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Abstract 11 

In order to investigate the seismic performance of Steel fiber-reinforced coal 12 

gangue concrete (SFCGC) joints, six specimens of SFCGC joints were tested to 13 

investigate the effects of coal gangue replacement rate (CGRR), steel fiber volume 14 

content (SFVC) on the failure modes of the SFCGC joints, the hysteresis curves, the 15 

displacement ductility, the shear deformation, the energy consumption, stiffness 16 

degradation, and bearing capacity. The study analyzed the cracking and failure trends 17 

of the specimens by comparing the results obtained through the digital image 18 

correlation (DIC) technique with conventional observations. The test results show that 19 

the failure mode of SFCGC joints is similar to that of steel fiber-reinforced normal 20 

concrete (SFNC) joints. Under the same CGRR, the addition of steel fibers effectively 21 

inhibited the development of cracks in the joints, and the crack load and ultimate load 22 

increased by up to 45.4% and 47.4%, respectively. Finally, a computational model is 23 

proposed to determine the shear capacity of SFCGC joints, which was able to predict 24 

the bearing capacity of SFCGC joints adequately. 25 

Keywords: Beam-column joints; Coal gangue; Steel fiber; Seismic performance. 26 

1.Introduction 27 

Coal gangue poses a significant threat to the ecological environment due to its 28 

accumulation [1-3]. Incorporating coal gangue into concrete production as a substitute 29 
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for natural gravel offers a viable solution to address this challenge. This approach 30 

reduces the dependency on natural gravel in the construction sector [4-6]. To promote 31 

the extensive utilization of coal gangue, numerous scholars have studied coal gangue 32 

concrete (CGC) in various directions [7-10]. Wang and Zhao [11] demonstrated that 33 

coal gangue, through rigorous testing of its fundamental physical properties, can 34 

effectively meet the compressive strength requirements for use as concrete aggregate. 35 

Liu et al. [12] presented a model for predicting the Young's modulus of CGC. However, 36 

it is noteworthy that excessive CGRR can significantly compromise the performance 37 

of CGC [13]. While the mechanical properties of CGC may not match those of 38 

concrete made with natural aggregates [14], it remains a viable option for practical 39 

engineering applications [15]. 40 

In recent years, there has been significant attention given to the use of various 41 

fibers in concrete materials due to their ability to enhance mechanical properties. 42 

Fibers are known to improve compressive strength, splitting tensile strength, shear 43 

properties, ductility, and numerous other attributes of concrete [16-18]. Among the 44 

diverse fibers available, steel fiber (SF) has garnered significant interest from 45 

researchers as a cost-effective metal fiber reinforcement. Boulekbache et al. [19] 46 

carried out studies that demonstrated the advantageous impacts of SF on concrete 47 

flexural properties under cyclic loading conditions. Chen et al. [20] explored the effect 48 

of SF on recycled aggregate concrete (RAC) specimens, analyzing the stress-strain 49 

relationship under cyclic loading. Additional research [21,22] have shown that SF can 50 

effectively improve the shear capacity of concrete nodal structures due to the fact that 51 



 

SF improves the bond and anchorage capacities between concrete and steel 52 

reinforcement, which ultimately improves the shear capacity of the joints. Therefore, 53 

adding SF to CGC is a promising way to improve its performance. 54 

It is well known that beam-column joints are critical parts of frame structures, 55 

connecting beams and columns, and they are weak points of the structure during 56 

earthquakes [23-25]. In terms of overall structural stability, these joints are crucial for 57 

maintaining the building's spatial geometry. During an earthquake, sound - performing 58 

joints enable the structure to keep its geometry and load - bearing capacity, preventing 59 

overall collapse. On the contrary, damaged beam - column joints from seismic forces 60 

disrupt structural continuity, triggering a chain reaction that may cause partial or total 61 

building collapse. Thus, studying their mechanical properties and damage mechanisms 62 

in seismic events is crucial for enhancing building seismic capacity and safeguarding 63 

structural integrity. Li [26] investigated and reported that the seismic performance of 64 

RAC joints was lower than that of NC joints. Zhang et al. [27] investigated the joints 65 

and reported on the impact of various factors, including concrete type and stirrup ratio. 66 

In addition, Zhang and Li [28] investigated the seismic performance of joints under 67 

quasi-static reversed cyclic and constant axial loading. In addition, the study of bond 68 

strength is crucial to reveal the seismic performance of the structure as it directly 69 

affects the member integrity, energy dissipation capacity, and ductility and safety 70 

under seismic loading. Butler et al. [29] investigated the bond strength of RAC. Upon 71 

comparison, it was found that NAC had 9 - 19% higher bond strength than RAC. 72 

Zhang et al. [30] investigated recycled brick-concrete aggregates (RBCA) concrete 73 



 

and found that it exhibits comparable or slightly improved bond strength with bar 74 

compared to RCA concrete. Zhao et al. [31] studied the bond strength of corroded bar 75 

to RAC and found that bond strength between corroded bar and RAC decreases with 76 

high-temperature exposure but shows less degradation compared to NAC. 77 

However, there are fewer studies on existing experiments for SFCGC. The basic 78 

mechanical properties of SFCGC differ from those of other concretes due to the 79 

difference in coarse aggregates and the influence of SF. To address existing research 80 

limitations, this study explores how various parameters influence the seismic 81 

performance of SFCGC joints. 82 

According to the summary of the study, SF and CG affect the concrete properties 83 

differently. Therefore, there is a difference between the effect of different SFVC and 84 

