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Abstract: To study the strengthening effect on recycled concrete columns by carbon fiber composite materials 

(CFRP) under different levels of seismic damage, four column specimens were designed for pseudo-static tests. 

The four specimens were respectively non-destructive without strengthening (prototype), non-destructive 

strengthening, medium seismic damage strengthening and severe seismic damage strengthening, according to 

the replacement rate of recycled aggregates and the level of seismic damage. The characteristics of the 

deformation damage and seismic performance indicators of each specimen were compared and analyzed. A 

decrease was observed in the initial stiffness of the seismically damaged recycled concrete column specimens 

strengthened with CFRP, while the ductility, peak bearing capacity and energy dissipation capacity of the 

specimens were improved. On the other hand, with the reduction of seismic damage and the increase of 

recycled aggregate replacement rate, the ductility and energy dissipation capacity of the reinforced seismic 

damaged recycled concrete column specimens were enhanced to different levels. In particular, the cumulative 

energy consumption of the strengthened specimens under medium seismic damage increased most 

significantly by 32.5%. In general, the hysteretic curves of the strengthened specimens were full, and the 

average ductility coefficients were 4.1–6.8. CFRP strengthening was more effective in restoring and enhancing 

the performance of the recycled concrete column specimens with medium and lower seismic damage levels 

(displacement ratio ≤ 3%). 

Keywords: carbon fiber composites; recycled concrete; recycled aggregate replacement rate; levels of seismic 

damage; pseudo-static test 

 

1. Introduction 

With the construction pace of civil engineering in China accelerating, there is a severe shortage 

of building materials, particularly concrete. However, the amount of waste concrete produced by the 

demolition of old structures is growing and seriously polluting the environment. Using recycled 

concrete made of waste concrete can effectively address the issues of pollution of environment and 

shortage of the building materials[1–3]. Therefore, the recycled concrete has a wide range of potential 

applications in the construction of civil engineering. On the other hand, China is a vast country with 

many earthquakes[4]. Load-bearing elements such as columns are highly susceptible to seismic 

damage during their service life[5]. The repair and strengthening of seismically damaged column 

elements has been a key direction of research. Summarizing the research in the repair and 

strengthening fields in recent years, it is found that external clad steel strengthening[6], increased 

section method strengthening[7] and CFRP strengthening[8–10] are the commonly used methods of 

strengthening seismic damaged elements. Among them, CFRP strengthening has been widely used 

in the repair and strengthening of structural components because of its high strength, no increase in 

structural self-weight, good durability, and easy construction[11–13]. The CFRP strengthening 

method can make up for some performance defects of concrete structures and effectively extend the 

service life of damaged structures[14–20]. 
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Studies by Donghui Cheng and Changdong Zhou[21–25] pointed out that in CFRP 

strengthening, the height of the strengthening, the method of adhesion, and the location of the 

adhesion all play significant effects on the strengthening of the seismically damaged members 

elements. The seismic performance of the specimen increases with the number of strengthening 

layers and the height of the strengthening. The seismic performance of seismically damaged elements 

strengthened by a combination of longitudinal and transverse CFRP adhesives is superior. Chunling 

Lu[26] investigated the effects of reinforcement ratio, hoop ratio and shear-to-span ratio on the 

seismic performance of prestressed CFRP strengthened reinforced concrete square column by 

experiments, and found that increasing the reinforcement ratio and hoop ratio is beneficial to 

improve the deformation and energy dissipation capacity of the strengthened column, and the 

strengthening effect is better when the CFRP cloth restraint range completely covers the plastic hinge 

area. Ozcan[27] et al. analyzed the effect of axial load and CFRP fillet radius on the reinforcement 

effect of reinforced concrete columns, and the results showed that CFRP can effectively improve the 

ductility, energy dissipation capacity and shear stiffness of the specimens. Chen Jun[28] investigated 

the seismic performance of short columns of CFRP strengthened with CFRP and analyzed the effects 

of the number of CFRP strengthening layers and axial compression ratio on the seismic performance 

of the strengthened specimens. It was found that the ductility and energy dissipation capacity of the 

short columns with CFRP strengthening were significantly improved and brittle damage was 

effectively avoided. Kowalsky[29] et al classified the RC column properties as usable (no need to 

repair) and limited damage (repairable), and used The limits of each limit state index of RC column 

are given by using the tensile strain of reinforcement and compressive strain of concrete as the 

property index. 

