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ABSTRACT 8 

Using stainless steel (SS) reinforcement can mitigate colossal damage inflicted to reinforced 9 

concrete (RC) structures worldwide due to corrosion. However, there is still dearth of studies on the 10 

seismic behavior of SS-RC structures. Hence, an experimental investigation was conducted to 11 

explore the seismic performance of SS-RC frame edge joints. Ordinary steel and SS rebar RC frame 12 

edge joints exhibited similar bending-shear failure patterns at the root of the beam. The load bearing 13 

capacity of SS-RC frame edge joint specimens was greater than that of control ordinary steel RC 14 

counterparts. The yield and ultimate displacements of the SS-RC specimens were both larger, while 15 

the displacement ductility coefficient was smaller than that of control ordinary specimens, 16 

respectively. Generally, SS-RC specimens met design code ductility requirements under earthquake 17 

loading, with adequate plastic deformation ability. A constitutive relationship for SS rebar was 18 

proposed in this study and used to conduct finite element simulation of the tested specimens. Good 19 

correlation between simulation and experimental results was observed. Thus, a parametric study 20 

was conducted to numerically study the effects of the axial compression, longitudinal and hoop 21 

reinforcement ratios on the seismic behavior of SS-RC joints. The findings could provide a 22 

theoretical basis for design provisions of SS reinforced concrete structures.  23 

Keywords: Stainless steel; Reinforced concrete; Frame; Beam-column joint; Seismic; Experiment; 24 

Numerical simulation. 25 
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1. Introduction 33 

Corrosion of steel has been, by far, the costliest damage mechanism in reinforced concrete (RC) 34 

structures, compromising the structural integrity and safety of a large portfolio of buildings, bridges, 35 

tunnels, lifeline systems and other critical civil infrastructure around the world. While associated 36 

with higher materials cost, stainless steel (SS) can prevent corrosion, and thus can be cost 37 

competitive based on life cycle analysis. Yet, research on SS-RC structures has so far focused 38 

primarily on its rust resistance and on the mechanical performance of individual members, such as 39 

beams and columns. There is dearth of research on the seismic performance of concrete structures 40 

reinforced with SS, which has hindered wider implementation of SS rebar in large-scale 41 

construction.  42 

Substantial research has demonstrated that beam-column joints (BCJs) are paramount in the 43 

earthquake behavior of RC frame structures. For instance, Youssef and Ghobarah [1] proposed 44 

models for the shear, bond slip, and flexural deformations in the plastic hinge regions of BCJs. 45 

Sadjadi [2] carried out an experimental study on 7 beam-column edge joints and showed that when 46 

more stirrups were arranged in the core area of the joints, the BCJs had better shear bearing capacity 47 

after yielding and full bending capacity of the beam could be mobilized. Ghobarah and El-Amoury 48 

[3] reported on 12 full-scale RC edge joint tests to show that the BCJ flexural strength ratio played 49 

a very important role in determining the position of the plastic hinge.  50 

The role of stirrups in the core area of BCJs is mainly to bear shear forces and restrain concrete 51 

deformation in the core area. Meas et al. [4] presented experimental results of 4 lightly reinforced 52 

concrete exterior BCJs with and without beam stubs under cyclic loading. The strut-and-tie model 53 

based on the recorded strain in the joint transverse reinforcement was used to determine the force 54 

flow in the joint core. Ding et al. [5] tested 7 full-scale joints to investigate the seismic performance 55 

of BCJs with design for deconstruction (DfD) connections. The proposed concrete frame joint with 56 

DfD connections had favorable seismic performance, though with smaller displacement ductility. 57 

Such experimental studies and theoretical analyses on the seismic performance of ordinary BCJs 58 

have laid a solid foundation for the seismic design of BCJs with conventional steel rebar 59 

reinforcement. 60 

Conversely, research on stainless steel reinforced concrete structures is still in its infancy. Existing 61 

studies [e.g. 6,7,8] compared the corrosion resistance of SS-RC and ordinary RC specimens, 62 

showing that SS rebar had superior rust resistance. This has led to several applications of SS, 63 

particularly in offshore RC structures. Other studies have explored the design and behavior of SS 64 

https://scholar.google.com/citations?user=HFP2268AAAAJ&hl=zh-CN&oi=sra
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tube concrete structural members. For instance, Uy et al. [9] studied the behavior of short and 65 

slender concrete-filled SS tubular columns. Ellobody and Young [10] studied the design and 66 

behavior of concrete-filled cold-formed SS tube columns. Ye et al. [11] investigated the mechanical 67 

behavior of concentrically and eccentrically loaded concrete-filled SS tube tensile members. The 68 

concrete infill effectively worked with the outer SS tube. All tensile members showed ductile 69 

behavior, yet the SS tube concrete was considered costly. 70 

There is limited research on the mechanical properties of SS bars in concrete members. 71 

