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Abstract: In order to study the axial compression performances of short columns made of recycled aggregate concrete, four samples were designed with different recycled aggregate replacement rates and carbon fibre reinforced plastics (CFRP) sheets. Then, monotonic loading was implemented to assess the variation trends of their axial compression properties. The ABAQUS finite element software was also used to determined the compression performances. Good agreement between experimental and numerical results has been found for the different parameters being considered. As shown by the results, recycled coarse aggregates result in improved ductility and better deformation performance of the specimens. The failure of specimens caused by pre damage can be compensated by using CFRP sheets, by which both the resistance to deformation and the axial carrying capacity of columns can be increased.
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1  Introduction

With the acceleration of urbanization, old buildings are increasingly being demolished, and construction waste can be seen everywhere. However, the traditional disposal methods of construction waste are no longer compatible with the concept of green and sustainable development in modern society. Recently, a new treatment method of using construction waste to make recycled aggregate concrete has been proposed. Recycled aggregate concrete refers to concrete made by crushing construction solid waste to replace natural coarse aggregates or fine aggregates. At present, recycled aggregate concrete is sparingly used in structures, and its technical research and application has become a topic of common concern for researchers at home and abroad [1].

Compared with natural aggregates, recycled aggregates have higher water absorption. This effect can be compensated by calculating the water consumption of the recycled aggregate or pre-absorbing the recycled aggregate while designing the composition. Thomas et al. [2] and Kou et al. [3] analysed the durability properties of concrete incorporating recycled aggregate. The results show, the durability of the concretes made with recycled aggregate is worse due to the intrinsic porosity of them. Dimitriou et al. [4] presented the effect of recycled aggregate to concrete and a treatment method utilized to improve the properties of recycled aggregate, by reducing the amount of the adhered mortar, and the mechanical properties and durability of recycled aggregate concrete were improved using the proposed methodologies. Carneiro et al. [5] investigated the influence of steel fiber reinforcement on the stress–strain behavior of concrete made with recycled aggregates. The research results show that the addition of steel fiber and recycled aggregate increased the mechanical strength and modified the fracture process relative to that of the reference concrete. Ramesh et al. [6] implemented regression models based on the recycled aggregate and steel fiber contents in the steel fiber reinforced recycled aggregate concrete mixes to predict their split-tensile strength, compressive strength and elastic modulus.

At present, the research on recycled aggregate concrete materials has been relatively sufficient. Some researchers have further conducted a large number of experimental studies on recycled aggregate concrete columns. Xiao et al. [7,8] studied recycled aggregate concrete made of recycled aggregates with a particle size range of 5 mm–31.5 mm, and studied the effects of recycled aggregate replacement rate and eccentricity on recycled aggregate concrete columns. Their results showed that the crack development stage of the specimen with eccentricity is longer. For the specimen with small eccentricity, the crack resistance of recycled aggregate concrete column is stronger than that of natural concrete. However, for the specimen with large eccentricity, the crack development speed is faster, which affects the replacement rate of recycled aggregate. Liu et al. [9] designed four different beams and studied the performances of high-strength concrete beams including steel fibers and large-particle recycled aggregates. The results show that the shear failure mode of recycled concrete beams is similar to that of ordinary concrete beams. The shear carrying capacity of high-strength concrete beams including steel fibers and large-particle recycled coarse aggregates grows with an increase in the replacement rate of recycled coarse aggregates. Reinforcement with CFRP sheets can significantly improve the beam’s shear carrying capacity and overall resistance to deformation. Cao et al. [10–12] studied the influence of column section type on the compression performance of recycled aggregate concrete columns. The particle size range of recycled aggregate is 5 mm–25 mm. They found that the ductility of recycled aggregate concrete columns is slightly better than that of natural concrete columns, and the energy dissipation capacity of circular section columns is better than that of square section columns. Choi et al. [13] studied investigates the compressive behavior of reinforced concrete columns that are made from recycled aggregate and are subjected to monotonic uniaxial loading. The test results and the calculated strengths for the axial load capacity of the recycled aggregate concrete columns using the above approach indicates that recycled aggregate concrete columns fulfill the ACI design strength criteria. Xu et al. [14] presented a review of experimental tests performed for the characterization of the mechanical behavior of FRP-concrete members realized employing recycled aggregate concrete. Xiong et al. [15] introduced the compressive behavior of FRP-confined steel-reinforced concrete columns using recycled aggregate concrete. It has been revealed that the FRP-confined steel-reinforced concrete columns with recycled aggregate concrete had similar compressive behavior as the FRP-confined steel-reinforced concrete columns with normal aggregate concrete although the use of recycled aggregate concrete slightly decreased the load-carrying capacity. Sushree et al. [16] studied the influence of different fly ash contents instead of cement on the axial compression performance of reinforced concrete columns when 100% recycled coarse aggregate was replaced. The results show that the peak load of recycled aggregate concrete columns mixed with fly ash is slightly higher than that of ordinary concrete columns. Wu et al. [17,18] studied recycled mixed concrete made from large-size waste concrete blocks with a characteristic size of 50 mm–400 mm, and conducted axial compression performance tests on the recycled mixed concrete short columns. They found that the compressive carrying capacity of the block reinforced mixed short column needs to be multiplied by 0.9 on the basis of the current standard calculation. Jia [19] and Huang [20] studied the axial compression performance of CFRP strip-constrained steel recycled concrete columns and CFRP-constrained steel recycled concrete columns. The results show that: The failure mode of the CFRP strip-constrained recycled concrete column under axial load is roughly the same, showing brittle failure, and the calculated value of the axial compression carrying capacity is in good agreement with the experimental value. The CFRP-constrained steel recycled concrete column has good axial compression performance, and the axial compression carrying capacity of the specimen is effectively improved. The built-in section steel can improve the ductility of the specimen.

