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Abstract: The development of recycled aggregate concrete (RAC) provides a new approach to limiting the waste of natural resources. In the present study, the mechanical properties and deformability of RACs were improved by adding basalt fibers (BFs) and using external restraints, such as a fiber-reinforced polymer (FRP) jacket or a PVC pipe. Samples were tested under axial compression. The results showed that RAC (50% replacement of aggregate) containing 0.2% BFs had the best mechanical properties. Using either BFs or PVC reinforcement had a slight effect on the loadbearing capacity and mode of failure. With different levels of BFs, the compressive strengths of the specimens reinforced with 1-layer and 3-layer basalt fiber reinforced polymer (BFRP) increased by 6.7%–10.5% and 16.5%–23.7%, respectively, and the ultimate strains increased by 48.5%–80.7% and 97.1%–141.1%, respectively. The peak stress of the 3-layer BFRP-PVC increased by 42.2%, and the ultimate strain improved by 131.3%, relative to the control. This reinforcement combined the high tensile strength of BFRP, which improved the post-peak behavior, and PVC, which enhanced the structural durability. In addition, to investigate the influence of the various constraints on compressive behavior, the stress-strain response was analyzed. Based on the analysis of experimental results, a peak stress-strain model and an amended ultimate stress-strain model were proposed. The models were verified as well; the result showed that the predictions from calculations are generally consistent with the experimental data (error within 10%). The results of this study provide a theoretical basis and reference for future applications of fiber-reinforced recycled concrete.
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Nomenclature



	
fl′

	Lateral confining pressure of actively confined concrete (MPa)



	
flp

	Lateral confining pressure of PVC confined concrete (MPa)



	
flf

	Lateral confining pressure of BFRP confined concrete (MPa)



	
Epvc

	Elastic modulus of PVC (MPa)



	
εpvc

	Mono-axial tensile strain of PVC



	
tpvc

	Thickness of PVC material (mm)



	
Efrp

	Elastic modulus of FRP (GPa)



	
εfrp

	Mono-axial tensile strain of FRP



	
tfrp

	Total thickness of FRP material (mm)



	d
	Diameter of the concrete specimen (mm)



	
fl

	Lateral confining pressure at ultimate (MPa)



	
ffrp

	Circumferential tensile strength of FRP material (MPa)



	
fpvc

	Circumferential tensile strength of PVC material (MPa)



	
λ0

	Eigenvalues related to the elastic modulus of concrete



	
λ1

	Eigenvalues related to peak stress



	
Ec

	Elastic modulus of recycled aggregate concrete (MPa)



	
El

	Lateral confining stiffness at peak (MPa)



	
fcu′

	Ultimate stress of the confining specimen (MPa)



	
fcc′

	Peak stress of the confining specimen (MPa)



	
fco′

	Axial compressive strength of unconfined specimen (MPa)



	
k1,k2

	Increase factor of laterally confined stiffness ratio



	
b1,b2

	Stiffness reduction factor



	
εcu

	Ultimate strain of the confining specimen



	
εcc

	Peak strain of the confining specimen



	
εco

	Peak strain of the unconfined specimen



	
k3,k4

	Increase factor of lateral confined strength



	N
	Sample size



	
f(xi)

	Calculated value (predicted)



	
yi
, 
yi¯

	Test value, mean test value



	
α,β,b3,b4

	Constant




1  Introduction

Construction and demolition (C&D) waste pollution and shortage of coarse aggregate have become increasingly serious problems nowadays [1,2]. In this case, the emergence of recycled aggregate concrete (RAC) helps reduce the pollution of C&D waste and contributes to the sustainable development of the construction industry [3–6].

However, studies have shown that RAC has deficiencies such as a high crushing index, low aggregate hardness, and large porosity, which restrict its engineering application [7–9]. Therefore, it is essential to improve the functional performance of RAC. Literature has also proved that the mechanical behavior of recycled concrete can be improved by incorporating short chopped fibers [10–12].

