
an excessive stiffness degradation.

Overall, the ring-beam connection capacity gradually decreased after its
ultimate load. The strength and stiffness degradation resulted in the
comprosmised capacity of the ring-beam connection under cyclic loading.
Primary factors which significantly affected the strength and stiffness
degradation for the ring-beam connection included the elastic-plastic property
and accumulative damage during cyclic loading. The damage was produced due
to the formation and development of concrete cracking. The steel tube
confinements on the coal-gangue concrete inhibited the propagation of crack.
As a result, the confinement effect improved the strength and stiffness
degradation of the ring-beam connection when subjected to cyclic loads.

1.6x10°

1.2x10'

8.0x10°

-

K. (kN/m)

40x10°F
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y

Fig. 18 Stiffness degradation curves for ring-beam connection
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4.4, Ductility

The ductility is a physical property of RC structure which identifies its
capacity of sustaining large permanent changes in shape. The ductility of a
column-beam connection, a vital factor in the earthquake-resistant design, is
evaluated using a displacement ductility coefficient [25]. The coefficient of
displacement ductility (u) is calculated using the yield and failure displacements
as shown in Eq. (5).

=" (5)

in which A, is failure displacement; and Ay is yield displacement. An angular
ductility coefficient is used to evaluate the connection ductility, which is
determined using yield and failure angular displacement, as shown in Eq. (6).

[4
u 6
Hy (6)

y

where g is the angular displacement ductility coefficient; 8, and 6, is the yield
and failure angular displacement, respectively. The displacement angle of the
ring-beam connection (8) can be calculated from 6 = arctan(A/H) according to
the code GB50011-2010 [16], in which H is the column height. Table 5
summarizes the tested and simulated ductility coefficients.

Table 5

Displacement and angular ductility coefficient
Specimen n Ay (mm) (rﬁ%) u (rgii) (rga) 1o
JH6-E-B 0.6 1.9 114 60 00013 00076 598
JH6-E-Z 0.6 21 127 61 00014 00085  6.04
JHB-A-B 0.6 183 109 60 00012 00073 5095

JH6-A-Z 0.6 2.02 11.9 59 00014 00079  5.87
JH6-A-02 0.2 175 106 61 00012 00071  6.04
JH6-A-08 0.8 221 116 53 00015 00077 524

It was observed from Table 5 that, (1) The displacement ductility
coefficients of studied connections ranged from 5.0 to 6.1, which satisfied the
principle that p > 3 for the RC structural components. (2) For the high-rise
buildings, the design code GB50011-2010 [16] mandated the ductility limit,
including an elastic angular displacement limit of 0.0033 rad, and an elastic-
plastic angular displacement limit of 0.02 rad. According to Table 5, all angle
displacement ductility coefficients of these studied connections satisfied
requirements in the code. Results indicated that the ring-beam connection that
connected the RGC beams and GCFST columns exhibited high ductility in a
seismic event. (3) The ductility of the ring-beam connection slightly reduced as
the axial load magnitude increased, as shown in Fig. 19. The influence of the
axial load ratio was relatively insignificant to the ductility of the ring-beam
connection.

n=02  n=0.6  n=08

Fig. 19 Effect of axial load ratio on connection ductility
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4.5. Energy dissipation

An equivalent damping coefficient and an energy dissipation coefficient
recommended in JGJ/T101-2015 [19] were used to analyze the energy
dissipation ability of the ring-beam connection that connected the RGC beams
and GCFST columns in this study. An equivalent damping coefficient (he) is
formulated in Eq. (7) and shown in Fig. 20.

:iSABD +Seco
27 Sope + Socr

h

e

©

where Sagp, Secp, Soae, and Socr are areas below the corresponding curves ABD,
BCD, OAE and OCF, respectively. The energy dissipation coefficient (Eq) is a
ratio of the total energy in a hysteretic loop to the elastic energy of the column-
beam connection and calculated using Egc = 2xmxh.