The existing research mainly focuses on recycled aggregates in the particle size range of 5 mm–31.5 mm. There is a lack of research on the use of recycled aggregates in the particle size range of 31.5 mm–50 mm. In this paper, the concrete made of recycled aggregates with a particle size range of 31.5 mm–50 mm is called large particle size recycled aggregate concrete. The study of large particle size recycled aggregate concrete is conducive to saving costs, reducing energy consumption, and reducing the damage caused by the aggregate processing. In this experiment, a total of four large-diameter recycled aggregate concrete short columns were fabricated. One of the specimens with 100% replacement rate of recycled coarse aggregate was pre-damaged and reinforced with CFRP cloth. The axial compression performance was studied, the carrying capacity, strength and failure form of the specimens were analyzed, and the ABAQUS finite element software was used to perform numerical simulation analysis on the specimens. Based on the specification, a calculation formula for the axial compression carrying capacity of large-particle recycled aggregate concrete columns was proposed, in order to provide a basis for the application of large-particle recycled aggregate concrete in practical engineering.

2  Test Survey

2.1 Raw Material

The recycled coarse aggregate used in this experiment was made by crushing the aggregate generated from the dismantling of waste residential buildings. The cement is P.O42.5 grade natural Portland cement, and it meets the relevant regulations of “General Portland Cement” GB 175-2007. The particle size of natural aggregate is 5–20 mm. The particle size range of recycled coarse aggregate is 31.5 mm–50 mm and the fine aggregate is natural river sand. The steel fiber is copper-plated high-strength steel fiber, and the diameter of the steel fiber is 0.2 mm–0.25 mm, the length is 12–14 mm, and the aspect ratio is 48-70, and tensile strength greater than 2850 Mpa. The admixture is Grade I fly ash and fumed silica. The density of fly ash is 2.6 kg/m³, and specific surface area of fumed silica is 19 m2/g. The superplasticizer is a liquid polycarboxylic acid water reducer, and water reduction rate is not less than 30%.

