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Abstract. This paper presents an experimental study of three two-dimensional (2D/planar) steel reinforced
concrete (SRC) T-shaped column-RC beam hybrid joints and six 3D SRC T-shaped column-steel beam
hybrid joints under low cyclic reversed loads. Considering different categories of steel configuration types in
column cross section and horizontal loading angles for the specimens were selected, and a reliable structural
testing system for the spatial loading was employed in the tests. The load-displacement curves, carrying
capacity, energy dissipation capacity, ductility and deformation characteristics of the test subassemblies were
analyzed. Especially, the seismic performance discrepancies between planar hybrid joints and 3D hybrid
joints were intensively compared. The failure modes for planar loading and spatial loading observed in the
tests showed that the shear-diagonal compressive failure was the dominating failure mode for all the
specimens. In addition, the 3D hybrid joints illustrated plumper hysteretic loops for the columns configured
with solid-web steel, but a little more pinched hysteretic loops for the columns configured with T-shaped
steel or channel-shaped steel, better energy dissipation capacity & ductility, and larger interlayer deformation
capacity than those of the planar hybrid joints. Furthermore, it was revealed that the hysteretic loops for the
specimens under 45° loading angle are generally plumper than those for the specimens under 30° loading
angle. Finally, the effects of steel configuration type and loading angle on the seismic damage for the
specimens were analyzed by means of the Park-Ang model.

Keywords: steel reinforced concrete (SRC); T-shaped column; hybrid joint; planar joint; 3D joint; seismic
behavior; loading angle; damage

1. Introduction

Special shaped column is a column with L-shaped, T-shaped, +-shaped or Z-shaped cross
sections, which is located in the corner of frame structures, and its advantage is saving the indoor
space and convenient for the furniture arrangement (Zhou et al. 2012, Wu et al. 2009, Xu et al.
2009, Patton et al. 2012). In past decades, the reinforced concrete (RC) special shaped columns
have been extensively studied. Ramamurthyhe et al. (1983), Marin (1979) Cheng-Tzu (1985) and
Hsu (1989) provided the methods of calculating the static performance of RC L-shaped columns,
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including the ultimate bearing capacity, the load-bending moment curve and the relationship
between bending moment and curvature. From 1990’s to the beginning of 2000’s, many scholars
such as Mallikarjuna et al. (1992), Tsao et al. (1993), Dundar et al. (1993), Yau et al. (1993), Sinha
(1996) started to make computer programs for different kinds of special shaped columns to
calculate their bearing capacities under bi-axial eccentric compression. Several researchers, such
as Kang et al. (1997), Li et al. (2002), Zhao et al. (2004), Cao et al. (2005) carried out
experimental investigations to reveal the seismic behavior of RC special shaped columns under
low cyclic reversed loading, and all the test results indicated that the main seismic indexes of RC
special shaped columns were inferior to those of RC rectangle columns.

Up to now, with the development of structural system, steel-concrete (SC) composite structures
start to show their stronger performance and better economic advantages compared with RC
structures. Due to the limitation of RC materials (e.g., bearing capacity and deformability), two
types of SC special shaped columns, such as steel reinforced concrete (SRC) special shaped
columns and concrete filled steel tube (CFST) special shaped columns, were proposed by Xue et
al. (2012), Zuo et al. (2012), respectively. Later, Wang et al. (2013) carried out a numerical study
of axially loaded T-shaped CFST columns via ABAQUS analysis, and then proposed a simplified
formulae for designing calculation. In addition, considerable works were carried out to describe
the behavior of eccentrically loaded the steel fibre high strength RC columns. Therefore, based on
the before-mentioned ideas, Tokgoz et al. (2012) developed a new kind of SC composite special
shaped column called L-shaped steel fibre high strength RC composite columns to test their biaxial
bending performance and the behavior under short-term axial compression.