In summary, the above research provides theoretical base for the study of CFRP strengthening 

of seismic damaged components, but there are few cases of using CFRP in the study of strengthening 

recycled concrete damaged components[30–34]. Most of the researchers conducted the pre-damage 

treatment of test elements with rough determination of their seismic damage level. Further 

classification of the seismic damage level of the test elements need to be defined. The strengthening 

effect of CFRP on structural components with different seismic damage levels need to be studied. In 

this paper, four recycled concrete columns were constructed and loaded with pre-damage treatment, 

and the four columns were non-destructive without strengthening (prototype), non-destructive 

strengthening, medium seismic damage strengthening, and severe seismic damage strengthening 

according to their seismic damage level. Pseudo-static tests of the four recycled concrete column 

strengthened with CFRP were carried out. By comparing the experimental data of the four columns, 

the corresponding seismic performance indexes were analyzed. The advantages of CFRP 

strengthening method under different levels of seismic damage were explored. 

2. General situation of test 

2.1. Specimen design and material parameters 

The four recycled concrete column specimens were loaded to achieve specific damage states. 

According to the level of seismic damages, the four specimens were non-destructive without 

strengthening (prototype), non-destructive with strengthening, medium seismic damage with 

strengthening and severe seismic damage with strengthening. The four specimens were named as 

RC0, RRC1, RRC2 and RRC3, and their detailed parameters are shown in Table 1. 

Table 1. Design parameters of specimens. 

Specimen  

number 

Level of seismic 

damage 

Substitution  

rate 

Axial compression  

ratio 

Strengthening height  

level/cm 

 Strengthening 

number 

 of layers 

RC0 Non-destructive 0% 0.2 -- -- 

RRC1 Non-destructive 50% 0.2 60 3 

RRC2 Medium seismic damage 50% 0.2 60 3 
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RRC3 Severe seismic damage 50% 0.2 60 3 

The maximum particle size of recycled aggregate used in the specimens was 25 mm, and the 

water absorption of the recycled aggregate was 3.8%. CL0 was the control concrete with natural 

aggregate (0% recycled aggregate replacement), and CL50 was the concrete with 50% recycled 

aggregate replacement. The concrete material ratios are shown in Table 2. Concrete material 

performance parameters were obtained from material properties experiments and are shown in Table 

3. 

Table 2. Concrete material proportion 

Concrete  

number 

Content of each component/( 𝐤𝐤𝐤𝐤 ·𝐦𝐦−𝟑𝟑) 

Cement Breeze Fly ash 
Mechanized 

sand 

Recycled  

aggregate 

Natural  

aggregate 

water 

reducing 

agent 

water 

CL0 275 81 44 771 0 1000 16 175 

CL50 275 50% 44 771 500 500 16 194 

Table 3. Concrete performance parameters 

Concrete number 

Cubic compressive 

 strength 𝒇𝒇𝒄𝒄𝒄𝒄 /MPa 

Prism compressive 

 strength 𝒇𝒇𝒄𝒄 /MPa 

Splitting tensile 

 strength 𝒇𝒇𝒄𝒄𝒄𝒄 /MPa 

Modulus of elasticity 𝑬𝑬𝒄𝒄 /MPa 

CL0 49.2 42.5 3.92 34368.2 

CL50 46.8 39.4 3.56 32980.8 

The geometric dimensions and reinforcement of the four specimens are the same. Take RC0 as 

an example, the design schematic is shown in Figure 1. The cross-sectional diameter of the column is 

300mm, the height of the column is 1050mm, the cross-sectional size of the column head is 

400mm×400mm, and the cross-sectional size of the specimen cap is 400mm×700mm. The longitudinal 

reinforcement and the hoop reinforcement are both HRB400 steel bars with diameters of 12mm and 

8mm respectively. The material property parameters of the reinforcement were obtained from the 

material property test, as shown in Table 4. 