Xiao et al. [13] found that adding 1% fibers in the mortar with 100% recycled aggregate can change the specimen failure from brittle to ductile, which was attributed to the fibers enhancing the interfacial bond between fibers and matrix. Based on the fiber reinforcement theory, Zhang et al. [14] proposed the combined effect of basalt fiber (BF) with RCA and focused on the fiber effect on the mechanical property of concrete before and after cracking. Tests showed that BF significantly improved the interfacial transition zone of recycled concrete and effectively restricted the crack development when the RCA replacement rate was 50%. Ortega-López et al. [15] utilized synthetic fibers as reinforcing materials in concrete. It was found that the presence of fibers inhibited the specimen’s lateral expansion deformation and improved lateral deformation capacity compared to conventional concretes; thus, it significantly improved the post-cracking behavior of concrete.

One way to increase the utilization of recycled concrete is to produce fiber-reinforced recycled concrete structural members like columns and beams. In addition, the strength and ductility of RAC can be improved by additional fiber-reinforced polymers (FRP) sheets [16–20]. Basalt fiber (BF) is a green, inorganic, high-performance fiber material with excellent tensile strength material. Basalt fiber-reinforced polymer (BFRP) is widely used because of its lightweight and high strength [21,22]. However, BFRP showed poor acid resistance and was easily broken in an unfriendly environment. In order to protect the BFRP sheet reinforced recycled concrete cylinder, polyvinyl chloride (PVC) tube was introduced to serve as a safe jacket to protect the core concrete [23–26]. For instance, Gupta [24] applied PVC pipe as a safety jacket for concrete, improving its strength and ductility. However, whether the PVC tube benefits the mechanical behavior of the BFRP-confined cylinder was unclear.

In this work, a new BFRP-PVC confined recycled concrete cylinder was proposed. This reinforcement combined the high tensile strength of BFRP, which improved the post-peak behavior, and the outer PVC, which enhanced the structural durability and protected the internal materials. The compressive behavior of the cylinder under uniaxial compressive tests was studied. As is well known, the stress-strain relationship of the structural member was essential for compressive behavior [27–30]. For instance, Chang et al. [31] investigated the effect of the recycled aggregate (RA) replacement ratio on the stress-strain behavior of different concrete strengths. The test results showed that the incorporation of RA had a more significant effect on low-strength concrete, which agreed with prior test results [32–34]. Revilla-Cuesta et al. [35,36] researched the compressive deformation behavior of concrete with various RA. The test showed that using RA resulted in lower peak and fracture strains.

Furthermore, the external reinforced materials strongly influence the structural properties [37–39]. Although some models have been proposed to predict the monotonic compressive response of FRP-confined concrete, there are few models for BFRP-PVC confined fiber recycled concrete [40,41]. Meanwhile, to obtain an accurate idea of the responses between the concrete and restraining materials, studying the mechanical properties of BFRP and PVC is worthwhile [42]. Given pertinent classical models, the experimental data and the composite structure’s force characteristics were considered as well. It is a worthwhile endeavor to establish an accurate model for FRCs in conjunction with BFRP-PVC.

This study investigated the compressive behavior of the basalt fiber reinforced recycled concrete confined by BFRP-PVC composite jackets. The variables include the shortcut BF content, the number of BFRP layers, and external constraint types. The peak stress-strain model and the amended ultimate stress-strain model are proposed based on the experimental results.

2  Experimental Programs

2.1 Test Summary

To investigate the axial compression performance of BFRP-PVC composite reinforced fiber-recycled concrete, 45 recycled concrete cylinders with different BF volume fractions (Vf) were designed in this experiment.

