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1. Introduction 
 

Nowadays, with the increase of the urban population, 

more and more multi-story buildings were introduced to the 

community and business center. The columns with large 

sectional depth are needed to satisfy the requirement of the 

capacity, which leads the column protruding out of the wall. 

To meet the buyer’s demand for more free space in the 

house and aesthetic demand the special-shaped column was 

adopted by the architects as a solution for the problems 

above. The special-shaped columns included L-shaped, T-

shaped, and crisscross-shaped sections were suitably 

located in the corners as well as the intersection of 

structure, which have a promising prospect for frame 

structure. 

Back in the past decades, many research about the 

specially shaped column had been conducted. In the early, 

most research had focused on the static behavior of the 

reinforced special-shaped concrete column (Marin 1979, 

Ramamurthy and Khan 1983, Thomas and M. ASCE 1985). 

Many computational methods were proposed to investigate 

the ultimate load, the interaction curves, and the 

relationship between the bending moment and curvature  
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(Hsu 1989, Mahadevappa 1992, Dundar and Sahin 1993). 

In the 90s, it was of interest to investigate the seismic 

behavior of the special-shaped column, and plenty of 

experiments were conducted (Zhao et al. 2004, Cao et al. 

2005). According to the above research, it was revealed that 

the cracking resistance and seismic performance of the 

special-shaped column are critical issues for the practical 

application. In accord with the current code (China 2006), 

the special-shaped RC column had a strict limitation in 

structural design. To improve the mechanical performance 

of the special-shaped column and extend its range of 

applications, SRC columns and concrete-filled steel tubular 

(CFT) special-shaped columns were employed to replace 

the RC column owing to its excellent performance, such as 

high stiffness and capacity, perfect durability, and good 

energy dissipation capacity. Many research had been 

conducted to demonstrate the performance of the SRC 

column. Mirza and Lacroix (2004) collected 150 physical 

t e s t s  o f  S R C  c o l u mn s  a n d  ma d e  a  s e r i e s  o f 

recommendations for ACI codes based on the comparative 

analysis on the strength. Xue et al. (2012) carried out 

experiments on the 17 SRC special-shaped column under 

cyclic lateral load and proposed a formula for the ultimate 

shear capacity of the composite columns. (Yang et al. 2015) 

performed an experimentally and numerically investigation 

on static behavior of T-shaped concrete-filled steel tubular 

(CFST) columns. These results indicated that both the two  
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Abstract.  The study presented experimental and numerical investigation on the seismic performance of steel reinforced 

concrete (SRC) L-shaped column- reinforced concrete (RC) beam joints. Various parameters described as steel configuration 

form, axial compressive ratio, loading angle, and the existence of slab were examined through 4 planar joints and 7 spatial joints. 

The characteristics of the load-displacement response included the bearing capacity, ductility, story drift ratio, energy-dissipating 

capacity, and stiffness degradation were analyzed. The results showed that shear failure and flexural failure in the beam tip were 

observed for planar joints and spatial joint, respectively. And RC joint with slab failed with the plastic hinge in the slab and 

bottom of the beam. The results indicated that hysteretic curves of spatial joints with solid-web steel were plumper than those 

with hollow-web specimens. The capacity of planar joints was higher than that of space joints, while the opposite was true for 

energy-dissipation capacity and ductility. The high compression ratio contributed to the increase in capacity and initial stiffness 

of the joint. The elastic and elastic-plastic story deformation capacity of L-shaped column frame joints satisfied the code 

requirement. A design formula of joint shear resistance based on the superposition theory and equilibrium plasticity truss model 

was proposed for engineering application. 
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types of composite column hold favorable seismic ability. 

For the frame structure, the column-beam joint, 

especially the corner one, has been regarded as the critical 

member, which prior to failure than others, consequently 

performing as weak links in the structure. Most of the early 

research focused on the reinforced concrete steel (RCS) 

frame system composed of steel beams and RC columns. 

Different design parameters about the connections have 

been invest iga ted  to  develop a comprehensive 

understanding of failure mode and force transfer 

mechanisms (Pantazopoulou and Bonacci 1994, Hakuto et 

al. 2000, Braga et al. 2009). Owing to the advantages of the 

SRC and CFT column, the composite frame including steel 

beam and SRC or CFT column showed better performance 

during an earthquake attack and had been popular in the 

US, China, and Japan. Wakabayashi (Wakabayashi and 

Minami 1980) initially tested 12 SRC column-beam joints 

in Japan. Chou and Uang (2007) examine the hysteric 

behavior of two exterior steel beam-SRC column joints and 

found that the jacket plates contributed to the increase of the 

shear capacity. Pan et al. (2014) tested four novel ring-beam 

connections for SRC column and RC beams under 

monotonic loading. All the specimens are shown to satisfy 

the design requirement.  Beutel et al. (2002) had 

conducted an experimental investigation into the seismic 

behavior of 6 CFST column and beam joints. Good ductility 

and energy dissipation capability were observed. Wang et 

al. (2011) focused on the novel spatial connection and 

presented an experimental investigation on the seismic 

behavior of H-beam and circular tubular co lumn 

connection. Considering the fire and corrosion resistance, 

the use of the SRC column-RC beam joint is a preferred 

alteration without the beam interrupted, which provided 

good integrity, high structural damping, and high seismic  

 

 

capacity for the hybrid structure. For special-shaped column 

frame structure, due to the irregularity of section, high-

performance joints of the SRC special-shaped column and 

SRC beam are urgently required in the industry. To date, 

limited research was available on this type of joint, and 

mainly research focused on the T-shaped column-beam 

joint. Chen et al. (2015) test 3 planar SRC T-shaped 

column-RC beam and 6 spatial SRC T-shaped column-steel 

beam under constant axial compression and lateral cyclic 

load to investigate the effect of the steel configuration 

forms, and lateral loading angle. The test result 

demonstrated that I-shaped steel and specimen under 

45˚loading angle achieve better seismic performance. 