CGRR on the seismic performance of SFCGC, SF can significantly improve both the 85 

strength and seismic performance of concrete. Whereas CGRR reduces the strength 86 

and seismic performance of concrete due to its low strength. In terms of toughness and 87 

energy dissipation under seismic action, SFCGC is likely to outperform conventional 88 

concrete due to SF. Thus, this experiment will investigate different mixing ratios of SF 89 

and CGC to find the best combination that enhances the benefits of SF and reduces the 90 

negative effects of CG, and to find the best combination that ensures the seismic 91 

performance of the building and makes effective use of CG. 92 

This study was conducted on six beam-column joints with different CGRR and 93 

SFVC. The effects of CGRR and SFVC on the failure mode, bearing capacity, 94 

hysteresis curves, ductility, strength degradation, stiffness, energy dissipation 95 



 

coefficient, and shear deformation of the core of the joints were analyzed. Furthermore, 96 

the experimental results were verified by monitoring the crack development in the core 97 

region of the joints during the experimental process using DIC technology. Finally, a 98 

computational model for determining the shear strength capacity of SFCGC joints is 99 

proposed. This model demonstrates its suitability for SFCGC joints and offers a 100 

theoretical foundation. 101 

2. Test method and program   102 

2.1. Materials used in the experiment 103 

This experiment was designed concerning JGJ51-2002 [32]. SFCGC was 104 

prepared by coal gangue aggregate, river sand, P.O 42.5[33] silicate cement, shear 105 

wave types SF, grade II fly ash [34], and tap water. CG, SF and coarse and fine 106 

aggregates are the key materials affecting the performance of concrete. The chemical 107 

composition of CG is complex, SiO₂ and Al₂O₃ content is high, although there is a 108 

certain degree of activity, but other oxides such as FeO, coupled with its own low 109 

strength, high porosity characteristics, will reduce the strength and durability of 110 

concrete. Compared with natural gravel, CG has lower density, higher compression 111 

index and water absorption, which is an important reason affecting the density and 112 

strength of concrete. River sand as fine aggregate, its parameters such as bulk density 113 

and apparent density, on the other hand, are crucial for the ease of concrete and long-114 

term durability. The CG and SF used in this experiment are shown in Figure 1. Table 115 

1 lists the chemical composition of CG, while Table 2 lists the physical properties of 116 



 

SF. Tables 3 and 4 present the physical properties of the coarse aggregate and sand, 117 

respectively.  118 

  119 

Fig.1. Materials. 120 

Table 1. 121 

Chemical composition of coal gangue (%). 122 

Chemical 

composition 
SiO2 Al2O3 FeO MgO BaO Na2O TiO2 Fe2O3 K2O 

Content  36.83 35.43 6.83 5.00 5.66 2.83 1.77 3.67 1.98 

Table 2. 123 

Physical properties of steel fibers. 124 

Steel 

fiber 

Length 

(mm) 

Width 

(mm) 

Thickness 

(mm) 

Equivalent 

diameter 

(mm) 

Density 

(g/cm3) 

SF 30 1 0.35-0.5 0.76 7.8 

Table 3. 125 

Physical properties of coarse aggregate. 126 

Materials Bulk 

density(kg/m3) 

Water 

absorption(%) 

Crash index(%) 

Natural gravel 1500 1.57 6.5 

Coal gangue 1205 5.63 10.4 

Table 4 127 

Physical properties of fine aggregate. 128 

Materials 
Bulk density 

(kg/m3) 

Apparent 

density 

(kg/m3) 

Porosity (%) 
Clay content 

(%) 

River sand 1424 2610 45.4 0.7 

2.2. Test specimens 129 

Six specimens were designed for this experiment, in which the variable 130 

parameters considered were three CGRR (0%, 50%, 100%) and four SFVC (0%, 0.5%, 131 

1%, 1.5%). The specimens are designed to replicate beam-column joints commonly 132 

found in medium-high-rise buildings, typically between 6 and 15 storeys. Table 5 133 



 

shows the compositions of the specimens. The dimensions of the six specimens are the 134 

same, and all the specimens contain the same reinforcement. The reinforcement used 135 

in the specimens includes HRB400 and HPB300 steel bars, with diameters ranging 136 

from 6 mm to 20 mm, and following seismic design standards for buildings in seismic-137 

prone regions. HRB400 rebars, with a yield strength of 400 MPa, are used for primary 138 

reinforcement (12 mm, 16 mm, and 20 mm) in critical areas of the beam-column joints, 139 

providing strength for seismic loads. HPB300 bars (6 mm and 8 mm) are used for 140 

hoops, offering flexibility and ductility to the joints under dynamic loads. The specific 141 

parameters of the reinforcement are shown in Table 6. Figure 2(a) shows the 142 

dimensions of the joint specimens and reinforcement details, while Figure 2(b) shows 143 

the measurement points. The cubic standard samples were made from the same batch 144 

of concrete. Uniaxial compression and split tensile tests were conducted according to 145 

GT50081-2019 [35], and the mechanical property test results of SFCGC and SFNC 146 

are shown in Table 7. 147 

 148 

 (a) The details of joints         (b) The measuring devices 149 

Fig.2. Detailing of specimens. 150 

Table 5 151 

Mixture compositions of specimen. 152 

Specimens Vc (%) Vf (%) 
C W S CA(kg/m3) Wr 

(kg/m3) (kg/m3) (kg/m3) N CG (kg/m3) 