Ertzibengoa et al. [12] investigated the bond behavior of stainless steel rebars on RC specimens. 72 

A bond stress–slip relationship for SS bars was established. This research showed that the bond 73 

behavior of SS rebars was comparable to that of carbon steel bars. Pauletta, et al. [13] and Xu, 74 

et al. [14] conducted testing on the bond between SS rebar and concrete. They reported that SS 75 

rebar had good bonding properties with concrete, and formulas for calculating the bonding force 76 

between SS rebar and concrete were proposed. Li et al. [15] compared the flexural and shear 77 

capacity of SS-RC beams with that of ordinary RC beams and showed that the ultimate shear force 78 

of SS-RC beams was significantly higher than that of control ordinary RC beams. Zhang et al. [16] 79 

experimentally studied the bending performance of concrete beams reinforced with SS and ordinary 80 

steel bars. The load capacity of SS-RC beams was higher than that of ordinary steel bar counterparts. 81 

Huang [17] conducted fatigue load tests on SS-RC beams and ordinary RC beams to study the crack 82 

development and width, number of stress cycles, and stress-strain relationship between steel and 83 

concrete. Test results showed that the cumulative damage of concrete and steel bars in SS-RC beam 84 

specimens was smaller than that in ordinary RC beam counterparts. Zhang [18] investigated the 85 

mechanical properties of SS-RC slabs through static fatigue tests. Test results showed that the 86 

fatigue life of SS bar concrete slabs was 1.1 times that of control ordinary RC slabs.  87 

The Hong Kong-Zhuhai-Macao Bridge connecting Hong Kong, Macau and Zhuhai is currently the 88 

longest sea-crossing bridge in the world. This bridge used nearly 3,500 tons of SS bars including 89 

duplex SS bars for the cap, tower and pier. Experimental SS bars and normal bars used in the present 90 

study are from the same manufacturer of SS bars used in the construction of the Hong Kong-Zhuhai-91 

Macao Bridge. Compared with ordinary carbon steel and low alloy steel, the advantages of SS bar 92 

include: i) superior corrosion resistance and durability; ii) reduced requirements for protective layer 93 

of concrete; iii) good processability, impact resistance and ductility; iv) good adaptability in both 94 

high and low temperature environments; v) anti-magnetic penetration and anti-radiation 95 

performance; vi) recyclability; and vii) reduced total life cycle costs. The current body of knowledge 96 
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discussed above indicates that SS rebar has adequate performance and can be applied in RC 97 

structures. However, little research on the seismic behavior of SS-RC structures exists, especially 98 

for BCJs. This lack of research and need for pertinent design provisions have hindered large-scale 99 

application of SS-RC. Accordingly, the present study examines the seismic performance SS-RC 100 

BCJs and develops predictive numerical tools for its behavior.  101 

2.  Experimental Program 102 

2.1 Test Specimens 103 

Four half-scale beam-column edge joints were designed as per design code provisions [19]. Joints 104 

BJD-1, BJD-2, and BJD-3 were reinforced with SS bars with a strength grade of 500, while the 105 

contrastive joint BJD-4 was reinforced with HRB400E ordinary steel bar (HRB400E refers to 106 

ordinary hot rolled ribbed reinforcement with yield strength of 400 MPa). The suffix E indicates 107 

seismic performance of the rebar with load capacity between yield and tensile strength of 25% of 108 

yield strength, and maximum elongation of 9%, as opposed to 7.5% for ordinary rebar. This ensures 109 

better ductility under earthquake force. The used concrete mixture had 28-d compressive strength 110 

of 49.8 MPa. Details of the joint are shown in Fig. 1. Table 1 provides further information about 111 

the main test parameters: hoop ratio, column axial load ratio, and column longitudinal ratio.112 

2.2 Test Setup  113 

Figure 2 shows a schematic of the test setup. Digitally controlled MTS machine was used to apply 114 

quasi-static load on the free end of the beam. The upper and lower ends of the column were hinged. 115 