As more recently been recognized, the earthquake damage identification has been a new
development direction in the seismic resistant design of structures. To guarantee the normal work
of a structure, it is a basis that to meet the security and reliability for beam-column joint. On the
basis of these concepts, several experimental and numerical studies have been conducted in recent
years. Li and Kulkarni (2010) carried out an experimental and numerical investigation on RC wide
beam-column joints when subjected to seismic loads. The efficiency of using fiber-reinforced
polymer (FRP) strengthening RC interior beam-column joints, which had been tested under
constant axial compression load and reversed cyclic loading, was investigated by Li and Chua
(2009). The performance of exterior and interior beam-column subassemblages following the loss
of one of the ground exterior columns was experimentally studied by Yap and Li (2011) and Kai
and Li (2012), respectively.

As a mater of fact, the actual horizontal seismic action is in a state of multidimensional,
therefore, it is essential to evaluate the effect of multi-directional loading on the seismic
performance of a structure to develop more reliable design procedures. Pham and Li (2013)
conducted an experimental and numerical investigation on RC columns with light transverse
reinforcement with an emphasis on how varying the directions of seismic loading influences the
seismic failure mechanisms of the columns. Due to the effect of horizontal loads, the joints in
beam-column frame structures are generally in the state of multi-axis complex stress, including the
axial force, shear force, bending moment and even torque, so that they can become a weak link for
the seismic design of a frame structure. In spite of the extensive studies of SRC/RC rectangular
column-RC/steel beam hybrid joints in the literature, the topics on the seismic behavior of SRC
special shaped column-beam two-dimensional (2D/planar) and three-dimensional (3D) hybrid
joints still have not been fully addressed.

In this paper, low cyclic reversed loading tests on three SRC T-shaped column-RC beam planar
joints and six SRC T-shaped column-steel beam 3D joints were firstly conducted to investigate
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their seismic behaviors. Then, the load-displacement hysteretic relationships, failure modes,
energy dissipation capacity, ductility and deformation characteristics of all the specimens was
discussed. Especially, the seismic performances between the planar joint and the 3D joint were
compared in detail. In addition, the effects of steel configuration type and horizontal loading angle
on the seismic damage for the specimens were analyzed by means of the Park-Ang model.

2. Experimental program
2.1 Specimen characteristics

2.1.1 2D/planar joints

In this investigation, assuming that the positions of inflection points are determined from the
results of the global structural analysis, a tee-shaped subassembly along with the boundary and
loading conditions can simulate parts of a structure subjected to the horizontal seismic-induced
moment. Hence, three SRC T-shaped column-RC beam planar hybrid joints located at the middle
storey of a frame structure were selected for the scale model tests. In considerations of the
available maximum loading capacity of the actuator and the conditions of the laboratory, the scale
ratio of the specimens was finally determined as 1:2. The detailed dimensions of the 2D specimens
are shown in Fig. 1 and Table 1. The test parameters such as steel configuration type in column
cross section, axial compression ratio (n) and ratio of column limb height to thickness were
considered to study the seismic behavior of 2D hybrid joints.

The distance of the upper column end (named upper inflection point) to the bottom column end
(named nether inflection point) is 1637.5 mm, and the distance of inflection point of the concrete
beam to the T-shaped column limb end is 1100 mm. As for the concrete strength of planar hybrid
joints, their average cubic compressive strength f., (the length of the standard cubic concrete
sample is 150 mm) obtained on the same time of testing the specimens are 43.67 MPa.

2.1.2 3D joints
Considering the spatiality, six SRC T-shaped column-steel beam 3D hybrid joints were

Table 1 Characteristics of the column-beam joint specimens

Specimen Ratio qf column  Longitudinal L_ongitudinal stegl
code Shape steel form  6(°) n _ Ilmb_ shape reinforcement ratio
height to thickness steel ratio (%) (%)
PTJ1 T-shaped steel 0 0.28 3.0 3.60 0.22
PTJ2 Channel-shaped steel 0 0.30 4.0 4.34 0
PTJ3 Solid-web steel 0 0.29 2.0 5.45 0.52
STJ1 Channel-shaped steel 30 0.30 34 4.78 0
STJ2 Solid-web steel 30 0.30 3.4 4.90 0.39
STJ3 T-shaped steel 30 0.30 34 4.26 0.39
STJ4 T-shaped steel 45 0.30 34 4.26 0.39
STJ5  Channel-shaped steel 45 0.30 34 4.78 0

STJ6 Solid-web steel 45 0.30 3.4 4.90 0.39
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designed from the model of a 3D frame structure. In considerations of the available maximum
loading capacity of the actuator and the conditions of the laboratory, the scale ratio of the
specimens was finally determined as 1:2. The detailed dimensions of the 3D specimens are shown
in Fig. 2 and Table 1, where the cross section sizes and the lengths of all the H-type steel beams
welded in 3D hybrid joints are kept the same. The test parameters such as steel configuration type
in column cross section and loading angle (¢) were considered to study the seismic behavior of 3D
hybrid joints.