 

Figure 1. Schematic diagram of specimen design. 

Table 4. Reinforcing steel performance parameters 

Reinforcement  

number 

Diameter 

/mm 

Yield strength 𝒇𝒇𝒄𝒄 /MPa 

Ultimate strength 𝒇𝒇𝒄𝒄𝒄𝒄 /MPa 

Modulus of elasticity 𝑬𝑬𝒔𝒔 /MPa 

HRB400 8 324.2 398.7 2. 10×105 
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HRB400 12 432.5 510.4 2. 08×105 
The mechanical properties of the high-strength grout used in the strengthening process of the 

damaged recycled concrete columns were tested according to the test method of concrete materials. 

The measured cubic compressive strength of the grout was 68.41 MPa. The material mechanical 

parameters of CFRP, impregnating adhesive and crack repair and leveling adhesive are shown in 

Table 5. 

Table 5. Performance parameters of CFRP, impregnating adhesive and repair adhesive 

Material 
Tensile strength 

 /MPa 

Compressive 

strength /MPa 

Elastic modulus 

 /MPa 

Calculated thickness 

 /mm 
Extensibility 

CFRP 3950 -- 2.40×105 0.15 1.7% 

Impregnating glue 52.5 86.2 2711.7 -- 2.5% 

Repair glue 32.2 56.9 1962.8 -- -- 

2.2. Seismic damage control and specimen strengthening 

The simulation and control of the seismic damage states of the specimens were mainly achieved 

by pre-damage treatment. The damage caused by the earthquake was simulated by loading the 

specimen repeatedly at low circumference[35,36]. The level of seismic damage was determined based 

on the test phenomena and data of the specimen loading. The guidelines are summarized as follows: 

the initial state of the specimen is non-destructive; the state when the crack width of the specimen 

reaches 1~2 mm and the beginning of concrete spalling is defined as the medium seismic damage 

state; the state when the concrete spalling of the specimen is large, the reinforcement is exposed and 

the horizontal bearing capacity of the specimen reaches the peak value and enters the descending 

section is defined as the severe seismic damage state[37–39]. Consequently, the pre-damage loading 

displacement of the column specimen in the medium seismic damage state is 36 mm (displacement 

ratio 3%), as shown in Figure 2(a). The per-damage loading displacement in the state of severe seismic 

damage is 54 mm (displacement ratio 4.5%), as shown in Figure 2(b), and the pre-damage parameters 

of each specimen are shown in Table 6. 

  

(a) (b) 

Figure 2. Specimen pre-damage phenomena 

Table 6. Specimen pre-damage parameters. 

Specimen 

number 

Level of seismic 

damage 
Seismic damage status determination basis 

Pre-damage 

loading  

displacement /mm 

RC0 Non-destructive -- -- 

RRC1 Non-destructive -- -- 
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RRC2 Medium seismic damage The crack width is 1~2mm, and the concrete begins to peel off. 36 

RRC3 Severe seismic damage 

A large number of concrete peeled off, steel bars were exposed, and the 

horizontal bearing capacity reached the peak and then entered the 

descending section. 

54 

After pre-damage treatment and cleaning of the damaged parts, the damaged parts were filled 

with high-strength grout and crack repair adhesive and maintained for 48h. Then the seismic 

damaged parts were repaired and strengthened with CFRP and impregnating adhesive. The 

strengthening height of CFRP was 60 cm according to the crack distribution of the specimens after 

pre-loss loading. The adhesive form of CFRP was in the form of plastic hinge reinforcement by 

combining transverse hoop and longitudinal paste. 