The lower end of the column was connected with the spherical hinge anchored on the ground. The 116 

upper end of the column was instrumented with a pressure sensor. The horizontal tie rod and oil 117 

pressure jack on top of the column were connected through a spherical hinge. The other end of the 118 

horizontal tie rod was connected with the rigid wall through a hinged support, so as to ensure that 119 

the upper end of the column does not undergo horizontal displacement. 120 

The main measurements were the vertical loads and displacements at the ends of beams and column, 121 

shear deformation of the joint, longitudinal steel strain of the beam and column in the plastic hinge 122 

region, and stirrup strain in the core region of the joint. The specific measuring devices include two 123 

force sensors set at the top of the column and the end of the beam; LVDTs at the column end, beam 124 

end, beam plastic hinge section, column plastic hinge section and the joint core area. The LVDTs in 125 
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the joint core area were cross; A total of 8 LVDTs were installed as shown in Fig. 3. Strain gauges 126 

were also attached on select stirrups and longitudinal bars in the joint core area and the plastic hinge 127 

area of beam and column to measure strain development in reinforcing bars (Fig. 4). 128 

The test started by applying constant axial force on top of the column (the test axial pressure ratio 129 

was 0.3). The cyclic load was increased at the free end of the beam in increments of 5 kN in each 130 

step until yielding behavior was observed. The test was then changed to displacement control by 131 

applying displacements of ±2Δy, ±3Δy, where Δy is the yield displacement. Each load cycle was 132 

repeated twice. The test was stopped when the load dropped by 15% or more, and the joint was then 133 

considered at a failure stage. 134 

2.3 Experimental Behavior 135 

Generally, joints behaved in a similar manner. The longitudinal rebars of the beam reached the yield 136 

strength, then a plastic hinge was formed at the root of the beam. For joint BJD-1, at the initial stage 137 

of loading, the beam behaved in an elastic manner. At the load of 20 kN, a vertical crack appeared 138 

in the beam near the joint, having a width of about 0.12 mm, as shown in Fig. 5(a). Then 139 

longitudinal rebars of the beam reached the yield strength and diagonal cracks were observed in the 140 

joint area at a load of about 38 kN (Fig. 5(b)). The corresponding yield displacement was 19 mm. 141 

With the increase of displacement load, cracks became wider and more abundant. Additional 142 

vertical cracks formed in the beam, while diagonal cracks in the joint could also be observed as 143 

shown in Fig. 5(c). At a displacement of 5Δy, the load decreased to 28 kN, which is less than 85% 144 

of the ultimate bearing capacity, which represents failure, with the joint damage shown in Fig. 5(d). 145 

The longitudinal reinforcement ratio of the column of specimen BJD-2 was lower than that of BJD-146 

1. During the failure process, BJD-2 had more cracks in the joint core area than BJD-1, which 147 

tended to extend to both ends of the column. Moreover, on the specimen side without beam restraint, 148 

the concrete in the core area exhibited cracks, as shown in Fig. 6. The stirrup ratio of the joint core 149 

area of BJD-3 was lower than that of BJD-1. Thus, BJD-3 displayed more damage in the joint core 150 

area during the failure process. Moreover, on its side without beam restraint, concrete in the core 151 

area incurred external bulge, as shown in Fig. 7. 152 

The reinforcement ratios of specimens BJD-4 and BJD-1 were similar, yet the type of steel bar was 153 

different. Because the joint was designed according to the strong column and weak beam concept, 154 

the strength of BJD-4 reinforcement was lower than that of BJD-1. In the process of specimen 155 

failure, the bearing load was minimum, that is, the bending moment transferred to the column was 156 
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minimum. When the strength of the column and core area of the joint had not yet been fully 157 

mobilized, the root of the beam was damaged, while there was no crack in the core area of the joint, 158 

(Fig. 8). When the load reached 12 kN, a crack in the longitudinal direction appeared at the upper 159 

part of the beam root near the joint core area, with a width of about 0.09 mm. When the tensile 160 

reinforcement of the beam reached the yield strain, it was considered that the specimen had reached 161 

its yield state. At this stage, the crack at the root of the beam continued to expand, and the load 162 

reached 24.6 kN, which was recorded as the yield load Py, while the displacement at the loading 163 

point was recorded as the yield displacement Δy = 12.5 mm, which was taken as the first loading 164 

cycle of displacement control. The test was then transferred to the displacement control stage. When 165 

the load reached 7Δy, the bearing capacity of the test specimen rapidly dropped to 17 kN, reaching 166 

below 85% of the ultimate capacity. At this stage, the concrete in the compression zone at the root 167 

of the beam of the joint was severely crushed, which was consider. 168 

Considering strain gauge data, it was found that when the specimens were damaged, the longitudinal 169 

reinforcement of the beam in each specimen reached the yield strain value, while the longitudinal 170 

reinforcement of the column and stirrup in the joint core area had not reached the yield strain value, 171 

which is consistent with the failure mode of the test. 172 

2.4 Load 173 

The loads causing cracking, yielding and failure for specimens BJD-1, BJD-2, BJD-3 and BJD-4 174 

