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Abstract: In order to study the performances of high-strength concrete beams including steel fibers and large-particle recycled aggregates, four different beams have been designed, tested experimentally and simulated numerically. As varying parameters, the replacement rates of recycled coarse aggregates and CFRP (carbon fiber reinforced polymer) sheets have been considered. The failure mode of these beams, related load deflection curves, stirrup strain and shear capacity have been determined through monotonic loading tests. The simulations have been conducted using the ABAQUS finite element software. 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.
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1  Introduction

Presently, the problems associated with the appropriate utilization of the construction waste and the existing resources should be considered at priority and the rough production model must be changed. The effective use of recycled concrete has been able to minimize the damage caused to the environment caused by the dumping of construction waste, and thus, the pressure on living space has been relieved. To achieve this, a series of experimental studies on recycled concrete mixtures, their basic properties, performances, and modification techniques have been performed [1–9]. Currently research on high-strength recycled concrete is a key concern. Cao et al. [10] experimentally fitted stress-strain curves for high-strength recycled concrete with different recycled coarse aggregate replacement rates. Gonzalez et al. [11] carried out a shear test on recycled concrete beams and found that the ultimate load capacity of recycled concrete beams with more than 50% replacement of recycled coarse aggregates was reduced by about 10%–20%. Luo [12] carried out a four-point stress test on beams of equal height and variable width. The equations for the shear carrying capacity of the diagonal section of recycled concrete beams with different recycled aggregate replacements percentage were mentioned. The results of the study conducted by Wu et al. [13] showed that the shear carrying capacity of recycled concrete beams increased with the increase in the stirrup ratio, and gradually decreased with the increase of the shear span ratio and the replacement percentage of recycled coarse aggregate. Li et al. [14] analyzed theoretically, experimentally and microscopically the intrinsic structure curves of the recycled concrete including iron ore tailings (IOT) before and after carbonation. The study showed that the comprehensive damage parameter of recycled concrete was minimized at 30% IOT content, indicating that IOT had a better optimization effect on the intrinsic constitutive curve of RAC. Long et al. [15] experimentally evaluated the related surplus coefficient (defined as the proportionality factor linking the measured compressive strength value of the cement after 28 days to the “standard” value of cement strength) associated with different sources of P.O42.5 cement. The results shown that the related surplus coefficient of cement strength could be 1.16. This laid the foundation for reducing production costs and improving the performance of commercial concrete.

CFRP cloth (Carbon fiber reinforced polymer sheet) is a material with high strength and high modulus of elasticity material and has been widely used in the field of civil engineering. Mosallam et al. [16] investigated the shear performance of nine concrete beams reinforced with CFRP sheets and concluded that CFRP sheet reinforced concrete beams could effectively improve the ultimate shear load capacity of the beams. In addition, the shear span ratio had a large effect on the ultimate shear load capacity of the reinforced beams. Cheng et al. [17] studied the shear performance of the concrete beams reinforced with CFRP sheet under load condition and established the equation of shear bearing capacity of the inclined section of beams using finite element analysis, which showed that the ultimate shear bearing capacity of the inclined section of beams could be significantly improved by using prestressed CFRP sheet reinforcement.

It has been shown that coarse aggregates of large particle size could play a supporting role as a skeleton inside the concrete, thus increasing the compressive strength of recycled concrete [18]. In the present work, four high-strength concrete beams including steel fibers and large-particle recycled aggregates were designed. The replacement rates of recycled coarse aggregates and CFRP sheets were studied in detail. Monotonic loading tests were used to analyze the failure mode, load-deflection curves, stirrup strain and shear capacity of the beams. Test results were then compared with the by ABAQUS simulation results. The objective of this study was to recommend the application of recycled concrete in structural engineering.