The distance of the upper column end to the bottom column end is 1600 mm, and the distances
of inflection points of all the steel beams to the T-shaped column limb ends are 900 mm. In order
to investigate the spatial mechanical behavior of 3D joint, the earthquake directions to the structure
were considered in the test, and these action directions shown in Fig. 3 were designed in the form
of lateral loading angles (6=30° and 45°). As for the concrete strength of 3D hybrid joints, their
average cubic compressive strength f,, obtained on the same time of testing the specimens are
29.67 MPa.

2.2 Fabrication of shape steels
As illustrated in Fig. 1 and Fig. 2, three types of shape steels in T-shaped cross section for the
column are configured, including the channel-shaped steel, T-shaped steel and solid-web steel. The

channel-shaped steel and T-shaped steel were connected through the horizontal steel flats welded,
and all the steel beams for 3D hybrid joints were also welded to the steel flanges.
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2.3 Test setup and loading sequences

The testing system shown in Fig. 4 consisted of a 250 kN servo-controlled hydraulic actuator to
generate the cyclic horizontal load and a 500 kN hydraulic jack to apply the constant vertical load.
In the presence of the hinge connection, the top of the specimen could rotate freely and only the
shear force and the axial force could be transferred to the specimen, thereby the free end boundary
condition was satisfied. Both the horizontal actuator and the vertical jack were connected to the
sliding devices at the top end without rotation and to the hinge connection at the bottom end with a
one-way hinge support. To ensure a hinge end condition, the inflection points of the steel beams
were locked with two steel bars fixed to two large steel beam devices up and down, respectively.
In this case, the cyclic horizontal load and the constant vertical load could act on the specimen
along the horizontal and vertical directions respectively during the entire test.

In the test, the vertical load was applied to the specimen and then maintained constant.
Horizontal force was imposed using the force-control scheme repeated only once at each control
point before the specimen yields, and then using the displacement-control scheme repeated three
times at each control point after the specimen yield. For all the specimens, the deformation of the
upper column end was measured by LVDT.
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Fig. 3 Loading directions for specimens

Note:
1 is the reaction wall; 2 is the counterforce frame; 3 is the counterforce beam; 4 is the hydraulic jack; 5

is the electro-hydraulic servo actuator; 6 is the specimen of 3D joint; 7 is the fixed steel bar; 8 is the
device of steel beam; 9 is the one-way hinge support; 10 is the roller device.
Fig. 4 Test setup

45° strain Tosette
Fig. 5 Strain gages and 45° strain rosettes in the specimens

Strain gage
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(b) 3D joints
Fig. 6 Failure modes of specimens

In addition, the steel strain rosettes for the solid-web steel in the steel webs were arranged at the
joint core to intensively investigate the development of shear deformation at the joint core, and
some steel and steel reinforcement strain gages were also arranged at a critical beam-end section to
monitor the beam-end flexural behavior as shown in Fig. 5.

3. Test results and discussion
3.1 Failure modes and cracking patterns

3.1.1 Planar joints

Since all the specimens of planar joints demonstrate the similar phenomenon in the tests, only
the specimen PTJL is discussed here. In the load-control loading stage, when the lateral load
reached positive 60 kN, large amounts of bending-shear diagonal cracks appeared at the concrete
beam end near the column limb. Then the opposite loading to negative 60 kN resulted in densely
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distributed bending-crossed shear diagonal cracks at the concrete beam end. After the specimen
yield, multiple crossed diagonal cracks appeared on the T-shaped column limb connecting with the
beam. In the displacement-control loading stage, these crossed diagonal cracks gradually divided
the joint core surface into a number of diamond-shaped pieces. When the specimen nearly
destroyed, the concrete on the front joint core column limb began to crush. In this test, it was
worth noting that the existing of the left and right sides of column limbs (in Fig. 3) inhibited the
fore crossed diagonal cracks through these limbs. After that, the area of the crushing concrete was
gradually expanding with the increase of displacement amplitude. The final failure modes of all
the 2D specimens are the shear diagonal-compression failure in the joint core and the failure
pictures of the planar joints are illustrated in Fig. 6(a).