are shown in Table 2. The yield load and ultimate load of specimens BJD-1, BJD-2, BJD-3 were 175 

comparable. If failure of the beam occurred before that of the joint, and the beam reinforcements 176 

were similar, the reinforcement of the column and stirrup in the joint core area had no clear effect 177 

on the yield load and ultimate bearing capacity of the joint. The three specimens had little difference 178 

in cracking load, yield load and ultimate load, which is likely caused by minor differences in the 179 

placement of steel bars in the process of specimen fabrication. Compared with specimen BJD-4, the 180 

cracking load of BJD-1 increased by 66.7%, while the yield load increased by 54.5%, and the 181 

ultimate load increased by 22.3%. The strength grade of SS bars was 500, while that of carbon steel 182 

bars was 400. Thus, the bearing capacity of the former was stronger in each load stage.  183 

2.5 Hysteresis and Skeleton Curves 184 

Figure 9 compares hysteresis curves of specimens BJD-1~BJD-3 to that of BJD-4. Both joint 185 

specimens with SS and HRB400E bars displayed curves with relatively full bow shape, and the 186 

pinching phenomenon was not observed. The yield and ultimate displacements of specimen BJD-4 187 
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were smaller, but its hysteresis loop was fuller in the yield stage. The development trend of the 188 

hysteretic curves for BJD-1~BJD-3 was basically similar, and hysteretic loops were relatively full. 189 

This indicates that the SS joints had excellent plastic deformation and energy dissipation capacity. 190 

At the initial stage, the load-displacement curve was linear, with little residual deformation in the 191 

unloading process. Before yielding, the hysteretic curve showed a stable bow shape, while in the 192 

unloading process, the residual deformation and stiffness degradation were small. After yielding, 193 

the stiffness of the specimen displayed a degenerate trend, and the bearing capacity also tended to 194 

decrease. As the load increased, the deformation of the joint core increased. Compared with the 195 

initial loading period, the deformation rate also increased significantly. At this point, the curve had 196 

obvious residual deformation and pinched behavior.  197 

The comparison of skeleton curves is shown in Fig. 10. The shapes of curves for the four specimens 198 

were comparable, which shows that the energy dissipation capacity of the SS-RC specimens was 199 

similar to that of the control BJD-4 specimen. The yield and ultimate loads of BJD-4 were smaller, 200 

while the corresponding characteristic displacement was comparable to that of SS-RC specimens. 201 

When the root of the beam was damaged first, increasing the longitudinal reinforcement ratio of the 202 

column and stirrup ratio of the joint core area did not change significantly the yield load, ultimate 203 

load and corresponding characteristic displacement. 204 

2.6 Ductility  205 

According to the ratio of the ultimate displacement Δu and yield displacement Δy of the specimen, 206 

the displacement ductility coefficient of the specimen is expressed as [20]: 207 

𝜇𝜇 = 𝛥𝛥𝜇𝜇
𝛥𝛥𝑦𝑦

       (1) 208 

Where：𝜇𝜇 = Ductility coefficient; 𝛥𝛥𝜇𝜇= Ultimate displacement (mm); 𝛥𝛥𝑦𝑦= Yield displacement (mm). 209 

Displacement ductility coefficients are listed in Table 3. For SS reinforced BCJs, the displacement 210 

ductility coefficients (for BJD-1, BJD-2 and BJD-3) were comparable. The yield and ultimate 211 

displacements of the three SS RC BCJ specimens were both larger, but the displacement ductility 212 

coefficient was smaller than that of the BJD-4 specimen. This is because BJD-4 used HRB400E, 213 

which is hot-rolled ribbed steel bars with excellent seismic performance. The essential difference 214 

between BJD-4 and ordinary carbon steel reinforcement BCJ specimens was that the maximum 215 

elongation of ordinary steel bars was increased from 7.5% to 9%.  216 
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The required displacement ductility coefficient of RC seismic structures is usually 3~4 [19]. It can 217 

be observed in Table 3 that the ductility coefficient μ of each specimen was between 5.62~6.63, 218 

which meets the ductility requirements for RC structures under earthquake action, indicating that 219 

the ductility of each specimen was adequate. Therefore, RC structural members with stainless steel 220 

bar could also achieve adequate plastic deformation capacity under earthquake action. 221 

2.7 Energy Dissipation 222 

Using the calculation method given in the “Code for Building Seismic Test Methods (JGJ 101-223 