Furthermore, Chen et al. (2015) proposed a new seismic-

induced damage assessment for the spatial SRC T-shaped 

column-steel beams joint. Xiang et al. (2017) studied the 

seismic behaviors of joints between SRC T-shaped column 

and RC beam under bidirectional cyclic loading 

experimentally. Their test result indicated that the shear 

capacity was undertaken by the steel after cracking and the 

connections show excellent seismic performance. 

In this study, aimed to fill the research gap of the L-

shaped column-beam joint, experimental work was 

performed to investigate the hysteresis behavior of the L-

shaped SRC column-RC beam joints. Due to the 

randomness of the earthquake, these joints were separated 

into planar and spatial joints two groups to investigate the 

effects of steel configuration form, axial compressive ratio, 

and loading angle. Besides, owing to the contribution of the 

cast-in-place slab, the bending strength of the joint can be 

significantly increased and the failure mode turns out to be 

the column-end failure (Prota et al. 2004, Ghobarah et al. 

2006, Park et al. 2012). Especially in the Wenchuan 

 

  
Section A-A          Section B-B Section A-A            Section B-B 

Fig. 1 Details of specimens PLJ3 and PLJ4 
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earthquake in China, because of the RC slab the joint turned 

out to exhibit the strong beam-weak column behavior 

(Wang 2008). Hence, the joints with and without slab were 

carried out to investigate the structural performance. The 

cyclic characteristics of the L-shaped SRC column-RC 

beam joints were presented and discussed in terms of failure 

modes, hysteresis loops, strength, deformation, ductility, 

stiffness degradation, story drift ratio, and energy 

dissipation. Furthermore, the design formula of the 

connections was developed to predict the shear resistance. 

 

 

 

 

 

 

 

2. Experimental programs 
 

2.1 Planar connection specimens detail 
 
The first group of specimens designed to simulate planar 

connections with SRC L–shaped column and SRC or RC 

beam. With the scale of 1:2 to the actual structure, four 

specimens (labeled as PL1, PL2, PL3, and PL4) with 

several parameters described as cross-sectional steel form, 

axial compressive ratio, and aspect ratio of the column 

climb (aspect ratio, the ratio of the depth along the longer 

side direction to the width along the shorter side direction) 

were constructed and tested. Specimen subassembly cross- 

 

  
Section A-A          Section B-B Section A-A            Section B-B 

(a) Specimen PLJ1 (b) Specimen PLJ2 

Fig. 2 Details of specimens PLJ1and PLJ2 

Table 1 Main design parameters of SRC special-shaped column frame joints with L-shaped cross-section 

Specimen 

label 
Steel form 

Load angle 

/° 

Axial load 

ratio n 

Column aspect 

ratio R 

Steel 

ratio 

Reinforcement 

ratio 
fcu/Mpa 

PLJ1 U- shaped steel truss 0 0.16 2.0 5.74 0 43.67 

PLJ2 U- shaped steel truss 0 0.32 3.0 4.00 0 43.67 

PLJ3 Solid-web 0 0.16 3.0 3.81 0.31 43.67 

PLJ4 Solid-web 0 0.32 2.0 4.41 0.52 43.67 

SJL1 Solid-web 45 0.20 3.0 3.56 0.87 30.63 

SJL2 Solid-web 30 0.20 3.0 3.56 0.87 30.63 

SJL3 T- shaped steel truss 45 0.20 3.0 3.66 0.87 30.63 

SJL4 T- shaped steel truss 45 0.30 3.0 3.66 0.87 30.63 

SJL5 U- shaped steel truss 45 0.20 3.0 4.35 0 30.63 

SJL6 Reinforcement cage 45 0.20 3.0 0 1.05 30.63 

SJL7 Reinforcement cage 45 0.20 3.0 0 1.05 30.63 
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(a) Specimen SLJ1 and SLJ2 

  

 
(b) Specimen SLJ3 and SLJ4 
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section dimensions and reinforcing detailing are shown in 

Figs. 1 and 2. The specimens included two joints consisted 

of SRC beam and SRC column formed with steel channel 

(PJ1 and PJ2), one joint (PJ3) consisted of SRC beam and 

SRC column formed with solid-web steel, one joint (PJ4) 

consisted of RC beam and SRC column formed with solid-

web steel. The solid-web steel was weld by three steel 

plates, while the three U-steel channels were integrated with 

transverse reinforcement by welding. The axial compressive 

ratios of the planar specimens are summarized in Table 1. 

The column segment of the joints including two different 

cross-sections was intended to provide two aspect ratios of 

0.16 and 0.32: PL1 and PL4 were 0.16, while PL2 and PL3 

were 0.32. As depicted in Figs. 1 and 2, the net height of the 

assumed point of contra flexural between the upper and 

lower column was 1637.5 mm, while the length from the 

assumed point of the contra flexural at the midspan beam to 

the surface of the column limb was designed with 1100 mm. 

Based on the strong column-weak beam design concept, the 

critical region of transverse reinforcement with the spacing 

of 75 mm extended to 200 mm above and below the 

interface of the column and the joint. To avoid the damage 

of the beam in the supporting end, transverse 

reinforcements were at a closer spacing of 50 mm extended 

to 200 mm from the beam-joint interface. 