 

SFNC-0-1 0 1 503.7 201.5 623 1155.5 0 5.04 

SFCGC-50-1 50 1 503.7 201.5 623 749.6 598.5 5.04 

SFCGC-100-1 100 1 503.7 201.5 623 0 1197 5.04 

SFCGC-50-0 50 0 503.7 201.5 623 749.6 598.5 5.04 

SFCGC-50-0.5 50 0.5 503.7 201.5 623 749.6 598.5 5.04 

SFCGC-50-1.5 50 1.5 503.7 201.5 623 749.6 598.5 5.04 

Note: C=cement; W=water; S=sand; CA=coarse aggregate; CG=coal gangue; 153 

Wr=water reducer; Vc=CGRR; Vf =SFVC. 154 

Table 6 155 

Parameters of the reinforcement. 156 

Rebar type Diameter 

(mm) 

Yield strength 

(MPa) 

Ultimate 

Strength 

(MPa) 

Elastic 

Modulus 

(GPa) 

HRB400 16 432 534 213 

HRB400 12 417 504 213 

HPB300 8 307 405 205 

HPB300 6 307 398 205 

Table 7 157 

Compressive and split tensile strength of the concrete. 158 

Specimen 0-1 50-0 50-0.5 50-1 50-1.5 100-1 

Compressive strength (MPa) 58.23 37.25 49.3 52.2 55.28 41.6 

Split tensile strength (MPa) 3.37 2.42 2.66 2.93 3.48 2.59 

 159 

2.3. Test setup and instrumentation 160 

The test process utilized beam-end loading. Figure 3(a) visually represents the 161 

specimen loading setup, while Figure 3(b) illustrates the schematic layout of the 162 

loading apparatus. The positive directions for displacement and force were designated 163 

as the left beam moving downward and the right beam moving upward. Furthermore, 164 

a constant axial load ratio of 0.20 was maintained by applying an axial force. To ensure 165 

that the axial forces do not interfere with the experimental results, the axial load was 166 

kept constant during the experiments. 167 

Figure 4 shows the loading protocol employed in this experimental study. Initially, 168 

the specimens underwent load-controlled testing, with each loading step repeated 169 

twice in cycles. Upon reaching the yield point of the reinforcement, the testing 170 

transitioned to displacement control. Similarly, under displacement control, each 171 



 

loading step was also repeated twice in cycles.  As per the established protocol, the 172 

loading procedure was terminated when the load value decreased to 0.85 of the 173 

specimen's peak load [36], after which the loading procedure was terminated. 174 

 175 

(a) Photograph                                   (b) Schematic diagram 176 

Fig.3. Test setup of the joints. 177 

 178 

Fig.4. The hybrid loading procedure. 179 

2.4. DIC crack mapping 180 

Figure 5 illustrates the DIC on the joint core area [37]. This technique enabled 181 

precise calculation of the displacement field on the specimen surface by comparing 182 

changes in the relative positions of scattering points during the loading process. The 183 

strain data obtained from the DIC technique can confidently be validated and 184 

complemented with strain gauge measurements. This provides a comprehensive 185 

understanding of the deformation details and crack propagation. 186 



 

 187 

 Fig.5. Preparation of DIC test. 188 

3. Test results and discussion 189 

3.1. Cracking and failure mode 190 

Figure 6 shows the final images of all specimens, Figure 7 illustrates the strain 191 

distribution meticulously analyzed through DIC during the experiment, additionally, a 192 

comparison of the DIC images and experimental photographs helps validate the strain 193 

distribution observed in the DIC analysis. The DIC images, showing the strain 194 

localization, correspond closely with the visual crack patterns observed in the 195 

experimental images. This alignment between the strain maps and the crack patterns 196 

further supports the reliability of the DIC technique in capturing the real-time behavior 197 

of the specimens under loading conditions. The final damage patterns and strain maps 198 

reveal significant correlations with displacement and crack propagation. However, to 199 

fully understand the structural behavior, it is crucial to analyze the influence of the 200 

variable parameters considered in the experimental setup. The results indicate that as 201 

the CGRR rises, the degree of joint damage becomes increasingly severe. This 202 

suggests that a higher CGRR weakens the interfacial bond between the composite 203 



 

material and reinforcement, leading to premature crack initiation and propagation. In 204 

contrast, the incorporation of SF significantly enhances the strain distribution and 205 

mitigates damage development by improving the tensile capacity of the matrix. The 206 

experimental show that specimens with a higher SF content exhibit more uniform 207 

strain distribution and delayed crack growth, highlighting its role in controlling crack 208 

widening and improving energy dissipation. Moreover, a comparative analysis of the 209 

strain localization between different specimens demonstrates that an increase in CGRR 210 

leads to more concentrated strain zones, particularly in the plastic hinge region. This 211 

corresponds to the observed increase in crack density and width. The characteristic 212 

loads presented in Table 8 further confirm these findings, showing that specimens with 213 

higher CGRR exhibit reduced load-bearing capacity, while SF incorporation helps to 214 

compensate for this loss to some extent. 215 

 216 

(a) SFNC-0-1   (b) SFCGC-50-0 217 

 218 

(c) SFCGC-50-0.5     (d) SFCGC-50-1 219 



 