Fig. 20 Stiffness degradation curves for ring-beam connection

Table 6 lists the coefficients for the tested ring-beam connections. It was
observed that the equivalent damping coefficients of all studied connections
were ranged from 0.20 to 0.25. Based on the related research studies [25], the
average equivalent damping coefficients were determined to 0.1 for a normal
RC connection and 0.3 for a steel rigid connection. The equivalent damping
coefficients of these tested connection specimens were better than the traditional
RC connection, and less than the steel rigid connection. As the axial load ratio
increased, the energy dissipation capacity of ring-beam connection between
GCFST column and RGC beam was improved, and axial load ratio should be
controlled within a reasonable range to ensure its desirable energy dissipation
capacity in a seismic event. The energy dissipation coefficients of the studied
ring-beam connections satisfied requirements in the seismic design code.

Table 6
Equivalent damaping coefficient for studied connections
Specimen n he E
JH6-E-B 0.6 0.20 1.23
Tests 0.6
JH6-E-Z : 0.25 1.57

5. Parametric studies

Parametric analysis was executed to examine the effects of material and
structural parameter on the ring-beam connection response to quasi-static loads.
The parameters considered in this study included: (i) axial load ratio (n); (ii)
column steel ratio (a); (iii) ring beam width (bo); (iv) confined concrete strength
(f 'cc); (vi) column slenderness ratio (4); and (vii) column-beam stiffness ratio; );
and (v) unconfined concrete strength (f ). Fig. 21 shows the results of the
parametric studies, in which JH6-A-Z was used as the baseline model.

o0 60
—e—n=02 —e— = 0.056
w——n=06 40 p—— = 0.078 S
——n=08 pallire n\-_..,_
0 w0
z z
Z0 % 0
LS A
0 0
A0 40
& . ity R " 0 -
25 20 5 0 s 0 5 10 15 20 25 25 20 A5 a0 s 0 5 1 15 2 25
A(mm] A|mm]

(a) axial load ratio (b) column steel ratio
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Fig. 21 Skeletion curves with effects of studied parameters

Fig. 21 (a) illustrates that, as the axial load ration increased, the load-
bearing capacity of the ring-beam connection was improved. The peak load for
the connection at n = 0.8 was 10.1% and 18.8% higher than that at n = 0.6 and
0.2, respectively. The increase in the preload magnitude at the top of the GCFST
column resulted in the improved bending strength of the column, which
contributes to the increased resistance and capacity of the ring-beam connection.

Fig. 21 (b) shows that the increase in column steel ratio led to the
improvement in the connection load-bearing capacity. The peak load for the
connection was increased by 11% and 4% when A increased from 0.056 to 0.078
and from 0.078 to 0.106, respectively. The strength of the confined concrete
was improved with the increased tube confinement as the steel ratio increased,
resulting in the enhanced load-bearing capacity of the ring-beam connection.

Fig. 21 (c) indicates that the increase in the ring beam width resulted in the
improvement of the ring-beam connection capacity. When the width increased
from 100 mm to 140 mm, the peak load was improved by 19.7%. A reasonable
increase in the width of the circular ring beam improves its ability to transfer
internal forces to the GCFST column, which contributes to the capacity
resistance of the ring-beam connection.

It was observed from Fig. 21 (d) and (f) that the influences of confined
concrete strength and the column slenderness ratio were insignificant for the
connection behaviors. The ring-beam connection was designed in accordance
with the specifications of current codes in which the beam should be weaker
than the column in the earthquake event with the intact column. Thus, the
connection behavior did not significantly change with the variations of the
confined concrete strength and column slenderness ratio.

Fig. 21 (e) shows that the connection capacity was improved when the
unconfined concrete strength in the beam increased. The peak load for the
connection with f ., = 40 MPa was 8.6% and 32.6% higher than that for f . =
30 MPa and f ¢, = 20 MPa, respectively. The connection with the higher
strength unconfined concrete would possess larger resistance against cyclic
loads with the formation of cracks. It was seen from Fig. 21 (g) that the
connection capacity was enhanced when the column-beam stiffness ratio
increased. The peak load was improved by 43.8% with the increase of k from
0.771 to 0.853, and the peak load increased by 37.4% when k increased from
0.853 to 1.066.
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6. Development of restoring force model