 

 

2.2 Space joints specimens detail 
 

The second group of specimens represents 3D 

connections simulating corner columns of the intermediate 

layer. Five spatial beam-column joints (labeled as SLJ1, 

SLJ2, SLJ3, SLJ4, and SLJ5) consisted of SRC L-shaped 

column and two RC half-beam in the orthogonal direction 

were tested to study the effect of four design parameters 

described as steel configuration type, the axial compression 

ratio, and the loading angle. In addition, the effects of the 

slab and profile steel in the column were investigated by the 

two comparative specimens (labeled as SLJ6, SLJ7) 

consisted of RC L-shaped column and RC beam, especially 

the SLJ7 with a slab. The column segments of SLJ1 and 

SLJ2 include solid-web steel welded by four steel plates 

and the SLJ3 and SLJ4 consist of T-shaped lattice skeleton 

weld by half I-steel and flat steel. The SLJ5 contained a U-

shaped steel truss consisted of four steel channels welded 

by the reinforced bars. The axial compressive ratios of the 

spatial specimens are summarized in Table 1. All the spatial 

specimens were under 45° loading angle except that the 

SLJ3 was under 30° loading angle. All the specimens were 

designed with half scale. The net height between the 

assumed points of contraflexure in the upper and lower 

column was 1600 mm, while the length from the assumed  

 
(c) Specimen SLJ5 

  

    
(d) Specimen SLJ6                               (e) Specimen SLJ7 

Fig. 3 Details of specimens SLJ1, SLJ2, SLJ3, SLJ4, SLJ5, SLJ6 and SLJ7 
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point of contraflexure in the beam to the surface of the 

connection was designed with 1100 mm. Fig. 3 shows the 

dimensions of the specimens and reinforcement details. The 

main design parameters of the SRC L-shaped column and 

RC beam joints are presented in Table 1. The material 

properties of concrete, steel, and bars are summarized in 

Table 2. 

 

2.3 Experiment Setup, Instrumentation, and Testing 
Procedures 

 

All the specimens were subjected to quasi-static 

reversed cyclic loading applied at the top of the column. A 

constant vertical load was applied on the top of the column 

through the hydraulic jack and the hydraulic actuator was 

installed across the reaction wall on the top of the column to 

provide the horizontal cyclic load. To accomplish the spatial 

loading on the joint, a special test setup and devices were 

independently designed by our group for 3D joint 

specimens meaning that the angle between the lateral load 

direction and engineering axis (defined as load angel) could 

be altered as wished. The column segment was pinned 

supported at the bottom using the self-designed device of 

unidirectional hinge support. The end of the column was 

attached with the steel jacket to make sure the column was 

fixed on the upper plate of the unidirectional hinge support. 

At the top of the column, a hydraulic jacket with the steel 

rollers bearing was applied to offer the axial compression 

 

 

 

load. The steel rollers bearing with a 

polytetrafluoroethylene plate was used to reduce the friction 

between the hydraulic jack and the top rigid girder, 

allowing the specimen to move smoothly when the 

specimens were subjected to combined vertical compression 

and horizontal cyclic load. The two orthogonal beams were 

defined as the south-west (SW) beam and the north-west 

(NW) beam according to the direction they pointed. The 

beams were pin-supported at the end by the steel roller. 

These rollers were welded at the fixed steel beam to restrain 

vertical direction displacement whereas their rotations were 

allowed, which earthquake action in any direction could be 

simulated. A schematic of the loading apparatus is shown in 

Fig. 5. The load angle of the L-shaped SRC column-

concrete beam joint specimen was depicted in Fig. 4. 
A force and displacement-controlled mode was applied 

in the test. At first, all the specimens were loaded in the 

force-controlled mode with uniform 10 kN increment in 

planar joints and 5kN increment in space joints until the 

initial yielding of the steel, respectively. Every load cycle 

was repeated once. After the steel yielding, the 

displacement-controlled sequence consisted of three 

repeated cycles with a progressively increasing 

displacement amplitude (by 5 mm) in each direction. Until 

the specimen horizontal carrying capacity decreased to 85% 

of the peak bearing capacity or the specimen loaded to 

failure, the loading procedure got terminated. 

 

   
(a) Planar joint (b) Space joint 

Fig. 4 Loading angles of joints 

 

Fig. 5 Test set-up 
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During the test, the following is monitored and 

recorded:(1) axial force and horizontal loads on the top of 

the column, (2) lateral drifts on the top (3) strains of 

reinforcing steel bars and shaped steel, (4) joint shear 

strains of concrete. Axial force and horizontal loads on the 

top of the column were measured by the force cells. The 

drift of the column top along with the lateral load direction 

was monitored by the displacement sensor. The strain was 

recorded by TDS-602 data collection instrument gauges at 

the predetermined positions on joint core steel and 

reinforcing skeleton cage including flange and web steel in 

solid-web steel specimen, flange, and horizontal web 

member in hollow steel specimen, longitudinal and 

transverse reinforcements, and steel and reinforcement in 

the beam. Three directional strain gauges (rosette strain 

gauges) are stuck to the joint panel zone to calculated 

corresponding strains. The layout of the instrument at the 

joint zone was shown schematically in Figs. 1-3. 

 

 

3. Test result and evaluation of structural 
performance 
 

In this paper, all the specimens were divided into two 

groups according to the steel configuration type in the 

column segment. One group of connections consist of the 

SRC column with the solid-web steel was determined as the  

 

 

solid-web group. And the rest of the specimens were 

determined as hollow-web group including steel channel 

truss, T-shaped steel truss, and reinforcement cage. 