 220 

(e) SFCGC-50-1.5   (f) SFCGC-100-1 221 

Fig.6. The final failure of specimens. 222 

 223 

(a) SFNC-0-1 224 

 225 

(b) SFCGC-50-0 226 

 227 

(c) SFCGC-50-0.5 228 

 229 

(d) SFCGC-50-1 230 



 

 231 

(e) SFCGC-50-1.5 232 

 233 

(f) SFCGC-100-1 234 

Fig.7. DIC strain maps at selected displacement of loading for specimens. 235 

Table 8 236 

Key points of test results. 237 

Number Pcr(kN) Py(kN) Pp(kN) Pu(kN) 

SFNC-0-1 13.65 26.01 34.46 29.07 

SFCGC-50-0 9.40 15.61 22.16 18.60 

SFCGC-50-

0.5 

11.06 21.89 29.99 24.68 

SFCGC-50-1 12.03 23.89 31.45 27.45 

SFCGC-50-1.5 13.67 25.32 32.67 26.55 

SFCGC-100-1 10.22 17.64 26.36 18.79 

3.2. Hysteresis curves 238 

Figure 8 demonstrates the transformation of the hysteresis curves of the 239 

specimens from spindle to bow and then to inverse S shape, as the load and 240 

displacement increase. The load and displacement data of the specimens were obtained 241 

from the experimental loading apparatus. The significant slip between the 242 

reinforcement bar and the surrounding concrete is the primary cause of this 243 

phenomenon. The hysteresis curves exhibit varying degrees of pinching effect, which 244 

worsens as the load and displacement increase. The pinching effect observed in the 245 

hysteresis curves is primarily related to the slip between the reinforcement bar and the 246 

surrounding concrete, as well as the crack pattern. As the displacement and load 247 



 

increase, the slip becomes more pronounced, leading to a larger pinching effect, which 248 

worsens as the load progresses. This slip is caused by the bond degradation between 249 

the reinforcement and the concrete, which increases the relative movement between 250 

the two, resulting in reduced stiffness and energy dissipation. Additionally, the 251 

concrete cracking also influences the pinching effect. As cracks propagate, particularly 252 

in specimens with high CGRR, the crack opening and widening contribute to the 253 

increase in the pinching effect. This is especially noticeable in the hysteresis curves 254 

where the displacement is large. The increased crack width and slip between the 255 

reinforcement and the surrounding material amplify the pinching phenomenon, further 256 

degrading the load-bearing capacity. 257 

With the gradual increase in load carrying capacity, the hysteresis loops with large 258 

displacements are rounder than those with small displacements, accompanied by an 259 

enhanced load-carrying capacity. The capacity experiences a decline after attaining its 260 

peak, persisting until the failure of the specimen. To highlight the characteristics of 261 

hysteresis curves at different stages, the hysteresis curves were decomposed into 262 

hysteresis loops with displacements of 10, 20, 30, 40, and 50 mm (as shown in Figure 263 

9). Observations were made on SFNC-0-1, SFCGC-50-1, and SFCGC-100-1 264 

specimens to analyze the effect of CGRR on the experimental results. It was found 265 

that the pinching effect of hysteresis loops increased with the increase of the CGRR. 266 

The low stiffness of the CG used as coarse aggregate directly affects the properties of 267 

specimens. From the comparison of SFCGC-50-0, SFCGC-50-0.5, SFCGC-50-1, and 268 

SFCGC-50-1.5 specimens, the ultimate load of the joints augmented by 35.3% to 47.4% 269 



 

with the escalation of SFVC, and the hysteresis curves exhibited greater fullness. This 270 

is because SF not only enhance the strength of concrete to a greater extent but also 271 

partially replace the role of stirrups in the core of the joints and dissipate the energy 272 

by slip and friction through bonding with concrete under repeated loads. 273 

 274 

(a) SFNC-0-1           (b) SFCGC-50-0   275 

 276 

                (c) SFCGC-50-0.5         (d)SFCGC-50-1 277 

             278 

  (e) SFCGC-50-1.5      (f) SFCGC-100-1 279 

Fig.8. The hysteresis curves. 280 

 281 

(a) SFNC-0-1 282 



 

 283 

 (b) SFCGC-50-0 284 

 285 

(c) SFCGC-50-0.5 286 

 287 

 (d) SFCGC-50-1 288 

 289 

   (e) SFCGC-50-1.5 290 

 291 

 (f) SFCGC-100-1 292 

  Fig.9. Load–displacement responses of specimens presented as hysteresis loops. 293 



 

3.3. Backbone curve  294 

Figure 10 displays the Backbone curves for each joint, revealing that the envelope 295 

curves of the low CGRR specimens are positioned above those of the high CGRR 296 

specimens. This is due to the higher Young's modulus of SFNC compared to SFCGC 297 

[38], which results in a decrease in the maximum load-bearing capacity of the 298 

specimens as CGRR increases.  In addition, with the increase of SFVC, the initial 299 

stiffness and ultimate load of the envelope curve gradually increased, which was due 300 

to the SF delaying the emergence of concrete cracks, and after cracking, the SF 301 

inhibited the further expansion of cracks through the role of the "bridge". 302 

 303 

Fig.10. The Backbone curve of specimens. 304 

3.4. Ductility 305 

In this study, the ductility is measured by the displacement the beam end. The 306 

ductility is defined as: 307 

 u

y




=


 (1) 308 

The values of Δu and Δy represent failure and yield displacement, respectively. 309 