2.3. Loading device and loading system 

The test loading device is shown in Figure 3. The specimen cap was rigidly anchored to the 

ground by high strength bolts. When the test was carried out, the vertical load was applied to the top 

of the column by a hydraulic jack. The design axial pressure ratio is 0.2. The horizontal load on the 

top of the specimen was applied by an electro-hydraulic servo actuator. 

 

Figure 3. Test loading device 

The loading system used full displacement control loading. The loading amplitude was 6 mm, 

and each loading cycle was performed 3 times. The first four levels of loading were shown in Figure 

4. When the bearing capacity of the specimen was reduced to 85% of the maximum horizontal load 

or when the reinforcement was pulled out and the core concrete was crushed in a large area, the 

loading was stopped. 

 

Figure 4. Test loading system 

2.4. Analysis of test phenomena 

The damage phenomena of the non-strengthened and strengthened specimens at final load 

moment are shown in Figures 5 and 6. 
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(a) (b) 

Figure 5. Non-strengthened specimen test phenomena. 

  
(a) (b) 

Figure 6. Strengthened specimen test phenomena. 

Summarizing the test phenomena of each specimen loading process, in the elastic phase, there 

was no obvious deformation of each specimen, and the reinforcement and concrete maintained elastic 

working condition. In the yielding stage, with the increase of the number of cycles, concrete cracking 

and slight spalling appeared on both sides of the non-strengthened specimens, as shown in Figure 

5(a). The strengthened specimen showed slight bulge on the compressed side, and there was no 

obvious change on the tensile side, but a slight sound of CFRP tearing could be heard. When the 

horizontal displacement was loaded in reverse, the original compressed side became the tensile side, 

and cracks appeared at the junction of the column bottom and the specimen cap, as shown in Figure 

6(a), and the overall deformation of the specimen was gradually becoming obvious. As the loading 

continued, the concrete cracking and spalling on both sides of the non-strengthened specimen 

became more serious. The cracking at the bottom of the column of the strengthened specimen was 

obvious. The compression side was clearly bulging outwards, and the cracking of the CFRP on the 

tensioned side was clearly visible. The cracks were gradually developed due to the accumulation of 

damage, and finally, the concrete spalling of the non-strengthened specimen was serious and the 

longitudinal tendons and hoops were exposed, as shown in Figure 5(b). For the strengthened 

specimen, through cracks formed at the junction of column bottom and specimen cap, and the 

surrounding concrete was crushed, and the CFRP continued to tear, as shown in Figure 6(b). 

Eventually, the bearing capacity of the specimens dropped sharply and were completely destroyed. 
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3. Analysis of test results 

3.1. Hysteretic curve 

The measured hysteretic curves of each specimen are shown in Figure 7. 

 

 

 

         (a) Non-destructive without 

strengthening 

(b) Non-destructive strengthening 

    

        (c) Medium seismic damage 

strengthening 

(d) Severe seismic damage strengthening 

Figure 7. Hysteretic curves of the specimens 

The hysteresis curves of the column specimens had some commonalities (Figure 7). At the initial 

stage of loading, the specimens were in an elastic state. The area enclosed by the hysteresis curve was 

small, the energy consumption capacity of the specimen was weak. The stiffness degradation and 

residual deformation were not obvious. As the loading proceeding, the area enclosed by the 

hysteresis curve gradually increased, the energy consumption capacity increased, and the stiffness 

degradation and residual deformation were more obvious. In general, the hysteresis curves of the 

recycled concrete column specimens strengthened by severe seismic damage were narrower and 

longer. 

3.2. Skeleton curve 

The comparative skeleton curves of each specimen are shown in Figure 8. The skeleton curves of 

the four specimens were basically similar in shape, and all included rising section, peak point and 

falling section. Compared to the prototype specimen, the initial stiffness of the damaged strengthened 

specimens decreased, the yield displacement increased. The damaged strengthened specimens 
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entered the yield state later than the prototype specimens with a larger difference in the location of 

the peak point. The yield displacements of the damaged strengthened specimens were relatively close 

to each other, and the bearing capacity had a long rising phase. Overall, the bearing capacity of the 

strengthened recycled concrete column specimen with severe seismic damage decreased most 

rapidly after reaching the peak load. 