 

3.1 Failure mode and process 
 
3.1.1 Failure mode of planar connection 
The failure process of the planar connection was 

generally similar to each other. Thus, a representative 

specimen of PLJ1 was selected. During the load controlled 

procedure, at the 20 kN of the lateral load, a few flexural 

cracks were initiated at the beam. At the 30 kN of lateral 

load, as the flexural crack propagating in a stable manner, 

many fine diagonal cracks were observed on both sides of 

column limb at the beam joint. at the 40kN of lateral load, 

new diagonal cracks increased on the interface between the 

column limb and the joint zone, and the cracks propagated 

to the old diagonal crack. A few horizontal cracks occurred 

on the exterior face of the column limb that is orthogonal to 

the beam. At the 50 kN, crosswise cracks propagated 

toward the column limb at the beam connection, and 

vertical cracks were detected on the corner of the column. 

During the displacement controlled procedure, in the first 

displacement amplitude cycle, the flexural-shear crack grew 

widened and deep in the joint zone, and cover concrete was 

split into rhombus-shaped pieces. In the second cycle, the 

flexural-shear crack propagated in a vertically upward and  

Table 2 Material test results of steels 

Specimen  Tested items Yield strength Ultimate strength Elastic modulus 

Planar joint  

Ф 4 425 444 1.965×105 

Ф 6 551 674 1.944×105 

Ф 8 441 543 1.921×105 

Ф 12 295 440 1.970×105 

18 453 501 2.010×105 

20 432 487 2.050×105 

5# U-steel 363 409 2.090×105 

3 mm plate 295 385 1.950×105 

8 mm plate 363 503 1.946×105 

12 mm plate 305 367 1.970×105 

16 mm plate 320 365 1.980×105 

Space joint  

Ф 4 425 444 1.970×105 

Ф 6 437 561 1.810×105 

Ф 8 321 436 1.830×105 

Ф 10 321 436 1.800×105 

12 421 579 1.780×105 

14 412 580 1.950×105 

3 mm plate 318 447 1.760×105 

25×4 mm Flat steel 351 470 1.950×105 

5# U-steel 460 610 1.9920×105 

10# I-steel 308 415 1.896×105 

Concrete strength 𝑓𝑐
′ 

Compressive strength:22.8 Mpa, Tensile strength: 2.06 Mpa, 

Modulus of elasticity: 29791 Mpa 
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downward direction to the top and bottom of the beam, 

respectively, while concrete encasement began to spall. in 

the third cycle, the rhombus-shaped cover concrete in the 

joint core crush to spall and steel plate was exposed. 

Thereafter, when the specimen entered the failure stage, the 

concrete on the top and bottom column limb close to the 

beam-column interface was crushed, and longitudinal bars 

were exposed. The specimen exhibited shear failure in the 

joint panel zone. All failure modes of the specimens were 

illustrated in Fig. 6. 

 

3.1.2 Failure mode of spatial joint 
Excerpt for the SLJ5, the failure process of the spatial 

joints were generally similar to each other. Thus, The SLJ3 

was selected as a representative. During the load-controlled 

procedure, at the 10 kN of the lateral load, a vertical crack  

was initiated on the NW beam within the distance of 100  

 

 

 

mm from the joint face connected to the beam. At the 15 kN 

of the lateral load, several vertical cracks were observed 

ranged from 200 mm to 300 mm apart from the tip of both 

the beams and original cracks keep propagating toward the 

bottom of the beam. At the 20 kN, the flexural cracks 

increased on the beam. During the displacement-controlled 

procedure, in the first displacement amplitude cycle new 

vertical cracks were observed on the beam at a distance 

equal to 600 mm from the beam-column interface, while the 

flexural shear crack occurred on the beam 600 mm apart 

from the column connection. In the second cycle, from 300 

mm to the interface of the NW beam and column limb 

vertical cracks were observed intersected the beam. Few 

cracks occurred on the column-beam interface. In the third 

cycle, vertical bond cracks occurred on the concrete 

encasement where the steel was seated in the column limb.  

 

    
(a) Specimen PLJ1 (b) Specimen PLJ2 (c) Specimen PLJ3 (d) Specimen PLJ4 

Fig. 6 Damage mode of the planar joint at the end of the test 

   
(a) Specimen SLJ1 (b) Specimen SLJ2 (c) Specimen SLJ3 

   
(d) Specimen SLJ4 (e) Specimen SLJ5 (f) Specimen SLJ6 

             
(g) Specimen SLJ7 

Fig. 7 Damage mode of the space joint at the end of the test 
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The cracks gradually propagated and grew widened, the 

concrete was locally delaminated at the beam tip. In the 

fourth cycle, the diagonal cracks intersected on the 

transition between the column and beam. The cover 

concrete was split into rhombus pieces. With the crushing 

zone of the beam expanding, the plastic hinges were formed. 

Henceforth, until the specimen crushed there was no new 

crack appeared. In the final failure stage, the flexural failure 

in the beam tip was observed in these specimens.  

As specimen SLJ5, during the initial loading stage, 

bending cracks were concentrated on the tip of the beam. 

With the increase of the load, diagonal cracks were detected 

in the joint panel connecting the beam. After that, the two 

kinds of cracks propagated stably in the beam and joint 

zone. The flexural-shear failure was dominated at the end of 

the test. Furthermore, for the specimens SJL7 with a slab, 

the bending failure was noticed at the slab and the plastic 

 

 

hinge developed at the beams ends. The distribution of the 

cracks on the top and bottom of the slab were shown in Fig. 

7. All the failure modes of the specimens were also shown 

in Fig. 7. 