2.2 Specimen Design

Three groups of 150 mm × 150 mm × 150 mm cube test blocks were reserved for the test and the specimens were maintained at the same time. The concrete mix ratio is shown in Tab. 1. The compressive strength of recycled aggregate concrete was measured. The test results are shown in Tab. 2. The longitudinal steel bars were sampled and stretched. In the test, the yield strength and ultimate strength were measured, and the test results are shown in Tab. 3.
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A total of four specimens were designed for the experiment, and the specimen size was 250 mm × 250 mm × 500 mm. The shear span ratio of the column is 2; the replacement rates of recycled coarse aggregate are 0, 50% and 100%; and the volume of steel fiber is 1.0%. There are eight longitudinal bars in total, equipped with HRB400 steel bars with a diameter of 16 mm, and they are evenly distributed along the section. The reinforcement ratio is 2.57%. The stirrup configuration is HRB400 steel bars with a diameter of 8 mm and a spacing of 100 mm, the ratio of stirrups is 1.37%, and the thickness of the concrete clear cover is 15 mm. Strain gauges are arranged symmetrically in the middle of the corner steel bars, and the layout points of the steel bars of the specimen are shown in Fig. 1. A 10 mm-thick Q235 steel plate is added to the upper and lower ends of the column to avoid local pressure damage to the column. When the specimen reaches 50% of the ultimate carrying capacity, CFRP sheet is attached for reinforcement. When the specimen is loaded to 50% of the ultimate load, internal micro-cracks are generated and are in a stable development state. At this time, CFRP cloth can effectively play the role of reinforcement to strengthen the carrying capacity of the specimen. After pre-damage, no obvious cracks are produced on the surface of the specimen. The pre-damaged specimen is reinforced and pasted with two layers of CFRP cloth. The pasting area is 1,200 mm long and 500 mm wide. The detailed parameters of each group of specimens are shown in Tab. 4.
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Figure 1: Reinforcement form and cross-sectional schematic diagram of components
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An electro-hydraulic servo universal testing machine (10000 kN) was used for the loading of this experiment, which is shown in Fig. 2. The force-controlled loading method was adopted in the whole process of the uniform axial compression of the specimens. Two displacement meters are attached to the lower pressure plate of the testing machine, and the accuracy of the displacement meters is 0.01 mm. Preloading is conducted before the formal test to ensure that the measuring instruments are in normal working condition. The loading rate of the column is 1.5 kN/s. In the loading method used herein, load increment before cracking of the column is 100 kN, and the load increment after the cracking is 200 kN. After each level of loading is completed, it is kept stable for 3 minutes, and the displacement meter data is collected. The load value is measured by the device’s own force sensing system. The loading system is shown in the Fig. 3.
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Figure 2: Monotonic loading device
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Figure 3: The diagram of load system

3  Test Results and Analysis

3.1 Destruction Form

When the monotonically loaded specimen SC-1 was loaded to 1200 kN, cracks appeared at the lower corners of the specimen. When loaded to 1300 kN, vertical cracks appeared in the middle of the specimen. With the increase in the load, the number of cracks increased, and the length of the cracks gradually increased. The width of the cracks increased from the ends to the middle of the specimen. When loaded to 1900 kN, the specimen made noise, cracks developed and widened rapidly, and the maximum crack width was 1 mm. When the loading was continued, the number of cracks on the concrete surface no longer increased. The original crack width continued to develop, and the concrete in the middle of the specimen bulged along the cracks and separated from the internal steel bars. When the load was 3100 kN, the specimen experienced axial compression failure, and the final failure diagram is shown in Fig. 4a.
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Figure 4: Destruction diagram of each component (a) SC-1 (b) SC-2 (c) SC-3 (d) SC-4

The destruction process of specimens SC-2 and SC-3 was similar to that of specimen SC-1. The specimen SC-2 cracked at 1100 kN. When loaded to 1800 kN, the maximum crack width was about 1 mm. When the load was 2500 kN, the specimen was damaged, and the final damage diagram is shown in Fig. 4b. The first crack appeared when the specimen SC-3 was loaded to 1300 kN. When loaded to 2100 kN, the maximum crack width was 1mm. When the load was 3200 kN, axial compression failure occurred, and the final failure diagram is shown in Fig. 4c. During the loading process of specimen SC-4, there was no crack on the surface. When loaded to 3350 kN, the carbon fiber cloth cracked and produced noise. When loading was continued up to 3740 kN, the carbon fiber cloth was separated from the concrete surface, the internal cracks of the specimen developed fully, and the axial compression failure characteristics were obvious. The final destruction diagram is shown in Fig. 4d.