96)”[20], the energy dissipation coefficient E and the equivalent viscous damping coefficient he 224 

were obtained in order to quantitatively analyze the energy dissipation capacity of the test specimens 225 

at the cracking, yield and ultimate stages. Table 4 lists the energy dissipation coefficients and the 226 

equivalent viscous damping coefficients for the test specimens. 227 

The energy dissipation of BJD-1, BJD-2 and BJD-3 was comparable in each stage, which shows 228 

that when the beam reinforcements were similar and the beam bars incurred yielding prior to that 229 

of the joint, increasing the longitudinal reinforcement ratio of the column and the stirrup ratio of 230 

the joint core area did not significantly increase the energy dissipation of the joint. The energy 231 

dissipation coefficient and equivalent viscous damping coefficient of BJD-1, BJD-2 and BJD-3 232 

were higher than that of BJD-4 in both the cracking and yield stages, but were lower in the ultimate 233 

stage, which indicates that HRB400E reinforcement had better energy reserve capacity under 234 

seismic action. 235 

3.  Finite Element Model 236 

3.1 Concrete 237 

The uniaxial stress-strain curve of concrete according to the GB50010-2010) [19] code for design 238 

of concrete structures was adopted in developing the finite element model (Fig. 11). The stress-239 

strain curve of uniaxial tension of concrete can be determined via the following formula: 240 

𝜎𝜎 = (1 − 𝑑𝑑𝑡𝑡)𝐸𝐸𝐶𝐶𝜀𝜀   (2) 241 

𝑑𝑑𝑡𝑡 = �
1 − 𝜌𝜌𝑡𝑡[1.2− 0.2𝑥𝑥5]    (𝑥𝑥 ≤ 1)

          1 − 𝜌𝜌𝑡𝑡
𝛼𝛼𝑡𝑡(𝑥𝑥−1)1.7+𝑥𝑥

  (𝑥𝑥 > 1)               (3) 242 

𝑥𝑥 = 𝜀𝜀
𝜀𝜀𝑡𝑡,𝑟𝑟

  ,   𝜌𝜌𝑡𝑡 = 𝑓𝑓𝑡𝑡,𝑟𝑟

𝐸𝐸𝑐𝑐𝜀𝜀𝑡𝑡,𝑟𝑟
 243 
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Where: αt = parameter value of the descending phase of the uniaxial tensile stress-strain curve of 244 

concrete；ft,r = representative value of concrete uniaxial tensile strength that can be taken as ft, ftk, 245 

ftm as required; εt,r = peak tensile strain of concrete corresponding to the representative value of 246 

uniaxial tensile strength ft,r; and dt = damage evolution parameter of concrete under uniaxial tension. 247 

The stress-strain curve for uniaxial compression of concrete can be expressed as:  248 

σ = (1− 𝑑𝑑𝑐𝑐)𝐸𝐸𝑐𝑐𝜀𝜀    (4) 249 

𝑑𝑑𝑐𝑐 = �
1 − 𝜌𝜌𝑐𝑐𝑛𝑛

𝑛𝑛−1+𝑥𝑥𝑛𝑛
   (𝑥𝑥 ≤ 1)

1− 𝜌𝜌𝑐𝑐
𝛼𝛼𝑐𝑐(𝑥𝑥−1)2+𝑥𝑥

   (𝑥𝑥 > 1)
  (5) 250 

𝜌𝜌𝑐𝑐 = 𝑓𝑓𝑐𝑐,𝑟𝑟
𝐸𝐸𝑐𝑐𝜀𝜀𝑐𝑐,𝑟𝑟

 , 𝑛𝑛 = 𝐸𝐸𝑐𝑐𝜀𝜀𝑐𝑐,𝑟𝑟
𝐸𝐸𝑐𝑐𝜀𝜀𝑐𝑐,𝑟𝑟−𝑓𝑓𝑐𝑐,𝑟𝑟

 , 𝑥𝑥 = 𝜀𝜀
𝜀𝜀𝑐𝑐,𝑟𝑟

 251 

Where: αc = parameter value of the descending phase of the uniaxial compression stress-strain 252 

curve of concrete；fc,r = representative value of concrete uniaxial compression strength, which can 253 

be taken as f’c, fck, fcm as required；εt,r = peak compression strain of concrete corresponding to the 254 

representative value of uniaxial compression strength fcr; and dc = damage evolution parameter of 255 

concrete under uniaxial compression. The mechanical properties of concrete are shown in Table 5. 256 