3.1.2 3D joints

Since all the specimens of 3D joints demonstrate the similar phenomenon in the tests, only the
specimen STJ1 is discussed here. In the load-control loading stage, when the lateral load reached
certain degree, multiple longitudinal bonding cracks appeared on the fore-and-aft surfaces of
column limbs (perpendicular to the horizontal loading direction) along the concrete protective
cover thickness of shape steel. After the specimen yield, large amounts of crossed shear diagonal
cracks appeared at the joint core along the surfaces parallel to the horizontal loading direction. In
the displacement-control loading stage, the concrete on the column limbs located at upper and
lower flanges of the steel beams began to crush. After that, the crossed diagonal cracks gradually
divided the joint core surface into a number of diamond-shaped pieces, and the core concrete at
these regions also started to crush. The final failure modes of all the 3D specimens are the shear
diagonal-compression failure with bonding cracks in the joint core, and the failure pictures of the
3D joints are illustrated in Fig. 6(b).

3.2 Hysteretic responses and normalized load-displacement curves

The load-displacement hysteretic curves of all the specimens are shown in Fig. 7. Here,
contrasting the hysteretic loops of two kinds of specimens is an advisable way to explore the
differences of seismic damage evolution and performance degradation between planar joints and
3D joints. Hence, the normalized method for hysteretic curves by eliminating the influences of
experimental parameters such as cross section size of special shaped column, column length,
concrete strength and size effect of the beam can achieve the before-mentioned requirements. The
following process is described to carry out the normalized method for all the specimens.

(1) The cross section size of special shaped column and concrete strength class of the specimen
are the critical factors to affect the shear bearing capacity of joint core. After normalized, the
vertical coordinate load P (Unit: kN) is converted to Px10%f.b.he, Where b, is the cross section
width of the column limb, ho=h-a; is the effective height of the column limb cross section, h is the
cross section height of the column limb, a, is the thickness of concrete protective cover for
longitudinal reinforcement or shape steel (if there is no longitudinal reinforcement outside the
shape steel) corresponding to the direction of the above mentioned h. For the planar joint, the
value of hy is the one which is in parallel to the direction of shear force; while for the 3D joint, the
value of hy used is the maximum one in two directions of engineering axis.

(2) The interlayer displacement angle A/L. defined in section 3.5 is one of the indexes to
express the relative deformation ability of joint core. As Wu et al. (2010) suggested, this index can
not only eliminate the influence of distance of L. between upper inflection point and bottom
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inflection point, but also can remove the influence of cross section characteristics and size effect in
the beam. As a consequence, the interlayer displacement angle can be deemed as the horizontal
axis for normalized hysteretic curves in the coordinate system.

Fig. 8 shows the normalized hysteretic curves of all the specimens and groups them by loading
angle, where group A (channel-shaped steel form for specimens) is composed of the specimens
PTJ2, STJ1 and STJ5, group B (T-shaped steel form for specimens) is consist of the specimens
PTJ1, STJ3 and STJ4, and group C (solid-web steel form for specimens) is made up of the
specimens PTJ3, STJ2 and STJ6. The axial compressive ratios in each group in this investigation
are rather close, so that to some extent, their effects on the shape of hysteretic loop can be
neglected. Here, it can be seen that the hysteretic loops for the specimens configured with
solid-web steel are much plumper than those for the specimens configured with channel-shaped
steel and T-shaped steel. In addition, it can be found in group A and group B that the hysteretic
curves of 3D joints are a little more pinched than those of the planar joints, indicating that when
the T-shaped specimen column is configured with non-solid-web steels (T-shaped or
channel-shaped steel), the seismic behavior for the planar joints is superior to that for the 3D
joints; while for the group C (here T-shaped specimen columns are configured with solid-web
steel), the hysteretic curves of 3D joints are slightly plumper than that of the planar joint,
indicating that the seismic behavior for the 3D joints to some extent can keep well under
seismic-induced action. As for the spatial loading angles, the hysteretic loops for the specimens
under 45° are generally plumper than those for the specimens under 30°. It means that under the
45° direction of horizontal seismic action to the SRC T-shaped columns, the composite materials
in the joint core can be stimulated better than other directions of horizontal seismic spatial action
due the stress homogeneity in the T-shaped cross section. Furthermore, it should be pointed out
that whether the planar joints or 3D joints, the curves of all the specimens in each group on the
descent stage have a similar falling and their descent processes are not too fast, indicating that the
decreasing of shear strength for SRC T-shaped column-beam hybrid joints is not too large.
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3.3 Energy dissipation capacity