3.2 Load-Vertical Displacement Curve

Fig. 5 shows the load-vertical displacement curves of specimens SC-1~SC-3 under different replacement rates of recycled coarse aggregate. It can be seen from the figure that when the replacement rate of recycled aggregate was 100%, the curve showed an obvious yield platform, indicating that the specimen had better ductility. This is mainly because the specimen used large-size recycled aggregate to form a skeleton in the concrete which played a supporting role. Compared with specimen SC-1, the ultimate carrying capacity of specimen SC-3 increased by 5%, and the ultimate carrying capacity of specimen SC-2 reduced by 6%, indicating that the coarse aggregate of recycled aggregate concrete had less influence on the carrying capacity of the column. Compared with specimen SC-2, specimen SC-3 displayed higher rigidity. This is mainly due to the fact that the replacement rate of large-size recycled aggregate was 100% in recycled aggregate concrete, and the internal recycled aggregate formed a relatively strong skeleton. Therefore, its rigidity was relatively high. The vertical displacements corresponding to the ultimate load points of SC-2 and SC-3 were close. Compared with natural concrete, the specimens showed good deformation performance before reaching the ultimate state of carrying capacity. After the peak point of natural concrete, the curve dropped steeply and the ductility was poor.
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Figure 5: Load-vertical displacement curves of components under different regeneration substitution rates

Fig. 6 presents the load-vertical displacement curve diagram of the specimen without and with pre-damage reinforcement at 100% replacement rate of recycled coarse aggregate. At the beginning of loading, the structural rigidity of the pre-damaged reinforced specimen was similar to that of the unreinforced specimen. Wrapping with CFRP sheet compensated for the damage caused by the pre-damage. As the load continued to increase, CFRP sheet began to exert its restraining effect, the stiffness of the specimen gradually increased, and the ability to resist deformation was enhanced. Compared with the unreinforced specimen, the ultimate carrying capacity of the pre-damaged reinforced specimen increased by about 14.5%, and the peak vertical displacement reduced by 17.1%. These results indicate that pasting CFRP sheet can improve the axial load carrying capacity of the specimen and the ability to resist deformation.
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Figure 6: Load-vertical displacement curve of member SC-3 and SC-4

3.3 Vertical Load-Rebar Strain Curve

Fig. 7 shows the steel bar load-strain curve of each specimen, where strain gauges A and B are the longitudinal reinforcement strain gauges on one side of the specimen. It can be seen from the figure that the longitudinal bars of each specimen exhibited the yield strain of 2490 με. From the load-strain curves of SC-1~SC-3 steel bars, it can be seen that before the specimen reached the ultimate load, the strain value of each longitudinal steel bar was small, and the load was mainly borne by the concrete. After the specimen reached the ultimate load, the concrete was crushed and the steel bar yielded. Compared with the specimens SC-1~SC-3, the lower slope of the load-strain curve of the SC-4 steel bar in the early stage was mainly due to the failure of the specimen during the pre-damage, the deterioration of the rigidity, the internal cracks, and the increase in the degree of participation of the steel bar. As the load increased, CFRP sheet began to exert its restraint effect. Consequently, the structural rigidity of the specimen gradually increased, and the overall resistance to deformation was enhanced.
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Figure 7: Vertical load-rebar strain curve of specimens (a) SC-1 (b) SC-2 (c) SC-3 (d) SC-4

4  Numerical Simulation Analysis

On the basis of the experiment, the ABAQUS finite element software was used for parameter analysis. In this paper, the concrete and steel plate adopted eight-node three-dimensional integral solid element (C3D8R), the reinforcement adopted three-dimensional truss element (T3D2), and the carbon fiber cloth adopted three-dimensional membrane element (M3D4R). The finite element model was implemented according to the separation method. The constitutive model of concrete used the damage plasticity model in ABAQUS. In the simulation, it was assumed that no bond slip occurred between the steel bar and the concrete. The built-in area constraint was adopted between the steel bar and the concrete, and the binding constraint was adopted between the carbon fiber cloth and the concrete. The reference point was coupled with the surface of the loading head. The loading head and the column end created frictional contact. The normal behavior in the contact was selected as “hard” contact, and the constraint execution method was penalty. When the grid was divided, the size of the concrete structural unit was a cube unit with a side length of 15 mm. The CFRP cloth used a 45 mm side membrane unit, and the upper and lower steel plates used a 20 mm side cube unit. The longitudinal ribs and stirrups used truss elements with a side length of 16 mm.