3.2 Steel Rebar 257 

Tensile load and modulus of elasticity tests were carried out on both the SS and ordinary bars with 258 

diameter of 6 mm, 16 mm and 20 mm. The reported results are average values obtained on three 259 

identical specimens. The yield strength, tensile strength and modulus of elasticity of the steel bars 260 

were measured in accordance with the requirements of GB/T228-2002 [21] “Tensile Test Method 261 

for Metallic Materials at Room Temperature”. In order to measure the elastic modulus of SS, each 262 

bar was instrumented with a strain gauge, and data was collected by a data acquisition system, as 263 

shown in Fig. 12. The measured material parameters are reported in Table 6. 264 

The experimentally measured stress-strain curves for SS were adopted, along with the double-265 

diagonal model, as shown in Fig. 13. The yield load 𝑓𝑓𝑦𝑦 , ultimate load 𝑓𝑓𝑠𝑠,𝑢𝑢 , ultimate strain 𝜀𝜀𝑠𝑠 , 266 

elastic modulus 𝐸𝐸𝑆𝑆 and other parameters of the steel bar model were all measured experimentally. 267 

The stress-strain relationship was calculated as follows: 268 

When 𝜀𝜀𝑠𝑠 ≤ 𝜀𝜀𝑦𝑦, take 𝜎𝜎𝑠𝑠 = 𝐸𝐸𝑠𝑠𝜀𝜀𝑠𝑠            (6) 269 
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When 𝜀𝜀𝑦𝑦 ≤ 𝜀𝜀𝑠𝑠 ≤ 𝜀𝜀𝑠𝑠, take 𝜎𝜎𝑠𝑠 = 𝑓𝑓𝑦𝑦 + �𝜀𝜀𝑠𝑠 − 𝜀𝜀𝑦𝑦� tan 𝜃𝜃”   (7) 270 

Where: tan𝜃𝜃" = 𝐸𝐸𝑠𝑠" = 𝑓𝑓𝑠𝑠,𝑢𝑢−𝑓𝑓𝑦𝑦
𝜀𝜀𝑠𝑠,𝑢𝑢−𝜀𝜀𝑦𝑦

                           (8) 271 

4. Model Validation 272 

4.1 Failure Modes 273 

Failure modes of test specimens and equivalent simulated finite element analysis are shown in Fig. 274 

14. The simulation results had behavior in agreement with test results. The longitudinal 275 

reinforcement of the beam yielded first. It could be observed that the concrete at the end of the beam 276 

was crushed. All specimens were damaged due to failure of the plastic hinge at the end of the beam.  277 

4.2 Hysteretic Curves 278 

Figure 9 compares hysteresis curves from experimental tests to that of the numerical simulation. 279 

The hysteresis curves from finite element analysis were in good agreement with the corresponding 280 

experimental hysteresis curves. The calculated data error was less than 18%. The simulated mode 281 

of failure was similar to that observed experimentally. This indicates that the modeling method, 282 

assumed boundary conditions and overall finite element simulation were reasonable. Thus, the 283 

model could be further used to carry out parametric analyses. 284 

5. Parametric Analyses 285 

Finite element model simulations were conducted for the reinforced concrete beam-column edge 286 

joints reinforced with SS and normal steel rebar under quasi-static loading. The parameters 287 

considered in the parametric study included the axial compression ratio, longitudinal reinforcement 288 

ratio and hoop ratio, as shown in Table 7.  289 

5.1 Axial Compression Ratio 290 

Figure 15 illustrates the effect of the axial compression ratio of the column on the beam load versus 291 

beam end displacement curves. It can be observed that the axial compression ratio had a significant 292 

influence on the shear capacity of the joint. In a certain range, the increase of axial compression 293 

effectively improved the shear strength of the joint. However, when the axial compression ratio 294 

exceeded a certain threshold limit (i.e. axial pressure was too large), premature crushing of the 295 

concrete in the joint core area occurred, which decreased the shear strength and the ductility of joint. 296 
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5.2 Effect of Longitudinal Reinforcement Ratio of Column  297 

Figure 16 depicts the effect of the longitudinal reinforcement ratio of the column on the beam load 298 

versus beam end displacement curves. It can be observed that if the reinforcement ratio of the 299 

longitudinal tensile steel bar of the column was increased, the deformation capacity of the cross-300 

section of the column was enhanced after the longitudinal reinforcement of the column reached the 301 

yield strength. This trend increased linearly with increasing ratio of longitudinal reinforcement. 302 

Under the condition of no yield failure at the root of the beam, the ultimate bearing capacity of the 303 

joints could be effectively improved by increasing the ratio of longitudinal reinforcement of the 304 

column. Specimens BJD-1 and BJD1-04 satisfied the design requirements of "strong column weak 305 

beam" concept. In the case of yield failure at the root of the beam, simply increasing the ratio of the 306 

longitudinal reinforcement of the column hardly affected the bearing capacity of the joints. 307 