 

Figure 8. Specimen skeleton curve comparison. 

We use the "furthest point" method[40] to determine the yield point, peak point and limit point 

of the skeleton curve, which are shown in Figure 9. 

 

Figure 9. "Farthest point" method. 

The relevant indexes corresponding to the yield point, peak point and limit point of the skeleton 

curve were shown in Table 7. Compared to RC0, the peak bearing capacity of RRC1, RRC2, RRC3 

increased by 14.3%, 11.4% and 1.19%, respectively. The yield displacement of RRC1, RRC2, RRC3 

increased by 0.4%, 52.9% and 76.1%, respectively. The limit displacement of RRC1, RRC2, RRC3 

increased by 10.7%, 26.3% and 15.9%, respectively. The peak load bearing capacity of RRC2 is 

increased 10.1% compared to RRC3. Therefore, CFRP had a significant effect on the recovery of the 

bearing capacity and ductility of the damaged recycled concrete columns. The level of seismic 

damage had a significant effect on the strengthening effect of CFRP. 
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Table 7. Skeleton curve analysis table 

3.3. Displacement ductility factor 

The displacement ductility factor of the specimen is calculated with the ratio of the ultimate 

displacement ∆𝒄𝒄 and the yield displacement ∆𝒚𝒚, as shown in equation (1): 

  𝜇𝜇 =
∆𝑢𝑢∆𝑦𝑦                                      (1) 

The displacement ductility coefficients of the specimens are shown in Table 8. The average 

displacement ductility coefficients of strengthened specimens were concentrated between 4.1 and 6.8. 

The average displacement ductility coefficient of non-destructive strengthened specimen RRC1 was 

increased by 10.2% compared to that of the prototype RC0. The average displacement ductility 

coefficients of RRC2 and RRC3 reached 82.5% and 67.1% of that of RC0, respectively. The average 

displacement ductility coefficient of RRC2 was 22.9% higher than that of RRC3. The ductility of the 

recycled concrete column specimens with different seismic damages recovered and improved to 

different levels after the CFRP strengthening. The more severe the seismic damage of the specimens, 

the weaker the effect of CFRP on the recovery and improvement of the ductility of the specimens. In 

general, CFRP had better ductility recovery and improvement for specimens with medium and lower 

seismic damage levels. 

Table 8. Displacement ductility factors 

Specimen number Direction Ductility coefficient 𝝁𝝁 Average ductility coefficient 𝝁𝝁� 

RC0 
+ 5.893 

6.164 
- 6.435 

RRC1 
+ 7.037 

6.794 
- 6.550 

RRC2 
+ 5.179 

5.086 
- 4.992 

RRC3 
+ 4.705 

4.136 
- 3.567 

3.4. Strength degradation 

The strength degradation of the specimen is measured by the strength degradation factor η. The 
strength degradation factor η is defined as the ratio of the peak bearing capacity of the last cycle of 
the displacement to the peak bearing capacity of the first cycle. It is calculated according to Equation 

(2). 𝜂𝜂 =
𝑃𝑃𝑖𝑖𝑛𝑛𝑃𝑃1𝑛𝑛                            (2) 

Where 𝑃𝑃𝑖𝑖𝑛𝑛 is the peak bearing capacity of the first cycle of the i-th displacement stage and 𝑃𝑃1𝑛𝑛 is 

the peak bearing capacity of the last cycle of the i-th displacement stage. The strength degradation 