For natural concrete under compression, the uniaxial compression stress-strain constitutive relationship of concrete is recommended in the concrete structure design code. The compression stress-strain curve of recycled aggregate concrete is obtained from a literature formula [21]. In the simulation, the cubic compressive strength of concrete adopted the actual measured value. The elastic modulus of recycled aggregate concrete was calculated by the calculation formula proposed in literature [22], and the Poisson’s ratio was 0.2. The reinforcement adopted the isotropic elastic-plastic model provided in the ABAQUS software, and the stress-strain relationship adopted the “elastic-strengthening” double-broken line model. The elastic modulus of the strengthened section was 0.01 times the initial elastic modulus. In the simulation, the yield strength and elastic modulus of the steel bars were measured by actual values, and the Poisson’s ratio was 0.3. The damage and reinforcement of the specimens used the “life and death element method” for modeling and analysis. The displacement control loading method was adopted in the whole process of the simulation of the axial compression of each specimen.

The formula for calculating the elastic modulus of recycled aggregate concrete is as follows (with Poisson’s ratio of 0.2):


Ec,r=(1−0.30δ)1052.2+34.7(1−0.15δ)fcu,r
(1)

where, 
fcu,r
is the compressive strength of recycled aggregate concrete cube; and 
δ
is the replacement rate of recycled aggregate.

Sidoroff proposed the calculation formula of concrete damage factor based on the principle of energy equivalence as follows:


d=1−σ(E0ε)
(2)

where, d is the plastic damage factor of concrete; σ is the concrete stress; ε is the concrete strain; and 
E0
is the initial elastic modulus of concrete.

Fig. 8 presents a concrete equivalent plastic strain diagram of the calculation results of the finite element analysis model of each specimen. It can be seen from the figure that the stress in the middle area of the test piece was relatively large, and the steel bar bulged outwards, showing the characteristics of axial compression failure, which is more consistent with the final failure mode of each test.
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Figure 8: Concrete equivalent plastic strain diagram of each specimen (a) SC-1 (b) SC-2 (c) SC-3 (d) SC-4

Fig. 9 presents the comparison of simulated and experimental load-vertical displacement curves. The simulated curve and the experimental curve were in good agreement. At the initial stage of specimen loading, the ascending section of the load-displacement curve of each specimen was basically linear. As the load increased, the specimen entered the yield stage, and continued to load. After reaching the peak load, the load dropped rapidly and the specimen was destroyed. The results show that the error between the simulated value and the test value of the specimen peak load was within 7%, and the vertical displacement error corresponding to the peak load did not exceed 8%. The ABAQUS simulation results were generally in good agreement with the test results. Tab. 5 shows the comparison between the simulation and the test results, which indicates that the finite element analysis method can simulate the axial compression performance of the specimen accurately.
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Figure 9: Comparison of simulated load-vertical displacement curves of component test (a) SC-1 (b) SC-2 (c) SC-3 (d) SC-4
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5  Compressive Carrying Capacity Calculation

With reference to the calculation formula for the axial compression carrying capacity of natural reinforced concrete columns proposed in the current code “Specification for Concrete Structure Design” GB 50010-2010, combined with the characteristics of recycled aggregate concrete and related test data, the steel fiber under different replacement rates of recycled coarse aggregate was analyzed. In this paper, the stress state when each member reached the peak load was selected as the reference state for the calculation of compressive carrying capacity. Then, the calculation formula for the axial compression carrying capacity of aggregate recycled aggregate concrete columns was proposed.

The formula for calculating the compressive carrying capacity of natural reinforced columns under load proposed in the code is as follows:


Nu=0.9φ(fcA+fy′As′)
(3)

In the formula, 
Nu
is the design value of axial force, 
fc
is the design value of concrete axial compressive strength, 
fy′
is the yield strength of the compressive strength, 
As′
is the area of the compressed steel bar, 
A
is the cross-sectional area of the column, and 
φ
is the stability coefficient of the column under compression (for short column 
φ=1.0
).