Table 9 displays the values of ductility and beam end transverse displacement for each 310 

specimen. Calculation of equivalent horizontal force Vc,i, equivalent displacement Δc,i, 311 

the corresponding drift ratio θi applied on the top of the columns are shown in Figure 312 



 

11 with Eq. 2-4. 313 
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In this study, the force acting vertically is denoted by P, while lc represents the 317 

length of the columns. lb is the length of the beam. For the purposes of this study, lc 318 

and lb have been set to 2550 mm and 2200 mm, respectively. 319 

According to Table 9, it can be seen that the CGRR has a negative effect on the 320 

ductility. Specifically, when the CGRR reaches 50% and 100%, the ductility decreases 321 

by 4.14% and 13.06%, respectively. This decrease in ductility can be attributed to the 322 

inherent properties of coal gangue, which differ from those of natural aggregate. The 323 

incorporation of SF into the concrete mixture has a positive impact on ductility. 324 

Specifically, as the SFVC increases, the ductility of the specimens also increases, 325 

ranging from 9.84% to 27.56%. 326 

 327 

Fig. 11. The force diagram of the joint. 328 

Table 9 329 

Displacement ductility of specimen. 330 

Number Yield point Failure point u 

Δy Vc,y Δc,y θy Δu Vc,u Δc,u θu 

SFNC-0-1 15.4 22.4 26.5 1/72 48.2 25.1 83.2 1/23 3.14 

SFCGC- 22.1 13.5 38.2 1/49 56.3 16.0 97.1 1/21 2.54 



 

50-0 

SFCGC-

50-0.5 

19.4 18.9 33.4 1/57 54.1 21.3 93.3 

1/19 

2.79 

SFCGC-

50-1 

17.9 20.6 30.8 1/62 53.9 23.7 93.1 1/19 3.01 

SFCGC-

50-1.5 

17.2 

21.8 29.7 1/64 

55.7 22.9 96.1 1/20 3.24 

SFCGC-

100-1 

18.4 

15.2 31.7 1/60 

50.1 16.2 86.7 1/22 2.73 

3.5. Shear deformation  331 

Under the influence of shear force, concrete within the core area experiences 332 

diagonal tension, leading to cracks and subsequent shear deformation. The method 333 

employed for these measurements is clearly illustrated in Figure 12. Additionally, the 334 

shear deformation equation pertaining to the joints has been derived: 335 

 ( )
2 2

2

x y
a b c d

xy


+
= + + +  (5) 336 

The shear deformation is denoted by γ; the horizontal and vertical distances 337 

between two neighboring displacement gauges are denoted by x and y, respectively. 338 

The extension and decrease of the lengths of two diagonals of the joint's core are 339 

denoted by a and b. 340 

The shear force is: 341 

0 0

0 0 0 0

1 1
r l r l ' '

b b b b b s b b b s
j col' ' '

b s b s c b b s c b

M + M M + M h -α P (l - b ) h -α
V -V = - = -

h -α h -α l - h h -α l - h

   
=    

   
 (6) 342 

Where M r 

b  and M l 

b  are the beam bending moments to the right and left of the joints, 343 

Vcol is the column end shear force, hb0 is the beam’s effective height, and bb is the 344 

wideness of the beam; a’ 

s  is the distance of the beam tension reinforcement to the 345 

nearest beam edge. 346 

Figure 13 illustrates the joint shear force and deformation under graded 347 

displacement cycles. Figure 13 shows that the shear deformation increases rapidly as 348 



 

the specimen approaches the ultimate load. Moreover, with the increase in the CGRR, 349 

the shear deformation of SFCGC-50-1 and SFCGC-100-1 increased by 36.6% and 350 

56.1% compared with SFNC-0-1. In addition, as the SFVC increases, γ gradually 351 

decreases by 21.9% to 33.4% because SF can increase the constraint in the core area, 352 

which slows down the development of shear deformation of the joints. 353 

 354 

Fig. 12. The measurement of shear deformation. 355 

  356 

Fig. 13. Load-deformation curve of specimens. 357 

3.6. Strength degradation 358 

The phenomenon of loss of bearing capacity of joints after several loadings is 359 

called strength degradation and λ defined as the strength degradation: 360 

 
P

P



=  (7) 361 

Where P is the load corresponding to the first at a level of displacement amplitude; 362 

ΔP is the load difference between the first and second cycles for each displacement 363 

amplitude level. Figure 14 presents the influence of both the CGRR and SFVC on 364 



 

strength degradation. Figure 14(a) clearly demonstrates that as the CGRR increases, 365 

the strength degradation of the joints also increases, ranging from 31.42% to 57.14%. 366 

On the other hand, Figure 14(b) reveals that as the SFVC increases, the strength 367 

degradation of the joints also decreases, but to a lesser extent, ranging from 6.1% to 368 

30.6%. Notably, when the SFVC exceeds 1%, the reduction in strength degradation 369 

becomes less significant. 370 

  371 

 (a) CGRR (b) SFVC  372 

Fig. 14. Effects of the investigated variables on strength degradation. 373 

3.7. Stiffness degradation  374 

To quantitatively assess the extent of stiffness degradation in the joints, this 375 

experiment employs the secant stiffness as an indicator, defined as follows: 376 

 i i

i

i i

P P
K

+ + −
=
+ + −

 (8) 377 

Where: Ki is the average stiffness of the i-th cycle; Pi is loaded peak load of the 378 

i-th cycle; i is the displacement value corresponding to the i-th cycle peak load. 379 