2  Methods and Material

2.1 Raw Material

The ordinary Portland cement with a strength grade of 42.5 and natural river sand as a fine aggregate were used for the experiments. Coarse aggregates were natural and ordinary coarse aggregates. Natural coarse aggregate was made of common gravel, with a maximum particle size of 31.5 mm. Recycled coarse aggregate was made from concrete after the demolition of an abandoned building. Impurities such as glass and wood chips were manually removed, and the particle size ranged from 31.5 mm to 60 mm. Fibers of length 13 mm and the length-to-diameter ratio of 65 were made from high-strength steel fibers with a copper-plated surface. Tab. 1 shows the composition of recycled concrete mix. The grade of steel bars used in the specimens was HRB 400. The mechanical properties of the experimentally measured concrete and reinforcement material are shown in Tabs. 2 and 3.
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2.2 Design of Specimens

A total of four specimens were designed and manufactured for the present experimental study, including three recycled concrete beams and one reference beam of ordinary concrete. The number and design parameters of the test specimens are shown in Tab. 4. The specimens were 2400 mm long with an effective length of 2100 mm. The width and depth of all test beams were 200 mm and 400 mm, respectively. Also, the thickness of the protective layer was 15 mm. Three 22 mm steel bars were used as the bottom reinforcement of the specimen beams and two 8 mm steel bars were used for the top reinforcement. All steel stirrups were 8 mm in diameter, spaced 200 mm apart, and evenly spaced along the length of the beam. The design details of the specimens are shown in Fig. 1.
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Figure 1: Schematic for specimen design

2.3 Point Arrangement and Reinforcement Scheme Measurement

Four resistance strain gauges were attached to the steel stirrups at different locations to measure the strain and were placed to measure the displacement of the specimens at the loading point, mid-span, and at the two supports. The specific positions of the CFRP sheets as per the requirements of technical specification for strengthening concrete structures with CFRP and the specific conditions of the test site are shown in Fig. 2. The bottom of the specimens were reinforced with CFRP sheet to increase the flexural capacity of the specimens and to ensure that the expected test results are achieved. After the specimen SL-4 was pre-damaged, the CFRP sheet was applied to the shear zones near the loading point for shear reinforcement. The single-layered and 100 mm wide CFRP sheet strip was spaced 200 mm apart. The reinforcement position of CFRP sheets is shown in Fig. 3.
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Figure 2: Layout of stirrup strain gauges
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Figure 3: Schematic depicting the CFRP sheets reinforcement position. (a) Layout of CFRP sheets in specimen SL-1~SL-3 (b) Reinforcement position of CFRP sheets in specimen SL-4

2.4 Loading System and Equipment

During the experiments, monotonic and gradual loading processes were carried out by hydraulic jacks. The initial load increments of specimens SL-1 to SL-3 were 20 kN and were changed to 40 kN after the appearance of the first oblique crack. The time interval of each loading was 3 min, which was used to record the data and observe the development of cracks. Specimen SL-4 was loaded to 0.9 times the peak load of specimen L-3 and then the loading was stopped. At this point, the critical diagonal crack width of the specimen was 2 mm and the steel stirrups strain was about 80% of the yield strain. The specimen SL-4 was reinforced by CFRP sheets and loaded again.

3  Results

3.1 Failure Mode

The shear failure mode occurred in all the specimens and the corresponding failure modes of the specimens SL-1 to SL-3 are shown in Fig. 4. In the case of specimen SL-1, when a load of 150 kN was applied, small curved vertical cracks began to appear below the loading point. When the applied load was increased to 200 kN, multiple oblique shear cracks appeared in the shear zones of the specimen. The number of diagonal cracks increased and extended towards the loading point during continuous application of the load. At the same time, the vertical cracks developed into bending shear cracks. When a load of 300 kN was applied, the vertical cracks did not develop any longer, and one of the diagonal cracks widened rapidly. On further increasing the load to 460 kN, the diagonal crack penetrated the beam and transformed into a critical crack. Consequently, the concrete below the loading point of the specimen was crushed and the specimen was destroyed. While, in the case of specimen SL-2, the first diagonal crack formed at the application of a load equal to 150 kN. When the applied load was 400 kN, a 2 mm wide diagonal crack developed rapidly. On further increasing to the 500 kN, critical diagonal cracks were formed in the shear zones of the specimen, thereby destroying the specimen. In the case of the specimen SL-3, a diagonal crack appeared in the shear-span zone when a load of 200 kN was applied. Further, the application of an increased load of 350 kN, developed a diagonal crack rapidly upward to the loading point. Also, a critical diagonal crack appeared when the applied load was 500 kN. At this point, the vertical CFRP sheet was peeled off causing permanent damage to the specimen.