In order to evaluate the accurate energy dissipation ability of all the specimens, the equivalent
viscous damping ratio h, is calculated by Eq. (1). Saec+cpa) and Siose+opr) are the areas of the
shadow as shown in Fig. 9. The curve is one of the cycles of hysteretic curve. The equivalent
viscous damping ratios of all the hybrid joints are shown in Fig. 10.

h = 1 _S(ABC+CDA)

e

1)

2 S(OBE+ODF)

The energy dissipation abilities between planar joints and 3D joints can be compared to explore
the energy-dissipated mechanism as follows: (1) in group A, the h, value of the specimen PTJ2 is
averagely 22% larger than that of the specimens STJ1 and STJ5; (2) in group B, the h values of
the specimens STJ3 and STJ4 are 4.08% and 2.38% larger than that of the specimen PTJ1,
respectively; (3) compared to the specimen PTJ3, the equivalent viscous damping ratios of the
specimens STJ2 and STJ6 in group C are increased by 1.95% and 17.58%, respectively. Overall, it
can be seen that the equivalent viscous damping ratios of 3D hybrid joints are larger than those of
the planar joints, indicating that the energy dissipation capacity of 3D hybrid joints is better than
that of the planar hybrid joints. The reason is that the T-shaped 3D hybrid joint connected with
three beams in the orthogonal directions leads to be a more complex stress state for the joint core,
so that its failures such as the damage of steel and concrete can be more sufficient in comparison
of the planar hybrid joint subjected to only one beam in plane.

Fig. 9 Calculation model of equivalent viscous damping coefficient
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Fig. 11 Characteristic points on load—displacement curve

In addition, it can be clearly observed that both the energy dissipation abilities of the specimens
PTJ1 (he=0.294) and PTJ2 (h.=0.293) are better than that of the specimen PTJ3 (h.=0.256) even if
the cross-sectional steel ratio of the specimen PTJ3 is much larger than that of the specimen PTJ1
or PTJ2, which means that high cross-sectional steel ratio may not play a vital role in enhancing
the energy dissipation ability for SRC T-shaped column-beam planar hybrid joints. On the
contrary, a trend can be found that an increase of cross-sectional steel ratio leads to an increase of
he for SRC T-shaped column-beam 3D hybrid joints, indicating that more shape steels are working
together to resist to the external forces, so that the damage is more serious in the 3D joint core.

3.4 Ductility

Ductility plays a critical role in the seismic design of SRC structures. The displacement
ductility ratio can be expressed as u=AdAy, where A; is the failure displacement corresponding to
85% of the ultimate load in the post-ultimate region of the skeleton curve; A, is the yield
displacement, and here the yield point (P, Ay) can be determined using the graphical method in
Ref. (Nie et al. 2008) as shown in Fig. 11. The displacement ductility ratios of all the specimens
are illustrated in Fig. 12, where u is the mean result of positive value and negative value. It can be
seen that the displacement ductility ratios of 3D hybrid joints in each group are almost close to
those of the planar hybrid joints, indicating that the deformation performance of 3D hybrid joints
is not worse than that of the planar hybrid joints. Additionally, it should be pointed out that the
displacement ductility ratios vary from about 2.5 to 4.5, indicating that all the specimens feature
certain but limited plastic deformation capacities. Thus, the potential possibility for SRC T-shaped
column-beam hybrid joints being used in seismic zones beyond their elastic state is confirmed.