Figure 15 illustrates the relationship between stiffness and displacement. Initially, 380 

during the elastic phase, the stiffness decreases rapidly. However, once the material 381 

yields, the rate of stiffness degradation becomes more gradual. It is noteworthy that 382 

the initial stiffness of the joints exhibits a significant decrease as the CGRR increases. 383 



 

Conversely, the stiffness is observed to increase with the rising SFVC. Nevertheless, 384 

once the joints enter the yield stage, the mitigating effect of SF on stiffness degradation 385 

becomes less pronounced. This is attributed to the fact that, at this point, cracks have 386 

already formed and propagated, limiting the restraining capabilities of the SF. 387 

 388 

Fig. 15. The stiffness curves of SFCGC. 389 

3.8. Energy dissipation  390 

In this study, the equivalent viscous damping coefficient, denoted as hd, is utilized 391 

to meticulously evaluate the energy dissipation capacity of specimen. This coefficient 392 

is formally defined as: 393 
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Where Ed is the energy dissipation coefficient, S（ABC+CDA） is the area surrounded 396 

by the hysteresis loops and represents the total energy. Furthermore, S(OBE+ODF） 397 

represents the area of the triangle formed by connecting the top and bottom vertices of 398 

the hysteresis loops, signifying the elastic energy. For a visual representation of this 399 

area, please refer to Figure 16. 400 

Figure 16 exhibits the curves about the hd and the Ed for the specimen. A 401 

comparative analysis of the curves for SFNC-0-1, SFCGC-50-1, and SFCGC-100-1 402 



 

reveals a significant trend. As the CGRR increases, the hd and the Ed decrease by a 403 

range of 12.43% to 20.39% under identical displacement conditions. Furthermore, the 404 

hd the Ed of joints exhibits a notable increase of 26.76% to 42.25% as SFVC increases. 405 

This observation can be explained by the dissipative effects of SF during repeated 406 

loading. As the SF undergo slip and friction with the surrounding concrete, they 407 

contribute significantly to energy dissipation. 408 

 409 

(a) equivalent viscous damping coefficient (b) energy dissipation coefficient 410 

Fig. 16. Energy dissipation curves of the joint. 411 

3.9. Deformation of plastic hinge  412 

In this test, a beam 1.5 times the beam height from the column side is taken as 413 

the measurement range to measure the rotation capacity in the plastic hinge region. 414 

The measurement method is shown in Figure 17. The plastic hinge θ is defined as 415 

follows: 416 

 
'

1 1S S

h


 + 
=  (11) 417 

Where ΔS1 is the deformation in the upper side flange of the beam and ΔS’ 

1 is the 418 

deformation in the lower side flange of the beam. 419 

Figure 18 shows the CGRR and SFVC effect on plastic hinge θ. When the CGRR 420 

was 50% and 100%, the deformation of the specimen decreased by 15.2% and 32.2%, 421 



 

respectively. The specimen deformation was increased by 57.1% at 1.5% SFVC 422 

relative to the specimen with 0% SFVC. This result shows that with the increase of 423 

CGRR, the ductility of the specimen decreases, which leads to a smaller plastic hinge 424 

angle; on the contrary, with the increase of SFVC, the ductility of the specimen 425 

increases significantly, which leads to an increase in the plastic hinge angle. 426 

 427 

Fig. 17. Measurement of plastic hinges. 428 

 429 

(a) CGRR                            (b) SFVC 430 

Fig. 18. Effects of the investigated variables on yield and limit state plastic hinge 431 

angles. 432 

4. Shear Mechanism and Shear Capacity Calculation of 433 

SFCGC Joints 434 

4.1. Shear mechanism of SFCGC joint 435 

The experimental phenomena and failure characteristics observed in this study 436 

reveal that the SFCGC joints exhibited two distinct types of load mechanisms: 437 

diagonal compression strut and truss mechanisms [39]. Under cyclic loading, the 438 



 

externally applied loads are progressively transmitted to the core region through the 439 

concrete within compression zones that alternately form at all four corners of the 440 

structural element's connection. Specifically, these compression zones manifest in two 441 

alternating groups: first at the upper-left and lower-right corners, and then shifting to 442 

the lower-left and upper-right corners as the load cycles. As the load progressed, the 443 

stresses within the diagonal compression strut in the core area escalated gradually. 444 

Consequently, the initially intact concrete diagonal compression strut underwent 445 

gradual fragmentation into multiple smaller diagonal compression struts. During this 446 

phase, the force transmission mechanism within the joint underwent a gradual 447 

transition towards the truss mechanism. 448 

4.2. Calculation of shear force 449 

Figure 19 illustrates the stress distribution within the joints when exposed to a 450 

combined action of axial and shear force and bending moment. The formula is shown 451 

below: 452 
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Where Cc and Cs are the compression forces in the concrete and reinforcement, 457 

respectively; T is the tension in the reinforcement; V is the shear forces; M is the 458 

bending moments. 459 



 