The damaged pattern of specimen SL-4 before and after pre-damage reinforcement is shown in Fig. 5. During pre-damage, many vertical cracks were formed below the loading point at the initial loading stage. Diagonal cracks also appeared near the support when a load of 180 kN was applied. When the load further increased to 450 kN, the diagonal crack widened rapidly. Moreover, the maximum width of the oblique crack became 2 mm, and the experiment was stopped. The specimen was reinforced and the load was applied again. The damaged pattern of the specimen is shown in Fig. 5b. At the initial loading stage, the development equal to cracks in SL-4 was not significantly different from other specimens. The application of a load of 350 kN resulted in the formation of longer and wider diagonal cracks, while the vertical CFRP sheet was peeled off from the surface of the specimen. When the applied load was increased to 540 kN, the CFRP sheet intersecting the oblique main crack was fractured, and the one at the bottom of the beam was peeled off, thereby, thereby damaging the specimen.
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Figure 4: Crack pattern of specimen SL-1~SL-3. (a) SL-1 (b) SL-2 (c) SL-3
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Figure 5: Crack pattern of specimen SL-4 before and after pre-damage reinforcement. (a) Before pre-damage reinforcement (b) After pre-damage reinforcement

3.2 Load Deflection Curve

The load-deflection curves of SL-1, SL-2, and SL-3 are shown in Fig. 6a. The results showed that the slope of specimen SL-1 was significantly steeper than that of specimens SL-2 and SL-3 at the initial loading stage. This implied that the stiffness of ordinary reinforced concrete beams was higher than that of the recycled concrete beams. However, the slope of the curve of each specimen was approximately the same before the applied load reached the peak value. At this point, the skeleton support role of the large-sized recycled coarse aggregates was advantageous. Therefore, the difference between the stiffness of specimens SL-1, SL-2, and SL-3 was not significant. The peak load of the specimen SL-1 was 466 kN, and the corresponding deflection value was 14.55 mm. In comparison with the specimen SL-1, the peak load of SL-2 and SL-3 was increased by about 2.1% (476 kN) and 4.3% (490 kN), respectively. This indicated that the increase in the replacement rates of recycled coarse aggregate improved the shear carrying capacity of the specimens to some extent. The deflections at peak load of the specimen SL-2 (12.43 mm) and SL-3 (11.50 mm) were relatively close to that of the specimen SL-1, suggesting that the specimens had good resistance to deformation.

Fig. 6b compared the load-deflection curves of specimens SL-3 and SL-4. The stiffness of the specimen SL-4 was lower than that of SL-3 at the initial loading stage. This was ascribed to high the failure degree of specimen SL-4 after pre-damage, thus, reducing the specimen stiffness and poor ductility. The continuous load application made the vertical CFRP sheet resist the tensile force. As a result, the stiffness of the test piece gradually increased, and the overall resistance to deformation was also enhanced. When compared with the specimen SL-3, the peak load of specimen SL-4 was increased by about 8.9% and the peak displacement was reduced by 10.6%. This indicated that CFRP sheet reinforcement could improve the shear carrying capacity of the specimen as well as the resistance to deformation.
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Figure 6: Load–displacement curves of specimens under different conditions. (a) Recycled coarse aggregate replacement percentage (b) Pre-damage reinforcement