 

3.2 Lateral load–displacement relationship 
 

The hysteretic responses of load-displacement on the 

column tip for the specimens are shown in Fig. 8. The 

skeleton curves of these specimens were depicted in Fig. 9. 

The following observations can be summarized from these 

envelopes: 

(1) For the specimens without a slab, the asymmetry 

of the hysteretic loops, in which the peak strength in the 

positive direction is greater than in the negative direction, 

was ascribed to the failure mode of specimens. In the 

positive loading direction, the specimens were dominated  

   

   

   

          

Fig. 8 Lateral load-displacement relationships of the specimens 
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by the flexural cracks on the outer face of the column. In 

addition, the face connected to the beam developed fewer 

cracks attributed to the constraint by the beam, which is 

effective in resisting the shear. In the negative loading 

direction, due to the drag force by the beam, the joint panel 

got weaken and exhibited heavy shear damage. Meanwhile, 

the bonding failure at the interface between the column and 

beam is more serious. For the specimens with a slab, the 

effective confinement of the slab contributed to the joint 

panel resulted in a higher capacity in the negative direction 

than the contrary direction, which the final failure occurred 

in the junction between the slab and the beam. Besides, no 

severe damage appeared in the joint panel. 

(2) The hysteretic loops of the solid-web group were 

plumper than that of the hollow-web group.  

(3) In the same condition, the degree of pinching in 

the loops of the specimen with 0.3 of the axial compressive 

ratio was relatively high compared with the specimens with 

the ratio of 0.4. This is attributed to the low ductility caused 

by the high axial compressive ratio, which reduced the 

energy dissipation. The specimen with a high axial 

compressive ratio shows a high degree of pinching in the 

loops. 

(4) The slope of the envelope after the peak load was 

steeper, while the response of the spatial joint dropped 

gently. It was noted that the shear capacity of the spatial 

joint is lower in comparison to the planar joint after the  

(5) specimen entering the negative stiffness. It was  

 

 

 

indicated that the failure occurred on the beam-end has 

better ductility than the shear failure of the joint panel. 

 

3.3 Load-carrying capacity  
 
The characteristic points (namely, the yielding load Py 

and yielding displacement Δy, peak load Pu and peak 

displacement Δu, ultimate load Pf and ultimate displacement 

Δf) of the specimens, which were defined on the skeleton 

curve, are listed in Table 3. The yield load Py is related to 

the yield displacement Δy which is defined based on criteria 

for equivalent elastic-plastic energy absorption. The peak 

displacement Δu refers to the peak load Pu which is the 

maximum lateral load. The failure load Pf was defined as 

the post-peak displacement corresponding to 85% of the 

peak strength. The criteria of equivalent elastic-plastic 

energy absorption is shown in Fig. 10. 

The normalized average joint capacity, ω, is expressed 

as ω = Pu×103/(fc bc h0). Where, Pu = the peak load in kN; 

bc = width of the column climb in mm; h0 = effective depth 

of the column climb in mm, h0=h-ac, h = total height of the 

cross-section in one direction. Ac = thickness of the cover 

concrete from longitudinal reinforcement or the steel along 

with the direction of h0 in mm. For the planar joint, the 

direction of h0 was defined as the direction parallel to the 

shear. As a spatial joint, h0 was corresponding to the 

maximum of the column limb length. The calculated result 

is presented in Table 3. 

  
(a) planar joint (b) spatial joint 

Fig. 9 Skeleton curves 

 

Fig. 10 Characteristic points of skeleton curve for frames 
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(1) From Table 3, it is observed that the normalized 

average capacity of the planar joint is generally half of that 

for the spatial joint. It is attributed to the singular beam 

connected to the planar joint, while the spatial joint has two 

orthogonal beams. The L-shaped column climb of the 

planar joint in the orthogonal direction to the singular beam 

act as a flange which could provide the confinement effect 

to the joint panel. As a result, it improved the joint 

performance in the deformation and strength. Whereas, due 

to the two orthogonal beams, the spatial joint subjected to 

the collective force from two orthogonal beams under cyclic 

load result in the spalling of concrete in the core area 

prematurely. And it turns out to be low strength for space 

joint.  

(2) It was observed that the increase of normalized 

average capacity ω for SJL6 is 8.57% compared to the 

specimen SLJ6 without a slab. It is indicated that the shear 

capacity of the spatial joint increase with the existence of 

the slab. The specimen of SLJ1 under loading angle 45° 

only reached 78.05% of the normalized average capacity ω 

for the specimen SLJ2 under loading angle 30°. It is 

revealed that the specimen under 45° has a lower shear 

capacity compared to the loading angle of 30°, which is in 

accordance with the formula proposed in the following 

section. 

(3) With the increase of axial compression ratio, the 

normalized average capacity ω of planar joint with steel 

channel truss, planar joint with solid-web, and spatial joint 

with T-shaped truss improved by 30.0%, 15.9%, and 34.3%, 

respectively. It is indicated that the axial compression ratio 

has a significant improvement on the shear strength for both 

planar and space joint. This is because the performance of 

concrete improved in the high triaxial compression. 

(4) To evaluate the contribution of the steel in the 

column, the specimens (SLJ1, SLJ3, and SLJ5) with the 

SRC column were compared to the RC specimen SLJ6. It 

was found that in the positive direction the normalized 

capacity of specimens SLJ1, SLJ3, and SLJ5 were relatively 

higher than the specimen SLJ6, while it is opposite in the  

 

 

negative direction. The reasons were as follows: ① The 

Bauschinger effect of the steel was enhanced with the 

increase of the ratio of the steel section to the column cross-

section, which resulted in the reduction of the capacity in 

the negative direction. ② During the loading procedure 

the steel did not significantly affect the joint behavior 

because the beam failed before the joint. 