Among them, there were 12 fiber-recycled concrete cylinders without lateral restraint. A total of 27 fiber-recycled concrete cylinders were restrained by BFRP (1 layer, 3 layers) overall wrapping or PVC pipe, and 6 specimens were reinforced by both BFRP (1 layer, 3 layers) and PVC pipe overall wrapping. The specific parameters of the specimen classification design are shown in Table 1.
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2.2 Materials

This test used ordinary Portland cement (PO.42.5) and natural water. Fine aggregate is natural river sand, and the fineness modulus is 2.7, belonging to zone II gradation. Natural coarse aggregate (NCA) is granite crushed stone. The recycled coarse aggregate (RCA) replacement rate is 50%, and the aggregate particle size is 5-20 mm, which is crushed and screened from waste concrete. The basic properties of RAC are shown in Table 2. The density of primary fly ash is 2.55 g/cm3, water content is 0.85%, and the burn loss rate is 4.7%. Using PC Polycarboxylic acid superplasticizer with a water reduction rate of 30%. The characteristics of fibers are shown in Table 3. The PVC type is D160×4, nominal outer diameter 160 mm, wall thickness 4 mm, density 1350–1550 kg/m3. The impregnating adhesive is based on converted EP-type epoxy resin, and the aliphatic amine is the curing agent. The tensile strength of the adhesive is 60 MPa, the tensile modulus of elasticity is 3.2 GPa, elongation is 2.5%, flexural strength is 75 MPa, and compressive strength is 83.6 MPa. The manufacturer provides all the above data. According to the concrete ratio design standard JGJ55-2011 [43], the design ratio is shown in Table 4.
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2.3 Specimen Production

The height of the concrete cylinder was 300 mm, and the outer diameter was 150 mm. Before the mixing process, considering the high-water absorption of recycled aggregates, the recycled aggregates were prepared in saturated surface dry condition (SSD) [44–46]. Cut the BFRP sheet to the required size according to the wrapped layers and the height of the specimen. Polish the surface of the cylinder to keep it smooth and wipe it with acetone solution. The end was flattened with primers to ensure good contact between the cylinder and BFRP. The surface of the specimen and the BFRP are evenly brushed with bonding adhesive with a dosage of 0.6–0.75 kg/m3 [47].

In this paper, the tests were performed at different time intervals. The axial compression test selected 0.2% BF as the optimal dosage. The preparation process of the unidirectional tensile test of BFRP materials refers to the Chinese guideline GB/T 3354-2014 [48]. Two layers of impregnating adhesive are applied to each side of the BFRP sheet to ensure complete saturation of epoxy resin between the BFRP and aluminum flat bar.

The BFRP tensile performance test was prepared in two groups, and 5 samples were in each group. The total thickness (
tfrp
) of the 1-layer BFRP sheet was 0.35 mm, and the total thickness (
tfrp
) of the 3-layer tensile sheets was 0.82 mm. The specific dimensions of the specimen are shown in Fig. 1.
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Figure 1: (a) BFRP stripe; (b) Schematic diagram of the unidirectional tensile test of BFRP material

The test of PVC material properties was operated according to “Determination of Tensile Properties of Thermoplastic Pipes” (GB/T 8804.2-2003) [49], and the PVC sample used in this test is shown in Fig. 2a. Dumbbell-type samples were taken from the PVC pipe to investigate its tensile properties. The specific dimensions of the test pieces are shown in Fig. 2b and Table 5.
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Figure 2: (a) PVC sample; (b) Schematic diagram of the unidirectional tensile test of PVC sample
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2.4 Instrumentation and Testing Procedure

In order to investigate the monotonic behavior of the specimens, a 5000 kN hydraulic compressive testing machine was employed for testing the specimens according to GB 50152-2012 [50]. In addition, all the cylindrical samples were axially loaded with the loading device as in Fig. 3. The specimens were loaded using a graded loading system with 100 kN per stage and a loading speed of 1 kN/s. When the load achieved about 80% of the ultimate load, the rate was slowly changed to 0.5 kN/s until the specimen failed. The longitudinal displacement was measured by the linear variable differential transformer (LVDT) arranged symmetrically on both sides. In addition, the longitudinal and circumferential deformations of the specimens are measured by the longitudinal and circumferential strain gauges. The positions of each layer of strain gauges should be staggered to ensure the maximum accuracy of the test, as shown in Fig. 4.
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Figure 3: Loading device: (a) Load schematic; (b) Test machine
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Figure 4: Instrumentation details: (a) Elevation of P6; (b) Planform of P6