Based on the comparison between the calculated value of the current code and the test value of the specimen, the method of introducing the concrete strength reduction coefficient to calculate the axial compression carrying capacity of the specimen was proposed. The calculation formula for the axial compression carrying capacity of recycled aggregate concrete columns is as follows:


Nu=0.9φ(αfcA+fy′As′)
(4)

In the formula, 
α
is the compression strength reduction coefficient of recycled aggregate concrete. According to the test results, 
α=(1−1.0r)
is proposed. When the specimen is a normal concrete column, 
α
is taken as 1.0 in the formula.

The experimental values of recycled aggregate concrete columns under different replacement rates were substituted into the formula, and the calculated values were compared with the experimental values. The comparison results are shown in Tab. 6. It can be seen that the calculated results of the formula were similar to the test results, and the error was relatively small. Therefore, this formula is suitable for calculating the axial compression carrying capacity of steel fiber aggregate recycled aggregate concrete short columns.

[image: images]

6  Conclusion

In this paper, axial compression performance tests were performed on recycled aggregate concrete columns. The main conclusions are as follows:

(1) The use of recycled coarse aggregate improved the ductility of recycled aggregate concrete columns, and the deformation performance of the specimens was better. At all recycled aggregate replacement levels, the performance of recycled aggregate short columns are similar to that of natural aggregate concrete short columns;

(2) The use of CFRP sheet to reinforce the specimen can compensate for the damage caused by the pre-damage to the specimen. As the load increased, the CFRP sheet exerted its restraining effect. The stiffness of the specimen gradually increased, the resistance to deformation was enhanced, and the carrying capacity of the column was improved.

(3) The ABAQUS finite element analysis based on the parameters of the recycled aggregate concrete column obtained from the experiment can better reflect the characteristics of the axial compression force and deformation of the recycled aggregate concrete column. The simulated column deformation behavior was in good agreement with the experimental result. The simulated load-displacement curve was also consistent with the experimental data.

(4) Based on the specification, the results of the calculation method for the axial compression carrying capacity of recycled aggregate concrete columns were in good agreement with the test results. Therefore, the proposed method is suitable for the calculation of the axial compression carrying capacity of recycled aggregate concrete columns under different parameters.
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Table 1: Test mix ratio (kg/m>)

Recycled coarse Cement Fly Silica Water sand Stone Recycled Water Steel
aggregate substitution ash Fume coarse reducing  fiber
rate aggregate agent

0 432 54 54 194.4 699.55 966.05 0 10.8 79
50% 432 54 54 194.4 699.55 483.02 483.02 10.8 79
100% 432 54 54 194.4 699.55 0 966.005 10.8 79
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Table 3: Mechanical performance mdexes ot steel bars

Species Rebar grade  Diameter/mm  Yield Ultimate Elongation after
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Longitudinal rib ~ HRB400 16 498 613 26

Stirrup HRB400 8 437 653 13

Note: HRB represents the hot rolled ribbon bar.
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Table 6: Comparison of calculated and experimental values

Component Calculated/kN Test value/kN Relative error/%
SC-1 3262.63 3100 5.25
SC-2 3149.03 2900 8.59

SC-3 3026.82 3265 7.29
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Table 4: Component design parameters
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Monotonic loading
Monotonic loading
Monotonic loading
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Table 2: Concrete mechanical pertormance indicators

Recycled coarse aggregate Cube compressive Vertical tensile Elastic
substitution rate strength/MPa strength/MPa Modulus/MPa
0 50.60 2.14 3.47 x10*
50% 51.35 1.40 3.48 x 10*
100% 52.03 2.09 3.49 x 10*
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Table 5: Comparison of simulated and experimental values

Component Simulation value/kN Test value/kN Relative error/%
SC-1 2852.81 3100 7.97
SC-2 2815.23 2900 2.92
SC-3 3234.82 3265 0.92

SC-4 3717.99 3740 0.59
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