 

3.4 Displacement ductility factor 
 

Base on the standard of GB 50011-2010 (China 2010) 

code for seismic design of buildings, displacement ductility 

factor  can be calculated as follows 

𝜇 = Δ𝑓 Δ𝑦⁄  (1) 

Where, Δf = the ultimate displacement in mm; Δy= 

the yielding displacement in mm. The calculated values   

were list in Table 4. 

As described in Table 4, the values  for the planar 

joints were lower than the spatial joint. This is because the 

orthogonal beams of the spatial joints provided stronger 

confinement to the core zone of joints compared to the 

planar joints. It is indicated that the spatial joint has a better 

performance in displacement ductility compared to the 

planar joint, which is agreed with the bending failure in the 

beam tip for the spatial joint and shear failure in the joint 

panel for the planar joint. 

 

3.5 Story drift ratio 
 
The story drift ratio θ is an important index to evaluate 

the anti-collapse strength, and its calculation is as follows 

𝜃 =
Δ

𝐿1 + 𝐿2

 (2) 

Where, Δ = the horizontal displacement at the top of the 

column; L1 and L2 = the distance from the upper or lower 

contraflexural point to the center of the joint zone, 

respectively. 

Table 3 Feature point values of test results 

] 
Py /kN Δy /mm Pu /kN Δu /mm Pf /kN Δf /mm ω =Pu×103/(fcbch0) 

+ - + - + - + - + - + - + - average 

PLJ1 63.1 47.0 12.4 9.7 74.4 60.1 21.4 28.2 63.2 51.1 27.6 37.2 0.089 0.072 0.080 

PLJ2 94.4 84.0 13.0 10.2 135.0 122.0 23.0 22.0 114.8 103.7 30.0 29.4 0.109 0.099 0.104 

PLJ3 84.8 81.4 14.1 14.6 95.7 91.0 19.0 19.0 81.4 77.3 28.3 29.8 0.069 0.065 0.067 

PLJ4 63.0 45.1 12.5 9.1 79.2 61.7 31.0 25.0 67.3 52.4 35.7 33.0 0.086 0.067 0.077 

SLJ1 31.1 13.4 13.1 7.0 36.5 17.4 29.7 9.9 31.0 14.7 50.0 31.8 0.044 0.021 0.032 

SLJ2 49.9 5.5 16.7 8.2 56.8 11.9 30.0 39.9 48.3 10.1 49.1 50.4 0.068 0.014 0.041 

SLJ3 29.5 12.7 11.9 7.9 35.9 17.7 20.3 20.0 30.5 15.1 44.2 32.1 0.043 0.021 0.032 

SLJ4 39.6 18.6 9.8 7.0 45.7 25.6 20.2 10.1 38.8 21.8 30.8 29.0 0.055 0.031 0.043 

SLJ5 25.9 17.9 9.6 8.7 30.9 22.5 20.1 20.0 26.2 19.2 34.0 38.4 0.041 0.030 0.036 

SLJ6 25.2 18.2 7.6 6.5 33.5 23.9 20.0 10.0 28.5 20.3 60.1 40.5 0.040 0.029 0.035 

SLJ7 21.5 27.7 7.3 8.7 28.2 34.9 20.0 20.1 24.0 29.6 49.9 44.0 0.034 0.042 0.038 
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According to GB 50011-2010 (China 2010), the limit of 

the elastic story drift ratio θe and the limit of elastoplastic 

story drift ratio θp for the RC frame structure are 1/550 and 

1/50, respectively. Table 4 shows the story drift ratios of all 

specimens.  

(1) When the specimen reached yield, the story drift 

ratio of the planar joint θy = (3.29~495) θe. The story drift 

ratio of the specimen SLJ2 under load angle 30° is θy = 

2.87θe in the negative direction and θy = 5.73θe in the 

positive direction. The story drift ratio of the SRC spatial 

joints under the load angle 45° is θy = (2.40~5.73)θe. The 

story drift ratio of the RC spatial joint is θy = (2.24~2.99) 

θe. Thus, the elastic story drift ratio of L-shaped column-

beam joints meets the requirement of the code. In addition, 

the elastic deformation capacity of SRC column-concrete 

beam joints is obviously better than RC joints. 

(2) When the specimen failed, the average story drift 

ratio θf of the planar joints, SRC space joints and RC space 

joints are 1/52, 1/36, and 1/33, respectively. Hence, the 

story deformation capacity of the space joints meets the 

requirement, and its anti-collapse ability is better than the 

planar one. This is because the spatial joints have more 

constraints from the beams, which make it to be statically 

indeterminate structures. 

(3) With the increase of axial compressive ratio, the 

story drift ratio decreased. Compared with PLJ1 with 

n=0.16, the story drift ratio of PLJ2 with n=0.32 decreased 

by 11.3%. 

 

3.6 Hysteretic energy dissipation 
  
In order to evaluate the seismic performance of the 

specimens, the hysteretic energy dissipation was considered 

in terms of equivalent viscous damping factor he, which is 

shown in Fig. 11. The he can be calculated as follows 

 ℎ𝑒 =
1

2𝜋

𝑆(𝐴𝐵𝐶+𝐶𝐷𝐴)

𝑆(Δ𝑂𝐵𝐸+Δ𝑂𝐷𝐹)
 (3) 

Where, S(ABC+CDA) = the area enclosed by a complete 

load cycle; S(ΔOBE+ΔODF)  = idealized energy dissipation 

assuming elastoplastic behavior.  