5.3 Effect of Hoop Reinforcement Ratio in Joint Core Area 308 

Figure 17 illustrates the influence of the hoop reinforcement ratio of the joint core area. It can be 309 

observed that the ultimate bearing capacity of the joints could be effectively improved by increasing 310 

the hoop ratio of the joint core area without yielding at the root of the beams. If yielding occurred 311 

at the root of the beam and only the hoop ratio in the core area was increased, the shear capacity 312 

was not significantly changed. 313 

6. Conclusions 314 

This study experimentally investigated the seismic behavior of reinforced concrete beam-column 315 

edge joint specimens reinforced either with stainless steel rebar versus conventional steel rebar. A 316 

finite element model was developed, and a parametric study was carried out to capture the influence 317 

of key design parameters on the overall BCJ behavior. The following conclusions can be drawn: 318 

• The failure patterns of RC BCJ specimens made with either SS or ordinary steel rebar were 319 

found to be similar, both exhibiting bending-shear failure at the root of the beam.  320 

• The load bearing capacity of BCJ specimens reinforced with SS rebar was greater at all 321 

loading stages than that of corresponding control specimens reinforced with normal rebar.  322 

• The yield and ultimate displacements of the BCJ specimens reinforced with SS rebar were 323 

both larger than that of control counterparts reinforced with ordinary rebar, but the 324 



12 

 

displacement ductility coefficient was smaller than that of the control ordinary specimens.  325 

• The ductility coefficient μ of the test specimens was between 5.62 and 6.63, which exceeds 326 

the requirements of ductility for RC structures under earthquake action. 327 

• When the axial compression ratio exceeded a certain threshold value, concrete in the core 328 

area of BCJs would be prematurely crushed, which decreased ductility of the BCJ specimens. 329 

• When the "strong column and weak beam" concept was satisfied, the shear bearing capacity 330 

of BCJs would be improved by increasing the longitudinal reinforcement ratio of the column. 331 

• If the beam did not incur yielding, increasing the hoop ratio of the core area could effectively 332 

enhance the shear capacity of joints. 333 

• Overall, the results indicate that stainless steel rebar satisfies seismic design requirements. 334 

Considering its durability benefits, it could make it cost competitive on a life cycle analysis 335 

basis and a strong contender to replace conventional rebar in offshore reinforced concrete 336 

structures and those located in highly corrosive environments.  337 
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Table 1.  Details of tested joints 386 

Joint 
Number 

Beam 
Longitudinal 

Bars 

Beam 
Hoop 

Ratio/% 

Column 
Longitudinal 

Bars 

Column 
Hoop 

Ratio/% 

Joint 
Hoop 

Ratio/% 

Column Axial 
Compression 

Ratio 

BJD-1 4S16 0.337 6S20 0.226 0.5652 0.3 

BJD-2 4S16 0.337 6S16 0.226 0.5652 0.3 

BJD-3 4S16 0.337 6S20 0.226 0.2830 0.3 

BJD-4 4H16 0.337 6H20 0.226 0.5652 0.3 

S: Stainless steel bar S30408; H: Carbon steel bar HRB400E. 387 

 388 
Table 2.  Characteristic loads for the tested joints 389 

Joint number Cracking load(kN) Yield load(kN) Ultimate load (kN) 

BJD-1 20 38 45 

BJD-2 16 35 50 

BJD-3 17 37 43 

BJD-4 12 25 37 

 390 

Table 3.  Displacement ductility coefficient 391 

Joint 

number 

Yield displacement 

Δy/mm 

Ultimate displacement 

Δu/mm 

Displacement ductility 

coefficient μ 

Positive Reverse Positive Reverse Positive Reverse 
Mean 

Value 

BJD-1 19.0 -18.5 106.0 -104.5 5.58 5.65 5.62 

BJD-2 18.0 -18.0 105.2 -100.4 5.84 5.58 5.71 

BJD-3 18.0 -18.5 104.5 -101.5 5.81 5.49 5.65 

BJD-4 12.5 -13.5 86.5 -85.5 6.92 6.33 6.63 

 392 
Table 4 The energy dissipation coefficient and the equivalent viscous damping coefficients 393 

Joint number 
Cracking stage Yield stage Ultimate stage 

E he E he E he 

BJD-1 0.47 7.48% 0.55 8.76% 1.43 22.77% 

BJD-2 0.44 7.01% 0.53 8.44% 1.44 22.92% 

BJD-3 0.48 7.64% 0.54 8.59% 1.42 22.61% 

BJD-4 0.42 6.69% 0.47 7.48% 1.72 27.38% 

  394 

http://d/Program%20Files%20(x86)/Youdao/Dict/8.2.1.0/resultui/html/index.html
http://d/Program%20Files%20(x86)/Youdao/Dict/8.2.1.0/resultui/html/index.html
http://d/Program%20Files%20(x86)/Youdao/Dict/8.2.1.0/resultui/html/index.html
http://d/Program%20Files%20(x86)/Youdao/Dict/8.2.1.0/resultui/html/index.html
http://d/Program%20Files%20(x86)/Youdao/Dict/8.2.1.0/resultui/html/index.html
http://d/Program%20Files%20(x86)/Youdao/Dict/8.2.1.0/resultui/html/index.html
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Table 5.  Concrete mechanic performance 395 