3.3 Load-strain Curve of Stirrups

The load-strain curves of the stirrups in the shear zones of each specimen are shown in Fig. 7. At the initial loading stage, the strain of the specimens increased slowly and almost linearly. After the appearance of cracks in the concrete in the shear zone, the stirrups began to bear the stress. At this point, the slope of the curve was smaller, and the strain increased rapidly. The strain of the stirrups near the support of the specimen was significantly smaller than the ones near the loading point. Especially at the peak load, the strain at the loading point of the specimens SL-1 and SL-2 were 3068.4 με and 2234.8 με, respectively, higher than those near the support. This indicated that the stirrups near the loading point bore more tensile stress, and none of the stirrup strains reached the ultimate strain when the specimen SL-4 was damaged. This was because the CFRP sheet bore the shear force instead of the stirrups after the diagonal cracks were generated. As a result, the CFRP sheet spalled off from the concrete surface at the time of the damage, and the stirrups did not form.
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Figure 7: The load-strain curve of the stirrup of specimens. (a) SL-1 (b) SL-2 (c) SL-3 (d) SL-4

4  Numerical Simulation

In the present work, the concrete damage plastic (CDP) model was used for finite element analysis. The constitutive relation of compressive stress-strain of high strength recycled concrete was based on the formula proposed in the literature [10]. The ideal elastic-plastic model was chosen for the steel bars. The stress-strain relationship of the CFRP sheet had linear elasticity, and was considered damaged when the force exceeded the ultimate tensile strength. While imposing the boundary conditions, the displacement and rotation constraints in the three directions were applied to the right side support of the specimens. Displacement constraints in y and z directions and rotation constraints in three directions were applied to the left end of the specimen. The mesh division of concrete and CFRP sheets of the specimen is shown in Fig. 8.

When the specimen SL-4 was loaded, the CFRP sheet was set to a failure state in the first stage. At this point, the CFRP sheets were not working. Once the applied load reached the target value, the CFRP sheet was set to the active state in the second stage, while the CFRP sheet and concrete beams worked together to bear external forces until the specimens were destroyed.

[image: images]

Figure 8: Mesh division of concrete and CFRP sheets. (a) Mesh division of concrete (b) Mesh division of CFRP sheets

The equivalent plastic strain of concrete when the specimen was damaged is shown in Fig. 9. It could be seen that the stress in the region between the loading point and the support was large, which was typical of a shear failure. Also, the results were in good agreement with the finite element simulation results. The simulated values of the deflection compared with the measured values shown in Fig. 10. Indicated that the development trends of the two curves were similar. In the initial loading stage, the slope of the curve was steeper, however, with the continuous application of load, it was reduced along with the stiffness. When the same load was applied, the simulated deflection values were slightly higher than the measured values, and the peak loads were lower than the measured values, about 97.0%, 97.0%, 97.8%, and 93.1% of the measured values, respectively in all the samples. The finite element simulation results and the experimental data, altogether confirmed that the parameter setting was reasonable and the model was effective.
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Figure 9: Equivalent plastic strain of the specimens. (a) Equivalent plastic strain of SL-3 concrete (b) Equivalent plastic strain of SL-2 concrete (c) Equivalent plastic strain of SL-3 concrete (d) Equivalent plastic strain of SL-4 concrete
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Figure 10: Comparison between the simulated and measured deflections of the specimens. (a) SL-1 (b) SL-2 (c) SL-3 (d) SL-4

5  Calculation of Shear Carrying Capacity

The present study focused on calculating the bearing capacity of ordinary concrete beams proposed in the relevant codes. The analysis was carried out by combining the characteristics of the recycled concrete and relevant experimental data. The equation for calculating the shear carrying capacity of high-strength concrete beams including steel fibers and large-particle recycled aggregates under different recycled coarse aggregate replacement rates was discussed. The force state of the specimens at the peak point was used as a reference to calculate shear carrying capacity.

The shear carrying capacity of ordinary concrete beams under concentrated load could be obtained by Eq. (1).


Vcs=1.75λ+1ftbh0+fyvAsvsh0
(1)

where Vcs is the shear carrying capacity of the inclined section, λ is the shear span ratio, ft is the designed value of concrete axial tensile strength, b is the specimen section width, s is the spacing of stirrups, Asv is the total cross-sectional area of each leg of the stirrup in the same section, fyv is the designed value of stirrup tensile strength, h0 is the effective height of specimen section.