 

 

 

Table 4 shown the equivalent viscous damping factor of 

all the specimens as they failed. As shown in Table 4, it is 

evident that he for planar joints were lower than those for 

space joints owing to the more beams that space joint 

connected. The is because the severe damage could be 

observed at the junction between the column climb and the 

beam owing to more beams connected to the joint, 

indicating more energy dissipated under the cyclic loading. 

The specimen with the loading angle of 45° exhibits a better 

energy dissipation capacity. A reduction of 16.7% in energy 

dissipation was observed for the specimen with the loading 

angle of 30°, compared to the loading angle of 45°. 

 

3.7 Stiffness degradation  
 
Secant stiffness (Ki) is used to assess the stiffness 

degradation under different lateral displacement levels 

𝐾∆ =
|𝑃𝑖

+| + |𝑃𝑖
−|

|∆𝑖
+| + |∆𝑖

−|
 (4) 

Where, Pi = the maximum load under the ith loading 

cycle in kN; Δi = the maximum lateral displacement 

corresponding to the Pi under ith loading cycle in mm.  

Fig. 12 showed the relationship between the secant 

stiffness and normalized yield displacement. In Fig. 12(a), 

the stiffness of specimens with the column aspect ratio of 

3.0 were greater than those with the aspect ratio of 4.0, 

which is indicated that the secant stiffness is sensitive to the 

section dimension. Compared to the solid-web specimens, 

the secant stiffness of the U-steel truss specimens quickly 

decreased since the high steel ratio of the solid-web 

specimen resulted in the lighter damage in concrete. In Fig. 

12(b), because the cracks were less observed under high 

axial compression, the initial stiffness increase with the 

increase of the axial compressive ratio. In the whole loading 

progress, the secant stiffness of specimen SLJ7 is greater 

than specimens SLJ6. It is indicated that the contribution of 

the slab is significant to the stability of the joint zone. In the 

initial loading stage, the stiffness of the RC column-

concrete beam joint was higher in comparison to the SRC 

joint. Because during that stage the concrete was the main 

resistance member, the contribution of the steel or  

Table 4 Displacement ductility factors, equivalent viscous damping coefficients, and layer displacement angles of 

specimens 

Specimen label PLJ1 PLJ2 PLJ3 PLJ4 SLJ1 SLJ2 SLJ3 SLJ4 SLJ5 SLJ6 SLJ7 

he in the failure 

cycle 
0.204 0.252 0.254 0.241 0.442 0.368 0.419 0.577 0.538 0.438 0.420 

μ 

+ 2.22 2.30 2.01 2.85 3.83 2.94 3.73 3.14 3.55 7.91 6.80 

- 3.84 2.87 2.04 3.67 4.52 6.12 4.08 4.13 4.42 6.19 5.08 

average 3.03 2.59 2.03 3.26 4.18 4.53 3.91 3.64 3.99 7.05 5.94 

𝜃𝑦 
+ 1/125 1/125 1/111 1/125 1/122 1/96 1/134 1/163 1/167 1/211 1/219 

- 1/167 1/167 1/111 1/167 1/228 1/195 1/203 1/229 1/184 1/246 1/184 

𝜃𝑓 
+ 1/58 1/55 1/58 1/45 1/32 1/33 1/36 1/52 1/47 1/27 1/32 

- 1/43 1/55 1/55 1/50 1/50 1/32 1/50 1/55 1/42 1/40 1/36 
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reinforced bar relatively less than the concrete. In addition, 

the secant stiffness of solid-web specimens is greater than 

the hollow-web steel specimens. 

 

 

4. Shear Capacity of joint 
 

4.1 Shear capacity along the principal axis of the joint 
 
Based on the previous research (Chen and Lin 2009, 

Montava Belda et al. 2019, Xu et al. 2020), the 

superposition method was able to accurately estimate the 

shear strength of the SRC joint. Namely, the shear strength 

contributed by steel shape, the transverse reinforcements, 

and the concrete shear. In this study, the superposition 

theory and equilibrium plasticity truss model were used to 

estimate the shear strength of the concrete. Our early work 

obtained the relationship of the compressive ratio and shear 

capacity in the method of finite element analysis. According 

to the finding, the shear strength Vj of the different type 

joints can be calculated as follow: 

1) Solid-web steel L-shaped column-beam planar joint 

can be calculated as follows 

𝑉𝑗 = 0.5(0.69 − 0.4𝑛)𝜂𝜉𝑓𝑏𝑗ℎ𝑐𝑓𝑐 (√1 + (
ℎ𝑏

ℎ𝑐
)

2

−
ℎ𝑏

ℎ𝑐
) +

𝐴𝑠𝑣

𝑆𝑠𝑣
𝑓𝑠𝑣(ℎ0 − 𝑎𝑟

′ ) +
1

√3
ℎ𝑤𝑡𝑤𝑓𝑦             

(5) 

 

 

 

 

 

 

2) T-shaped truss L-shaped column-beam planar joint 

can be calculated as follows 

𝑉𝑗 = 0.5(0.70 − 0.6𝑛)𝜂𝜉𝑓𝑏𝑗ℎ𝑐𝑓𝑐 (√1 + (
ℎ𝑏

ℎ𝑐
)

2

−
ℎ𝑏

ℎ𝑐
) +

𝐴𝑤ℎ

𝑆𝑤ℎ
𝑓𝑤𝑣(ℎ0 − 𝑎𝑟

′ ) +
𝐴𝑠𝑣

𝑆𝑠𝑣
𝑓𝑠𝑣(ℎ0 − 𝑎𝑟

′ )      

(6) 