The unidirectional stretching device was a WDW-100 electronic universal testing machine manufactured by MTS Industrial Systems Co., Ltd., China as shown in Fig. 5. The loading rates of BFRP samples and PVC material were 2 mm/min and 5 mm/min, respectively. The results of the unidirectional tensile performance of the materials were: the average tensile strength of the 1-layer and 3-layer sheets were 2033.6 and 1891.0 MPa, respectively. The modulus of elasticity was 82.4 and 99.0 GPa, respectively, and the elongation at break was 2.47% and 2.01%, respectively. The average tensile strength of the PVC was 28.2 MPa, and the modulus of elasticity was 282.6 MPa. There is a certain discrepancy with the data provided by the manufacturer.
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Figure 5: WDW-100 electronic universal testing machine

3  Experimental Results and Discussions

3.1 Failure Modes

The specimens with basalt fiber (P2) showed no significant changes at the beginning of loading. Micro cracks appeared and developed continuously along the longitudinal direction with the further increasing load. After approaching the ultimate load, cracks developed rapidly and penetrated the entire specimen, eventually crushing with the phenomenon of concrete spalling. The failure process is a brittle failure. Similar results were reported by Xiao et al. [51] and Zhang et al. [14]. In addition, the failure mode of the plain concrete cylinder specimen (P1) is like that of P2.

The specimens wrapped with 1 layer of BFRP sheet (P3) had slight transverse deformation at the beginning of loading, and the BFRP sheet did not play a role. As the load increased, the circumferential deformation in the middle of the specimen increased and began to bulge significantly. The upper epoxy cracked and pulled apart, and the BFRP sheet whitened and made a continuous crackling sound. When increasing to ultimate load, the BFRP in the middle and top of the specimen was propped up and started to fall off. The sample wrapped with 3 layers of BFRP sheets (P4) was like P3 specimens in the initial loading stage. When close to the ultimate load, the 3 layers of BFRP suddenly collapsed. However, they showed a thin filamentary connection between each other, did not wholly separate, and still tended to protect the specimen inward. Such behavior belongs to ductile damage. The damage results show that the 3 layers of BFRP sheets inhibit the internal damage of the specimen. This phenomenon is the same as the test process of Jiang et al. [52] and Zeng et al. [53]. Moreover, Zhang et al. [54] also reported a similar result: multilayer BFRP materials can inhibit the internal damage of the specimens. In these cases, improving the BF percentage will enhance the stability of the specimen during failure progress.

For the P5 specimen, there was no noticeable change in the initial stage of loading. When the loading was close to its ultimate bearing capacity, the color of the PVC pipe changed locally. The pipe hoop at the end of the specimen was suddenly propped up and cracked as the pressure increased, then the concrete core was crushed, while it fell off and scattered with the crushed instant. The damage process has no prominent warning—the collapse of the PVC hoop and the damage to the specimen occurred almost simultaneously, which belongs to brittle damage. Similarly, the study of Saadoon et al. [55] confirmed that the PVC pipe’s low strength and high brittleness and the uneven lateral deformation produced by the core concrete resulted in a reduced adhesion between the PVC and the concrete cylinder, which ultimately could not provide sufficient lateral circumferential pressure.

The P6 specimen did not change significantly at the beginning of the loading. When the load reached 70%–80% of its ultimate bearing capacity, the PVC pipe protruded outward as the core area concrete and the BFRP sheets deformed circumferential expansion. After that, the vertical cracks increased with some local concrete crushed, and finally, the pipe hoop collapsed and ruptured. This damaging process has apparent predictability and belongs to ductile damage. Feng et al. [40] similarly presented the experimental phenomena and results: the PVC pipe provided external circumferential compressive stress, which transferred uniformly to the cylinder through the BFRP sheet. The combination not only keeps sufficient compressive strength of BFRP to resist the lateral expansion but also increases the elasticity; the PVC has superior corrosion resistance and plays a protective role for the internal materials in harsh environments. The damage morphology of each group is shown in Fig. 6.
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Figure 6: Failure modes of specimens: (a) P1; (b) P2; (c) P3; (d) P4; (e) P5; (f) P6