 460 
(a) upper-left and lower-right (b) lower-left and upper-right 461 

Fig. 19. Diagram of forces. 462 

4.3. SFCGC cracking resistance 463 

Before the occurrence of cracking in the core area, the shear force is 464 

predominantly borne by the concrete. When the main tensile stress of the concrete in 465 

the core area reaches the tensile strength of the concrete, the shear force in the joints 466 

at this time is the cracking shear force. Figure 20 shows the stress of the unit at the 467 

diagonal center of the joints; at this time the core zone stress is:   468 
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Where σst is the maximum principal stress at cracking; Vh is initial cracking shear 472 

in the core area; τmax is the maximum shear stress at cracking; ftk is the splitting tensile 473 

strength of the SFCGC; σc is vertical compressive stress. 474 

However, stress in the concrete in the core area is not uniformly distributed [40], 475 

so a correction factor βcr is added to adjust and obtain: 476 

 max 1 c
h cr j j cr j j tk

tk

V b h b h f
f


  = = +  (19) 477 



 

This study, combined with the SFCGC joint's characteristics, established a model 478 

for calculating the cracking load of SFCGC joints; taking into account the distribution 479 

of shear stress in the core area put forward the correction coefficient βcr, and the 480 

relationship between βcr and the CGRR, SFVC of the regression analysis and 481 

correction, and ultimately came up with the βcr of 0.5, Figure 21 compares the 482 

theoretical values of the cracking load in the core of SFCGC joints with test values, 483 

revealing a strong concordance between the calculated and test results. 484 

 485 

Fig. 20. Diagram of shear force in joint core. 486 

 487 

Fig.21. Comparison of calculated and test values of initial cracking loads in the core 488 

area. 489 

4.4. SFCGC shear capacity 490 

Since both the SFCGC joints and SFNC joints' distinction lies in the enhancement 491 



 

of shear capacity within the joints due to the incorporation of SF. Consequently, Figure 492 

22 illustrates the computational model for determining the shear capacity, utilizing the 493 

following formula: 494 

 
j c s fV V V V= + +  (20) 495 

Where Vj is the joint's shear carrying capacity, Vc is the normal concrete shear 496 

carrying capacity, Vs is the stirrups shear carrying capacity and Vf is the SF shear 497 

carrying capacity. 498 

The formulas for each component are established separately below: 499 

(1) Concrete: 500 

Based on the recommendation by Hwang and Lee [41], the determination of the 501 

diagonal compression strut's width shall be contingent upon the depth of the concrete 502 

compression zone: 503 

 2 2

st b cd x x= +  (21) 504 

However, based on the recommendation by Zhang et al. [27], the height of the 505 

compression zone at the beam's end is considered to be 0 during the shear limit state 506 

of the joints: 507 

 st cd x=  (22) 508 
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Where dst represents the width of the diagonal compression strut. The depths of 511 

the compression zones in beams and columns are denoted by xb and xc; N signifies the 512 

force applied to the columns, while Ac is the area of the column. The compressive 513 



 

strength of the concrete is indicated by fc. Lastly, θ1 is the angle formed between the 514 

axes of the diagonal compression struts and the horizontal plane. 515 

In this study, considering the reduced strength of concrete under reciprocating 516 

loads and the comparatively lower strength of CGC, a softening coefficient of 517 

compressive strength, denoted as ζ, is introduced for optimization purposes when 518 

calculating the shear capacity of CGC. The final shear capacity of the concrete is 519 

determined as follows: 520 
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 (25) 521 

(2) Stirrup in joint core:  522 

As demonstrated in [27], the shear force exerted by the stirrups was computed 523 

using the following formula: 524 

 sv
sv yv b

A
V f h

s
=  (26) 525 

Where fyv is the stress at which the stirrups yield; Asv is the cross-sectional area of 526 

each horizontal stirrup in the joint section; s is the spacing of the stirrups. 527 

(3) Steel fiber:  528 

It has been shown that the shear bearing capacity of SF is directly proportional to 529 

the bond between steel fiber concrete [42]. Therefore, it can be assumed that SF 530 

spanning diagonal cracks rely on their tensile force to resist the shear force; moreover, 531 

the effective splitting tensile stress of SF can be calculated by the bond pullout force. 532 

 f sf sfV A =  (27) 533 

 0.41sf sf j jA b h=  (28) 534 
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Where: Asf is the effective area of SF in the horizontal direction through the 536 

diagonal crack; σsf is the effective tensile stress of SF; ρsf is the volume content of SF; 537 

τsf is the bonding force of SF; lsf /2 is the bonding anchorage length of SF. 538 

Since the diagonal cracks cannot completely divide all the SF equally, resulting 539 

in a decrease in the bond anchorage length of the SF, and the fibers are easily 540 

agglomerated when the SFVC is high, the bond stress influence coefficient η1 is 541 

introduced. The relationship between the bond stress and the tensile strength is: 542 

 1sf tkf =  (30) 543 

Therefore, the shear capacity of SF is: 544 

 
10.82
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d
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Where: η1 is the bond stress influence coefficient, dsf and lsf are the diameter and 546 

length of SF. 547 

(4) Summary 548 

In summary, SFCGC shear capacity is obtained as: 549 
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The contribution of steel fibers to the shear capacity is taken into account to 551 

establish a model of the corrected shear capacity of SFCGC joints according to the 552 

parameters ζ, η1 and the relationship between the CGRR and the SFVC of the 553 

regression analysis and correction of ζ = 0.5, η1= 0.61. Figure 23 shows the comparison 554 