Specimen 

number 
Direction 

Yield point Peak point Limit point 𝑷𝑷𝒚𝒚/𝒌𝒌𝒌𝒌 ∆𝒚𝒚/𝒎𝒎𝒎𝒎 𝑷𝑷𝒎𝒎/𝒌𝒌𝒌𝒌 ∆𝒎𝒎/𝒎𝒎𝒎𝒎 𝑷𝑷𝒄𝒄/𝒌𝒌𝒌𝒌 ∆𝒄𝒄/𝒎𝒎𝒎𝒎 

RC0 
+ 60.20 12.02 74.91 35.76 63.8 70.80 

- 60.18 11.92 77.16 41.96 65.59 76.69 

RRC1 
+ 69.16 11.95 88.55 35.99 75.27 84.07 

- 64.58 12.10 85.18 71.97 72.40 79.20 

RRC2 
+ 60.61 18.53 80.15 66.18 73.61 95.96 

- 63.05 18.09 89.17 77.97 75.79 90.31 

RRC3 
+ 51.83 18.14 75.72 71.98 64.36 85.34 

- 62.60 24.02 78.16 65.98 66.44 85.67 
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curve of each specimen is shown in Figure 10. On the whole, the strength degradation coefficients of 

each specimen were concentrated between 0.9 and 1.0. 

 

Figure 10. Strength degradation curve comparison 

The bearing capacities of the four specimens were generally degraded with the loading. RRC1, 

RRC2 and RRC3 were more stable in bearing capacity even if the horizontal displacement increases 

before reaching the peak load. The bearing capacity degradation curve was relatively smooth and 

showed good ductility, which indicating that CFRP had a good strengthening effect on the recycled 

concrete column specimens with different levels of seismic damage under large lateral displacement 

conditions (Figure 9). After reaching the peak load, the bearing capacity of RRC2 and RRC3 degraded 

more rapidly, which may be due to the bulging and tearing of the outsourced CFRP and the 

weakening of the restraint on the concrete in the core area. In general, the level of seismic damage of 

the recycled concrete column specimens had a large influence on the strength degradation coefficient. 

The lower the initial seismic damage of the specimens, the more stable the CFRP strengthened 

bearing capacity was and the easier it was to maintain the strength. 

3.5. Stiffness degradation 

Stiffness degradation is characterized by the average secant stiffness 𝐾𝐾𝑖𝑖  in the positive and 

negative directions at all levels of the hysteretic curve, as shown in Equation 3.  𝐾𝐾𝑖𝑖 =
𝐹𝐹�𝑖𝑖∆�𝑖𝑖                                    (3) 

Where 𝐹𝐹�𝑖𝑖 represents the average value of peak load in positive and negative directions for each 

stage, and ∆� 𝑖𝑖  represents the average value of maximum displacement in positive and negative 

directions for each stage. 

The stiffness degradations of the four specimens are shown in Figure 11. 
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Figure 11. Stiffness degradation curve comparison. 

The stiffness degradations of the four specimens were similar as the load proceeding (Figure 11). 

With the displacement increases, the stiffness becomes smaller. The initial stiffness of RC0 was 6.61 

kN/mm. The initial stiffness of RRC1 was 7.85 kN/mm, RRC2 was 6.03 kN/mm, and RRC3 was 4.55 

kN/mm. The more severe the seismic damage, the lower the initial stiffness. The CFRP strengthening 

did not significantly enhance the initial stiffness of the specimens. As the load proceeding, the 

stiffness degradation of the specimens slowed down,which indicating that the effect of CFRP on the 

stiffness of the recycled concrete column specimens with seismic damage will gradually appear as 

the loa proceeding. Overall, the stiffness improvement was most significant after strengthening of 

non-destructive recycled concrete column specimens. The stiffness of the medium seismic damage 

recycled concrete column would be effectively improved and restored after strengthening. The 

stiffness was recovered but not significantly after strengthening of severe damage recycled concrete 

column. The stiffness restoration and improvement of damaged recycled concrete columns 

strengthening with CFRP were more evident for the medium damage and non-damage recycled 

concrete columns. 