3.2 Shape of the Stress-Strain Curve

Referring to the analysis of Lam et al. [56], the stress-strain response of the FRP reinforced concrete specimens depends on the strength utilization of the FRP. Additionally, the stress-strain response of FRP-confined concrete is a monotonically rising bilinear curve when the FRP wrapping exceeds a specific critical value, as shown in Fig. 7 for FRP-heavily confined concrete. Some scholars also proposed the bilinear curve behavior [57–60]. The peak point of such curves is the ultimate point, and the ultimate strain (
εcu
) and compressive strength (
fcu′
) of the specimens reached the same point. Moreover, the strength and ductility of the specimens are enhanced significantly, which belong to the well-constrained response.

[image: images]

Figure 7: FRP-confined concrete behavior typical response

While most research results show the bilinear character of FRP confinement, some experiments also show that FRP-lightly confined curves emerge when the level of FRP confinement is insufficient to cause a post-peak strain hardening behavior, as shown in Fig. 7. In such cases, the specimen reaches the peak point (
fcc′,εcc
) before FRP destruction, and the ultimate stress (
fcu′
) at the end of the descending segment after the peak is compressive strength. The value of 
fcu′
is generally less than the peak stress (
fcc′
). The behavior of concrete with insufficient FRP confinement has been observed in some tests conducted by Xiao et al. [61] and Aire et al. [62]. Specifically, such curves can subdivide into cases where the ultimate stress is higher than the compressive strength of unconfined concrete (
fcu′>fco′
) and cases where the ultimate axial force is less than or equal to the original compressive strength (
fcu′
≤ 
fco′
). The former specimens have higher strength and ductility than the latter one. The above two constraint responses are also explicitly described by Dabbagh et al. [42]. The critical point values of each specimen are given in Tables 6 and 7.
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3.3 Stress-Strain Relationships

A compression test on BFRP-PVC restrained fiber-recycled concrete was conducted in this work. The axial stress-strain curves were obtained, as shown in Fig. 8.
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Figure 8: Stress-strain curves: (a) Stress-strain curve of unconfined concrete; (b) Stress-strain curve with 0.2% basalt fiber; (c) Stress-strain curve with 0.4% basalt fiber; (d) Stress-strain curve with 0.6% basalt fiber

At the initial loading stage, the various specimens are in the elastic stage, and the stress-strain curves are similar. When the load increases to the peak point, the compressive strain in the middle of most specimens reaches or exceeds 0.2%. With the development of lateral deformation of RAC, various types of cylinders showed different stress-strain curves.

After reaching the peak point (
fco′,εco
), the bearing capacity is rapidly lost for the unconfined specimens P1 and P2, and the failure of the specimen shows obvious brittleness. In addition, the strain value of P2 is greater than that of the P1 specimen at the same stress level, which indicates that incorporating the appropriate amount of BF in the RAC could impede the crack development and achieve an anti-cracking effect. Other researchers [63,64] reported that incorporating the appropriate BF in the concrete could impede crack development and achieve an anti-cracking effect. However, adding BF does not significantly improve the compressive strength, and Khan et al. [65] also reported a similar trend.

Specimens P3, P4, and P5 with unconfined concrete strength of 42.31, 40.28, and 37.28 MPa, respectively, incorporating into 0.2%, 0.4%, and 0.6% volume fractions of BF, respectively. Compared with the unconfined specimens, the ultimate stresses in the one-layer BFRP sheet-confined specimens were not significantly higher; however, the curves of one-layer BFRP specimens in the transition period were smoother. For PVC-confined concrete, the curve dramatically drops after reaching the peak point 
(fcc′,εcc)
, which is probably due to the weak lateral confining effect of the PVC pipe. The peak point 
(fcc′,εcc)
of the three-layer BFRP-confined specimens is significantly higher than the unconfined concrete compressive strength (
fcc′>fco′
). However, the stress-strain response after the peak point begins to reduce, and the ultimate stress at FRP damage is higher than the unconfined concrete strength (
fcu′>fco′
).