3.5 Interlayer displacement angle

Deformation capacity between the layers is one of the most significant indexes to evaluate the
seismic performance of a structure. The interlayer displacement angle 6 can be calculated as the
ratio of horizontal displacement A to the distance between the inflection points of upper and lower
columns (L;+L,), and its schematic diagrams for T-shaped 3D joints is shown in Fig. 13. Under the
stipulation of current Chinese seismic code (GB 50011-2010) (2010), the elastic limit [f]. and
inelastic limit [4], for RC frame structures are 1/550 and 1/50, respectively. Table 2 lists the
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characteristic interlayer displacement angles of all the specimens. It can be draw conclusions from
Table 2 as follows:

(1) When the specimens yield, the 6, of SRC T-shaped column-RC beam planar hybrid joints is
3.29-4.40 times [#]e; while for the SRC T-shaped column-steel beam 3D hybrid joints, the 6,
values are 3.99-7.86 times [#]. for the specimens under 30° loading angle, and 3.37-5.91 times [0].
for the specimens under 45° loading angle. In view of this, it can be seen that the elastic interlayer
deformation capacities between planar and 3D joints are close to each other, and their values are
larger than the demand in the elastic deformation stage.

(2) When the specimens were destroyed, the & of SRC T-shaped column-RC beam planar
hybrid joints is 1.16-1.79 times [6],; while for the SRC T-shaped column-steel beam 3D hybrid
joints, the 6 values are 1.39-1.79 times [#], for the specimens under 30° loading angle, and
1.52-1.79 times [d], for the specimens under 45° loading angle. As a result, it can be obviously
seen that the inelastic interlayer deformation capacity of the specimens grows with the increasing
of loading angle (here from 0° to 45°), and the interlayer displacement angles of 3D joints in the
failure point are all larger than the code requirement, indicating that its anti-collapse ability is good
enough.
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Table 2 Interlayer displacement angle for all the specimens

Group number A B C
Specimen code PTJ2 STJ1 ST PTI STJ3 STJ4 PTJ3 STJ2 STJ6
Positive  1/125 1/96 1/93  1/125 1/100 1/125 1/125 170  1/109

% Negative 1/167  1/110 1/98  1/142  1/138  1/163  1/125 174 1/121

Positive  1/57 1/48 1/41 1/78 1/45 1/59 1/51 1/46 1/50

b Negative ~ 1/65 1/45 1/49 1/89 1/53 1/49 1/51 1/45 1/42

p Positive  1/43 1/32 1/29 1/38 1/28 1/31 1/34 1/31 1/31
f

Negative  1/38 1/29 1/33 1/34 1/36 1/31 1/28 1/28 1/28
Note: 8, is the interlayer displacement angle of a hybrid joint when its load reaches the peak point.

3.6 Cumulative seismic damage

It is now generally accepted that the two-parameter model has a global effect on the level of the
structural damage. Experiments on structural members and structures indicate that both the
excessive deformation and hysteretic energy are the most important factors contributing to the
seismic damage. Therefore, the damage models combining the deformation ductility and the
hysteretic energy appear to be more reasonable for damage evaluation. Due to the large amount of
test component samples in getting the Park-Ang model, there is no doubt that its reliability can be
much better than other damage models to evaluate the structural seismic damage (Park et al.
1985). In this paper, the Park-Ang damage model is selected to reveal the influences of steel
configuration type and loading angle on the damage of specimens.

D —5_m+ﬂd—E (2)
A, P,-5,

Where oy, is the maximum deformation of member or structure under earthquake action; d, is
the ultimate displacement under the monotonic loading, where it is determined from the skeleton
curve; Py is the yield load,; dJE is the cumulative hysteretic energy and S is the energy parameter.
However, the formula of g in the original literatures is obtained from the RC structure members, so
that it is not suitable for applying to the SRC structures. In order to expand the scope of Park-Ang
model in SRC structures, Liu et al. (2010) proposed the following equation by considering the
parameters such as the steel ratio in the cross section ps, the shear-span ratio /1 and the stirrup ratio

Psv-
S =-0.002p, +0.0054 +0.01p,, (3)
For comparison, the earthquake damage index D is determined as follows

Dp.a
DP-A,f

D= @)
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Where Dp.a¢ is the damage function value when a structure is in the failure point. If D=0, there
is no damage, and it means that the structure is in a state of safety; if D=1, the damage increases to
the ultimate state, so that it can be considered that the structure is completely destroyed; If
De(0,1), the structure is in a state between absolute safety and destruction.