 

between the theoretical and experimental values of the ultimate shear capacity of the 555 

core area of the SFCGC joints, and it has been found that the theoretical values are in 556 

consistent with the test value. 557 

 558 

Fig. 22. Joint's shear carrying capacity calculation model. 559 

 560 

Fig.23. Comparison of calculated and test values of the shear capacity. 561 

5. Calculated results versus experimental results  562 

The experimental and theoretical values of cracking shear force and shear 563 

strength capacity of the joints are presented in Table 10. As presented in Table 10, the 564 

calculated values for cracking shear force and shear capacity of SFCGC joints align 565 

closely with the test results. Furthermore, statistical analysis reveals that the average 566 

ratio of the theoretical cracking shear force to its experimental counterpart is 0.992, 567 

with a variance of 0.0011 and a coefficient of variation of 0.033. Similarly, the mean 568 

ratio of the theoretical ultimate load of shear capacity to the experimental value stands 569 



 

at 1.005, accompanied by a variance of 0.0004 and a coefficient of variation of 0.023. 570 

These findings demonstrate the model's efficacy in accurately predicting the load 571 

capacity of SFCGC joints. 572 

Table 10 573 

Comparison between theoretical results and test results. 574 

Numbe

r 

Vh Rati

o 

Vj Rati

o Theoretica

l value 

 (kN) 

Experimenta

l value 

 (kN) 

Theoretica

l value 

 (kN) 

Experimenta

l value 

 (kN) 

0-1 130.77 128.94 
 

1.01 330.11 330.40 0.99 

50-0 90.05 93.67 
 

0.96 220.54 212.3 1.04 

50-0.5 105.95 108.06 
 

0.98 280.50 287.38 0.97 

50-1 114.96 112.69 
 

1.02 301.22 299.37 1.01 

50-1.5 130.96 127.05 
 

1.03 316.14 312.98 1.01 

100-1 97.91 
 

102.77 
 

0.95 252.56 250.23 1.01 

6. Conclusions 575 

In this study, the test was carried out on six SFCGC joints. The test parameters 576 

were CGRR and SFVC. The joints' seismic performances were investigated. 577 

Furthermore, this study established a calculation model for the cracking shear force 578 

and shear capacity of SFCGC joint specimens.  The following summarizes the main 579 

findings of this study: 580 

1) Although the higher CGRR will reduce the strength of the concrete, it is possible to 581 

increase the SFVC or adjust the concrete mix ratio so that the SFCGC joints can 582 

achieve a bearing capacity close to that of the SFNC joints, which makes the 583 

application of SFCGC in building construction feasible. Although the incorporation of 584 

steel fibers inevitably increases material costs, this cost increment remains 585 

economically justifiable considering the enhanced structural performance and 586 



 

durability. For practical engineering applications, it is crucial to implement strict 587 

control over SF, ensuring that strength enhancement is achieved while maintaining 588 

economic feasibility within acceptable limits for construction projects. 589 

2) The seismic performance of SFCGC joints is lower than SFNC joints, but their 590 

failure modes are similar to those of SFNC joints, and they have similar stages of 591 

failure. The crack load, yield load, and ultimate load of SFCGC joints are reduced by 592 

11.87% to 25.13%, 8.15% to 32.18%, and 8.73% to 23.51%, respectively, compared 593 

with SFNC joints. 594 

3) The addition of steel fibers effectively delayed the formation of cracks in SFCGC 595 

joints and significantly improved the failure morphology of the joints. When the steel 596 

fiber reached 1.5%, the crack load of SFCGC joints increased by 45.4%, yield load by 597 

62.2%, and ultimate load by 47.4% compared to the joint with 0% steel fiber. The 598 

experimental results demonstrate that when the SFVC exceeds 1%, the enhancement 599 

effects on both yield load and ultimate load capacity become insignificant. Therefore, 600 

the optimum SF content of SFCGC joints can be selected as 1% to consider the 601 

economic efficiency of steel fibers. 602 

4)With the increase of CGRR, the stiffness, ductility, energy dissipation coefficient, 603 

and plastic hinge deformation of SFCGC joints were reduced, in which the ductility 604 

was reduced by 4.14%~13.06%, energy dissipation coefficient by 12.43%~20.39%, 605 

and deformation of the plastic hinge at the end of the beams was reduced by 606 

15.2%~32.2%. In addition, steel fibers can significantly improve the seismic 607 

performance of joints. With the increase of SFVC, the ductility increased by 608 



 

9.84%~27.56%, the energy dissipation coefficient increased by 26.76%~42.25%, and 609 

the plastic hinge deformation increased by 19.42%~57.1%. 610 

5)With the increase in CGRR, the shear deformation of SFCGC joints increased by 611 

36.6%~56.1%, and the strength degradation coefficient increased by 31.4%~57.1%. 612 

With the increase in SFVC, the shear deformation of SFCGC joints decreased by 613 

21.9%~33.4%, and the strength degradation coefficient decreased by 6.1%~30.6%. In 614 

addition, when the SFVC was 1% or more, the steel fiber significantly affected the 615 

strength degradation of the joints. 616 

6) This research presents a calculation model that integrates two different mechanisms. 617 

Comparative analyses demonstrate that the proposed SFCGC calculation model offers 618 

reliable and precise predictions of the bearing capacity of SFCGC joints, with a 619 

prediction error margin of less than 5% compared to experimental results. This model 620 

serves as a theoretical foundation for the application of CGC and can facilitate seismic 621 

response analyses of similar frame joints. 622 
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