The P6 specimens have the most pronounced peak stress enhancement; among them, Z-1F-P has an insignificant increase in the compressive strength (
fcu′
), and the stress-strain curve ends with stress slightly higher than the unconfined concrete strength (
fcu′>fco′
). Z-3F-P has relatively sufficient confinement and with the most excellent toughness, ultimate stress, and ultimate strain enhancement. The curve slowly creeps in an arc to the peak point after the elastic phase and then enters the plateau phase. With the increased load, the FRP crumbles and ends with a gentler descending segment. According to Lam et al. [66], the compressive strength and ultimate strain enhancement increase with the confinement effect.

Further details of these specimens can be found in Tables 6 and 7.

3.4 Breaking Mechanism Analysis

The first stage is before the stresses reach the compressive strength of the unconfined FRC cylinder, the specimen is in the elastic stage, and the curve is linear. After reaching the compressive strength of unconfined recycled concrete (
fco′,εco
), the second stage is entered. This stage is affected by two simultaneous mechanisms: the reduction in the load-bearing capacity due to crack development and the enhancement of the action of the BFRP-PVC restraint effect. The latter constrains the core concrete circumferentially, delaying lateral deformation and enhancing load capacity. Once the latter mechanism acts more strongly, a strain hardening curve can be observed. After reaching the peak stress enters the third stage. In this stage, the increased number of cracks in the FRC is occurred, causing the accumulated internal energy to be released continuously. At this point (
fcc′,εcc
), if the external restraining power is weak, the stress-strain curve will appear to strain softening and fall rapidly (FRP-lightly confined concrete-A). The curve will slowly and continuously decrease if the applied restraint is relatively sufficient, improving the toughness and generating the ultimate stress-strain relationship (FRP-lightly confined concrete-B).

3.5 Toughness Indexes and Energy Absorption

In this paper, five indexes are introduced to describe the energy absorption capacity of the specimens based on the literatures [67–69].

(1) Pre-crack energy (PEC)

PEC is the energy absorption capacity of the specimen before cracking. Mathematically, the PEC can be calculated by integrating the stress-strain curve, i.e., the area enclosed from the starting point to the yield stress point. The yield stress point is the stress at which first visual cracks observing during the axial compression test. The PEC values of each group of specimens are shown in Fig. 9a. Among them, the PEC of plain concrete is 3.782. Mono-doped BFs rarely contribute to pre-cracking energy absorption, as in the case of the P2 specimens. Khan et al. [65] proposed the same conclusion that the higher dosage of fibers decreases bond strength. The PEC of the P6 specimen is substantially enhanced and increases with the number of BFRP layers. The solid restraining sustainability of Z-3F-P nicely improved the PEC value. This result may be due to the strong deformation confining effect of multilayer BFRP and the confining pressure provided by the PVC, which transfers to the concrete surface through the fiber sheet, inhibiting the pre-cracking expansion behavior. Therefore, these specimens can absorb more energy and considerably improve the PEC value. There is a similar situation observed in P3 and P4 specimens.
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Figure 9: Energy absorption and toughness index: (a) PEC; (b) CEC; (c) PCEC; (d) TEC; (e) TIC

(2) Cracked energy absorbed in compression (CEC)

CEC is the amount of energy absorbed from the beginning of the cracks to the peak stress, i.e., the size of the curve from the yield stress point to the peak stress point, as shown in Fig. 9b. The CEC of the plain concrete sample is 1.037, and its improvement is not significant with adding basalt fibers. At this stage, the reinforcement with a three-layer BFRP helped most significantly to resist the crack development. Among them, the CEC of Z-0.4-3F is up to 10.596, which is much higher than all other trial specimens. It shows that mixed 0.4% basalt fiber in RAC with three-layer BFRP can work well together. However, the CEC elevation of the P5 specimen was negative because the PVC pipe and concrete bonding interface failed in advance due to the construction process, and the PVC pipe with a wall thickness of 4 mm has a weak strength. Finally, the PVC pipe cannot provide sufficient compressive capacity and fails to restrain the cylinder effectively.