3) U-steel truss L-shaped column-beam planar joint can 

be calculated as follows 

𝑉𝑗 = 0.5(0.80 − 0.8𝑛)𝜂𝜉𝑓𝑏𝑗ℎ𝑐𝑓𝑐 (√1 + (
ℎ𝑏

ℎ𝑐

)
2

−
ℎ𝑏

ℎ𝑐

)

+
𝐴𝑤ℎ

𝑆𝑤ℎ

𝑓𝑤ℎ(ℎ0 − 𝑎𝑟
′ ) 

(7) 

Where n= axial compression ratio; = width coefficient 

of concrete diagonal compressive strut referred to the 

location of the joint in the structure, which was determined 

as 0.8 in this study owing to the corner joint; ξf = coefficient 

of the flange, which is 1.05 and 1.1 for 120 mm and 240 

mm of the extensive length, respectively; bj= width of the 

joint core section (bj=bb+0.5bc ,when width of the beam is 

less than the width of the column climb; otherwise, bj=bc ); 

bc = width of the column climb; hc = depth of the column 

climb in the direction of the shear; fc= concrete prism 

strength, fc=0.76fcu; hb= width of the beam; Asv = the total 

area of the transverse reinforcement perpendicular to the 

column climb; Ssv= spacing of the transverse reinforcement;  

 

Fig. 11 Energy dissipation 

  
(a) planar joint (b) Space join 

Fig. 12 Degradation of secant stiffness 
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fsv = yield strength of the transverse reinforcement; ar’ = the 

distance from longitudinal tension reinforcement to the 

extreme compressive fiber of concrete or the centroidal axis 

of steel flange; hw = steel web width; tw = steel web height; 

fy = yield strength of steel web; Awh =the total area of 

horizontal steel web in hollow-web specimen; Swh = the 

spacing of the horizontal steel web in hollow-web 

specimen; fwh = yield strength of the horizontal steel web in 

hollow-web specimen. 

 

4.2 Shear capacity affecting by load angle 
 
Our group (Wang 2013) obtained the relationship of the 

shear strength of L-shaped column-beam space joint and 

planar joint under any angle by regression analysis of the 

finite element model.  

𝑉𝑗,𝛼 = 𝑉𝑗√cos 𝛼 + sin 𝛼                                                                          (8) 

 

4.3 Comparison and analysis of the predicted result 
and test result 

 
Based on the equilibrium of moments, the formula of 

shear capacity for the joint along with one principal axis 

could be expressed as follow 

𝑉𝑗 =
𝑀𝑏

ℎ𝑏𝑤
(1 −

ℎ𝑏𝑤

ℎ−ℎ𝑏
)                                                                              (9) 

𝑀𝑏 = 𝑉𝑐(ℎ − ℎ𝑏) (10) 

Where, Mb = beam end moment of the joint; Vc = the 

lateral load at the top column; hbw = distance between the 

centroidal axis of top and the bottom steel flange or center-

to-center distance between the compressive and tensive 

reinforced bars; h = the distance between the upper and the 

lower counterflexural point of the column. 

To assess the applicability of the calculation method 

mentioned above, 9 extra L-shaped SRC column-steel beam 

or SRC beam joints (N 2014) which exhibited shear failure 

in the joint panel was applied for supplementary calculation. 

All the calculated results are presented in Fig. 13. A 

 

 

regression line was provided to better highlight the accuracy 

of this method in predicting the strength. For joints with the 

shear failure mode, the slope of the regression line is 

0.99088, which indicating the method agreed well with the 

test result. The joints with bending failure mode in the beam 

tip are mainly spatial joint. The slope of its regression line 

is 0.77223. It is indicated that the method underestimated 

the strength of the spatial joint, which is in accord with the 

design concept of the strong joint. 

 

 

5. Conclusions 
 

Based on the test investigation presented herein, the 

major findings of the study are summarized as follows: 

 The failure mode of the L-shaped SRC column-c

oncrete beam planar joint specimen is mainly the 

shear failure in the joint panel zone, while the L-shape

d reinforced column-reinforced beam space joint 

specimen is plastic hinge failure in the beam tip. As to 

the failure model of specimen L-shaped SRC column-

concrete beam space joint with the slab, the tip of the 

beam occurred plastic hinge and the floor slab is 

bending failure. 

 The hysteresis loop of the SRC L-shaped column-

RC beam joint specimen is remarkable asymmetry, and 

the hysteretic curve of solid-web specimens is plumper 

than that of the hollow-web specimen. It is attributed 

that the steel in the L-shaped column only enhances the 

bearing capacity in one direction, while the bearing 

capacity in the other direction is affected by 

Bauchenger effect significantly. 

 The normalized capacity of the space joint under 

30° load angle is greater than that under 45°. The 

existence of slab has a significant contribution to the 

improvement of the load capacity and the stability of 

the stiffness. The high compression ratio contributed to 

the increase in capacity and initial stiffness of the joint. 

 Comparing the planar joint and spatial joint, the 

relative bearing capacity of the former is higher while 

the latter has better performance at energy dissipation, 

displacement ductility, and collapse resistance. In 

  

(a) Shear failure mode (b) Bending failure mode 

Fig. 13 Comparison of the calculated and the experimental strength of the joints 
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general, the elastic and elastic-plastic story deformation 

capacity of L-shaped column frame joints are greater 

than the code requirement of 1/550 and 1/50. 

 In view of the loading angle, the modified 

calculation method of shear bearing capacity of L-

shaped column-beam joint was put forward, and the 

predicted value of the joint with shear failure mode in 

the joint core is agreed with the test result. The 

calculated value of joint occurred beam failure in beam 

tip is lower than the test value and satisfies the seismic 

requirements for “strong joints” 
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