For the design purpose, seismic behavior of structural components and
system can be theoretically examined using a restoring force model. The
restoring force model of a structural component represents the theoretical
relation between the restoring force and the deformation, which can demonstrate
the structural response in the seismic event including the load-bearing capacity,
degradation of strength and stiffness, ability to dissipate energy, and
deformation resistance. Numerical results in parametric studies were used to
derive the restoring force model of skeleton curve for the ring-beam connection
to GCFST column. The maximum load-bearing capacity (Pn) and its
corresponding deformation (4,) were utilized as the refence point in the study
to simply the comparison and development of theoretical equation. The skeleton
curves of the connections considering effects of various parameters were
normalized by the reference strength and deflection, as illustrated in Fig. 22, in
which the skeleton curves for various connections exhibited the similar trend
involving three distinct segments: linear elastic stage, plastic-hardening stage,
and reducing stage.

——— JH6-1
—— JH6-2
JH6-3
JHo-4
——— JHG-5
TH6-6
——— JH6-7
0.0 i JH6-8
‘ —— 169
——— JH6-10)
05k ——— JHG-11
——— JH6-12
—— JH6-13
——— JH6-14
JHG-15

PIP,

0
AlA,,
Fig. 22 Normalized skeleton curves for ring-beam connection

Based on the observations and related studies, a three-fold multilinear
model was used to represent the restoring force model of skeleton curve for the
cyclic-loaded ring-beam connection between the RGC beams and GCFST
column. The regression analysis of numerical results from parametric studies
was conducted to determine the three-fold multilinear model with the
characteristic points, as illustrated in Fig. 23. According to the reference point,
the P/Py, — A/4y, interaction relation with six linear segments was developed, as
shown in Egs. (7) — (8).
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Fig. 24 Comparison of numerical and calculated skeleton curves

The developed three-fold multilinear model is useful to predict the restoring
force model of skeleton curve for the ring-beam connection between RGC
beams and GCFST column using the ultimate capacity and corresponding
deformation when subjected to the cyclic loads. Fig. 24 compares the predicted
and numerical skeleton curves for several cases. As shown in Fig. 24, the
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predicted skeleton curves reasonably matched with numerical results, indicating
the feasibility of the developed restoring force model for the ring-beam
connection. The comparison results also demonstrated the ability of the
developed model to represent the deformation-cyclic load interactions for the
ring-beam connection, which provides application and design suggestions of
this composite connection for engineering applications.

7. Conclusions

This study conducted investigations that investigated seismic behavior of
the ring-beam connection that connected the RGC beams to the GCFST column.
Several behavioral indexes were examined to evalute its performance in the
seismic event. The conclusions were obtained:

* The ring-beam connection that connected RGC beams to GCFST column
with the full spindle-shaped hysteretic curve exhibits reasonable strength and
stiffness degradation. The ring-beam connection failed with the development of
a plastic hinge in RGC beam, which satisfied the requirements of the design
principles that “strong column and week beams”. The ring-beam connection
exhibited acceptable seismic behaviors.

» The displacement ductility coefficient for the studied ring-beam
connections were higher than 5, which satisfies the seismic design requirement
that the displacement ductility coefficient should be higher than 3. The angle
displacement ductility coefficients of examined ring-beam connections also
were larger than the required limit in the code. The equivalent damping
coefficient of ring-beam connection was in a range of 0.1~0.3, which is higher
than that obtained from normal RC component. The study results showed that
the ring-beam connection between RGC beams and GCFST column could be
effectively applied in the seismic regions.

* Detailed parametric studies indicated that the ring-beam connection
seismic behaivor was significantly affected by steel ratio, ring beam width,
unconfined concrete strength, and column-beam stiffness ratio. The load-
bearing capacity of the ring-beam connection was improved as the steel ratio,
unconfined concrete strength for the RGC beam, ring beam width, and column-
beam stiffness ratio increased. The effects of the confined concrete strength and
column slenderness ratio were insignificant to the connection resistance due to
the seismic design fundamentals.

« A restoring force model of skeleton curve for the ring-beam connection
that connected the RGC beams to the GCFST columns was developed using a
three-fold multilinear model through regression analysis. The accuracy of the
developed three-fold multilinear model was also validated by comparing with
simulated results. This restoring force model effectively represents the load-
deformation interaction relation for the ring beam connection under cyclic
loading.
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