3.6. Energy consumption capacity 

The energy consumption capacity of the specimen is mainly determined by the equivalent 

viscous damping coefficient and the accumulated energy consumption. 

The equivalent viscous damping coefficients of the specimens are shown in Figure 12. The 

equivalent viscous damping coefficients of the specimens showed an increasing trend. In most of the 

loading stages, the equivalent viscous damping coefficients of RRC2 and RRC3 were higher than 

those of RC0, and RRC2 and RRC3 had good energy consumption capacity. As the specimens were 

continuously loaded, the CFRP was torn and damaged, and the restraint effect on the core concrete 

was weakened, the rising trend of the equivalent viscous damping coefficient at the end of loading 

slowed down. The equivalent viscous damping coefficient of RRC2 had significantly improved 

compared to RRC3. The CFRP had better strengthening effect on the medium seismic damage 

specimen. In general, the use of recycled concrete improved the energy consumption capacity of 

specimens to a certain extent. The level of initial seismic damage had a great influence on the 

equivalent viscous damping coefficient of the specimens. CFRP strengthening was beneficial to the 

improvement of the energy consumption capacity of the specimens. 
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Figure 12. Equivalent viscous damping coefficient comparison. 

The trends of cumulative energy consumption of the specimens are shown in Figure 13. The 

energy consumption capacities of the CFRP strengthened recycled concrete column specimens had 

increased with different levels compared to the prototype specimen. Especially for the medium 

seismic damaged specimen, the energy consumption increased more significantly. The energy 

consumption trend of the severely damaged strengthened specimen was almost the same as that of 

the prototype specimen. 

 

Figure 13. Cumulative energy consumption change. 

The comparison of the cumulative energy consumption of the four specimens is shown in Figure 

14. Compared to RC0, the cumulative energy consumption of RRC1, RRC2, and RRC3 were increased 

by 7.1%, 32.5%, and 12.1%, respectively. The cumulative energy consumption of RRC2 increased by 

18.2% compared to RRC3. In general, the use of recycled concrete and CFRP strengthening showed 

the most significant improvement in cumulative energy consumption for the recycled concrete 

column specimen with medium seismic damage. 
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Figure 14. Cumulative energy consumption comparison 

3. Conclusion 

The damages of the four specimens were all caused by the plastic hinge at the bottom of the 

column. After the plastic hinge was strengthened by the combination of transverse sleeve and 

longitudinal paste, the hysteresis curves of all specimens were fuller and showed good energy 

dissipation capacity. Overall, the use of recycled concrete improved the seismic performance of the 

specimens. The CFRP was more effective for strengthening the recycled concrete column specimens 

with medium and lower seismic damage levels(displacement ratio ≤ 3%). 
Compared to the intact prototype specimen, the peak bearing capacities of RRC1, RRC2 and 

RRC3 increased by 14.3%, 11.4% and 1.19%, the yield displacements increased by 0.4%, 52.9% and 

76.1%, and the ultimate displacements increased by 10.7%, 26.3% and 15.9%, respectively. The peak 

bearing capacity of the RRC2 was higher than that of RRC3 by 10.1% as the level of seismic damage 

was reduced. The displacement ductility coefficient increased by 22.9%, indicating that CFRP 

strengthening exhibited different effects on the performance of the recycled concrete column 

specimens under different seismic damages, and the restoration and improvement effects on medium 

damaged recycled concrete specimens are better.  

Compared to the intact prototype specimen, the cumulative energy consumptions of RRC1, 

RRC2 and RRC3 increased by 7.1%, 32.5% and 12.1%, respectively. The cumulative energy 

consumption of RRC2 increases by 18.2% compared to RRC3, which indicated that the recycled 

concrete, CFRP and the level of seismic damage of the specimens all affected the energy consumption 

capacity of the strengthened specimens. Overall, the CFRP strengthening significantly improved the 

cumulative energy consumption capacity of the recycled concrete column specimens with medium 

seismic damage. 
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