Fig. 14 shows the effect of steel configuration type on the cumulative damage of specimens. It
can be seen that the damage accumulation for the specimens configured with T-shaped steel under
the same condition of cumulative deformation is slightly larger than that for the specimens with
channel-shaped and solid-web steels, indicating that the seismic-induced destruction of SRC
T-shaped column-beam hybrid joint configured with T-shaped steel is more serious than that of the
hybrid joints configured with other steel forms. In addition, the effect of loading angle on the
cumulative damage of specimens is illustrated in Fig. 15. It can be observed that the rate of
damage development for the planar joint is faster than that for the 3D joints; however, under the
same condition of cumulative deformation and shape steel type, the damage accumulation for the
specimen PTJ2 is rather close to that for the specimens STJ1 and STJ5. what’s more, it can be
found that the damage accumulation for the specimens subjected to 30° loading angle under the
same condition of cumulative deformation is much larger than that for the specimens subjected to
45° loading angle, indicating that the stress uniformity under 45° is conducive to play the fullest
role of each part of materials in the joint core.
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Fig. 14 Effect of steel configured type on the cumulative damage of specimens
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Fig. 15 Effect of loading angle on the cumulative damage of specimens
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4. Conclusions

This paper presents an experimental study on the seismic behavior of steel reinforced concrete
T-shaped column-beam hybrid joints, including three planar joints and six 3D joints. From the
investigation, the following conclusions are obtained:

(1) The test phenomenon shows that the shear-diagonal compressive failure is the dominating
failure mode for all the specimens. In addition, for the planar hybrid joints, there is a suppressive
effect of two sides of column limbs vertical to the loading direction on the penetration of oblique
cracks; while for the 3D hybrid joints, bonding cracks are the auxiliary failure in the joint core.

(2) The hysteretic loops of the specimens configured with solid-web steel are much plumper
than those of the specimens configured with channel-shaped steel and T-shaped steel. In addition,
the hysteretic curves of 3D joints are a little more pinched than those of the planar joints,
indicating that when the T-shaped specimen column is configured with T-shaped or
channel-shaped steels, the seismic behavior for the planar joints is superior to that for the 3D
joints; while for the specimen columns configured with solid-web steel, the hysteretic curves for
3D joints are slightly plumper than that of the planar joint, indicating that the seismic behavior for
the 3D joints to some extent can keep well under seismic-induced action. Furthermore, the
hysteretic loops for the specimens under 45° loading angle are generally plumper than those for
the specimens under 30° loading angle.

(3) Overall, the equivalent viscous damping ratios of 3D hybrid joints are larger than those of
the planar joints, indicating that the energy dissipation capacity of 3D hybrid joints is better than
that of the planar hybrid joints.

(4) The displacement ductility ratios of 3D hybrid joints are almost close to those of the planar
hybrid joints, indicating that the deformation performance of 3D hybrid joints is not worse than
that of the planar hybrid joints.

(5) For the yielding point, the elastic interlayer deformation capacities between planar and 3D
joints are close to each other, and their values are over the demand in elastic deformation stage
evaluated by Chinese seismic code. While for the failure point, an increase of loading angle (from
0° to 45°) leads to an increase of inelastic interlayer deformation capacity of the specimens, and
the interlayer displacement angles of 3D joints in the failure point are all larger than the code
requirement.

(6) Under the same condition of cumulative deformation, the damage accumulation for the
specimens configured with T-shaped steel is larger than that for the specimens with
channel-shaped and solid-web steels, and the damage accumulation for the specimens subjected to
30° loading angle is much larger than that for the specimens subjected to 45° loading angle. As for
the rate of damage development, the planar joint’s is faster than that for the 3D joints.
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