The shear carrying capacity of recycled concrete beams was higher than that of ordinary concrete beams. Therefore, the shear carrying capacity of recycled concrete beams was modified as Eq. (2).


Vcsr=(2.0−ar)Vcs
(2)

where r is the replacement rates of recycled coarse aggregate, a is the correction factor. The measured values of recycled concrete beams at different replacement rates were substituted into Eq. (2). According to the regression analysis and the safety of the recycled concrete beams, the value of a was taken as 0.2. The equation for high-strength concrete beams including steel fibers and large-particle recycled aggregates is as follows:


Vcsr=(2.0−0.2r)(1.75λ+1ftbh0+fyvAsvsh0)
(3)

The relevant data obtained from the experimental conducted in this study were substituted into Eq. (3). The calculated values and the measured values obtained from the experimental results are listed in Tab. 5, where Vcalculate is the value calculated by Eq. (3), and Vmeasured is the shear carrying capacity at the loading point calculated according to the test value. It could be seen from Tab. 5 that the calculated values were nearly the same as the experimental results with relatively small errors. Hence, the above equation was suitable for the calculation of the shear carrying capacity of the specimens.
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6  Conclusions

In summary, the shear properties of four high-strength concrete beams including steel fibers and large-particle recycled aggregates were investigated. The results showed that the shear failure mechanism of high-strength recycled concrete beams including steel fibers and large particle size coarse aggregate was similar to that of the ordinary concrete beams. With the increase in the replacement rate of the recycled coarse aggregate, the shear carrying capacity of high-strength recycled concrete beams including steel fibers and large particle size coarse aggregates was also improved, and the deformation resistance was similar to that of the ordinary concrete beams. In comparison to with the specimens without reinforcement, the deflection of the reinforced recycled concrete beams at the loading point was reduced and the peak load capacity was increased. Moreover, the finite element simulation results were consistent with the experimental results, thereby, validating the set parameters used in the study. The difference in the shear behavior of recycled high-strength recycled concrete beams including steel fibers and large particle size coarse aggregates under different factors could be simulated. Our method showed a potential application for the designing of materials for their effective and practical utilization.
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Table 1: Concrete mix compositions

Replacement Sand Concrete material per cubic meter (kg)
ti tio (¢

raho ratio (%) Cement Flyash Silica Sand Natural Recycled Steel
of recycled coarse

o Fume coarse coarse fiber
aggregate (%)

aggregate aggregate

0 42 432 54 54 699 966 0 78.5
50 42 432 54 54 699 483 483 78.5
100 42 432 54 54 699 0 966 78.5
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Table 3: Mechanical properties of the steel bars

Steel type Diameter Yield Strength Ultimate strength Elongation
(d/mm) (f,/MPa) (f./MPa) (0/%)

HRB400 8 437 653 13

HRB400 22 453 607 29
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Table 4: Design parameters of the specimens

Specimen Section size Recycled coarse aggregate Shear span Reinforcement
number (mm) replacement percentage (%) ratio method

SL-1 200 x 400 0 2.0 -

SL-2 200 x 400 50 2.0 -

SL-3 200 x 400 100 2.0 -

SL-4 200 x 400 100 2.0 Pasting CFRP sheets
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Table 2: Mechanical properties of the concrete

Type Cube compressive  Axial compressive  Axial tensile ~ Modulus of
strength strength strength elasticity
(f../MPa) (f./MPa) (f/MPa) (E. x 10*/MPa)

NAC 50.6 38.46 2.14 3.47

RAC-50 514 39.06 1.60 3.48

RAC-100  52.0 39.52 2.09 3.49

Note: NAC, RAC-50 and RAC-100 mean the replacement ratio of recycled coarse aggregates were 0, 50% and 100%, respectively.
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Table 5: Calculated and measured values of the shear carrying capacity ot the specimens

Specimen Veatcutatea Vineasured Veateutatea Vimeasured Error of Vyeasurea and
(&kN) (kN) Veatcutated (7o)

SL-1 343 306 1.12 12

SL-2 282 313 0.90 10

SL-3 304 322 0.95 5
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