Concrete 
strength 

grade 

Elasticity 
modulus

（N/mm2） 

Poisson’s 
ratio 

Density
（kg/m3） 

Measured value of 
compressive 

strength（MPa） 

Measured value 
of tensile 
strength
（MPa） 

C40 32500 0.2 2400 49.8 4.98 

 396 

 397 

 398 

Table 6.  The result of steel mechanical property test 399 

Steel types 
Diameter of 
steel bar d  

(mm) 

Yield strength 
𝝈𝝈𝝈𝝈（N/mm2） 

Tensile strength 
𝝈𝝈𝝈𝝈（N/mm2） 

Yield 
strain 
（10-6） 

Modulus of 
elasticity 𝐸𝐸𝑆𝑆
（N/mm2） 

Stainless 

steel bar 

6 506.0 770.2 2405 203240 

16 513.2 766.9 2530 204340 

20 527.1 780.6 2477 203029 

HRB400E 

steel bar 

6 474.2 562.6 2258 210000 

16 436.7 616.0 2183 200000 

20 450.5 613.4 2253 200000 

 400 

 401 

Table 7.  Main parameters of finite element model 402 

Model number BJD-
1 

BJD-1-
01 

BJD-1-
02 

BJD-1-
03 

BJD-1-
04 

BJD-1-
05 

BJD-1-
06 

Strength grade of concrete C40 C40 C40 C40 C40 C40 C40 

hoop ratio of joint core area

（%） 
0.57 0.57 0.57 0.57 0.57 —— 1.13 

Longitudinal reinforcement 

ratio of column （%） 
1.51 1.51 1.51 0.64 2.01 1.51 1.51 

Axial compression ratio 0.3 0.05 0.6 0.3 0.3 0.3 0.3 

——：The core area of the joint is not provided with stirrup. 403 

  404 

yε

http://d/Program%20Files%20(x86)/Youdao/Dict/8.2.1.0/resultui/html/index.html
http://d/Program%20Files%20(x86)/Youdao/Dict/8.2.1.0/resultui/html/index.html
http://d/Program%20Files%20(x86)/Youdao/Dict/8.2.1.0/resultui/html/index.html
http://d/Program%20Files%20(x86)/Youdao/Dict/8.2.1.0/resultui/html/index.html
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 405 

Fig. 1.  Details of Tested Joints. 406 

 407 

 408 

 409 

Fig. 2.  Test equipment and layout.  410 

Column                   Beam 

(a)  Elevation (b)  Cross-section 
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 411 

 412 

Fig. 3.  LVDT placement and layout. 413 

 414 

 415 

 416 

Fig. 4.  Test strain gauge and layout. 417 

  418 
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  419 

Fig. 5.  Process of damage in BJD-1. 420 

 421 

 422 

Fig. 6.  Damage in BJD-2.  423 

(a) First observed crack in the beam (b) First observed diagonal crack in the joint 

(c) Formation of a full-height crack in the beam  (d) The joint at failure  
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 424 

   425 

Fig. 7.  Damage in BJD-3.  426 

 427 

 428 

  429 

Fig. 8.  Damage in BJD-4.  430 
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 431 

 432 

Fig. 9.  Hysteresis curve for different specimens. 433 

 434 

(a) Specimen BJD-1  (b) Specimen BJD-2   

(c) Specimen BJD-3  (d) Specimen BJD-4 
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Fig. 10.  Skeleton curve. 436 

 437 

 438 

 439 

Fig. 11.  Concrete stress - strain curve.  440 
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 441 

 442 

Fig. 12.  Steel rebal mechanical property testing. 443 

 444 

 445 

 446 

Fig. 13.  Mathematical model of stress-strain curve of steel bar.  447 

θ"

θ

f s,u

σs

f y

εy εs,u εs
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 448 

 449 

Fig. 14.  Simulation failure modes.  450 

(a) Specimen BJD-1 

(b) Specimen BJD-2 

(c) Specimen BJD-3 
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Fig. 15.  Influence of axial compression ratio. 452 
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Fig. 16.  Influence of column reinforcement ratio. 455 
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Fig . 17.  Analysis of hoop ratio in joint core area. 458 
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