(3) Post-crack energy absorbed in compression (PCEC)

PCEC is the energy absorbed by the specimen from cracking to failure, i.e., the area of the curve from the peak stress to the ultimate stress. The PCEC is shown in Fig. 9c. The cylinders without lateral restraint at this stage have the lowest energy absorption, e.g., P1 and P2 cylinders. One-layer BFRP restraint and the application of PVC considerably enhanced the energy absorption during these stages. In particular, the best PECE elevation is the three-layer BFRP sheet restraint method. The multilayer FRP has the most excellent elevation of the axial compressive strength for the center core concrete. Moreover, duo to the FRP restraint is a passive restraint, once the axial strength exceeds the compressive strength of unconfined concrete, the lateral restraint effect of FRP is activated and leads to the maximum energy absorption capacity at this stage.

(4) Total energy absorbed in compression (TEC)

TEC is the total energy absorbed by the specimen before final damage and is the sum of the PEC, CEC, and PCEC. As shown in Fig. 9d, the TEC value of the plain concrete cylinder is 5.385. The BF incorporation only slightly helps in its energy absorption capacity. One-layer BFRP restraint can better augment the TEC by approximately twice as much as that of plain concrete. The triple layers BFRP and the BFRP-PVC composite constraint can substantially improve the energy absorption capacity of the cylinder. Among these values, the TECs of Z-0.2-3F and Z-3F-P are as high as 21.873 and 22.784, respectively. This conclusion is agreeable with that of Dabbagh et al. [42], where different energy values obtaining from various stress or strain levels on the monotonic curve, and the energy absorption increases dramatically with the enhancement of confinement capacity.

(5) Toughness index in compression (TIC)

TIC is the ability of a material to withstand repeated twisting and bending, and the size is equal to the total energy value absorbed by the specimen divided by the absorbed energy value before cracking, i.e., TEC/PEC. The TIC value of the plain concrete specimen is 1.424, as shown in Fig. 9e. The multilayer BPFR can significantly enhance the ductile flexural capacity and contribute to absorbing more energy, and the findings are consistent with Dabbagh et al. [42]. Therefore, the TIC value of the strengthened specimens is presumed to be strongly related to the outer wrapping materials.

4  Analysis of Models

4.1 Mechanism of BFRP-PVC Confinement

The FRP-PVC composite restrained concrete develops based on the steel-FRP restrained concrete. For FRP-constrained or BFRP-PVC composite restrained concrete cylinder under axial pressure, the lateral expansion of the core of concrete will increase with the load. Meanwhile, the restraining stress of the FRP will constrain the expansion-deformation. Since the concrete core is under triaxial compression, the load bearing capacity and deformation capacity of the concrete cylinder can be improved. The stress distribution of the concrete core is shown in Fig. 10.
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Figure 10: Schematic diagram of BFRP-PVC composite confined concrete under axial compression: (a) PVC; (b) BFRP; (c) Core concrete

From the damage mechanism, the stress elevation for the BFRP-PVC composite confined specimens is contributed by both BFRP and PVC materials. Among them, the multilayer BFRP fabric plays an essential role in improving compressive properties, while the lateral restraint provided by the PVC is relatively minor. When the FRP subjected to the expansion force in the circumferential direction, the lateral confining pressure 
flf
increases proportionally with the lateral expansion of concrete. Simultaneously, the inner FRP will also be constrained by the external PVC, providing additional lateral pressure until the FRP ruptures and the PVC collapses. The lateral confining pressure provided by the BFRP-PVC composite according to the deformation consistency can express as:


fl′=flf+flp
(1)

The mechanical relationship of the PVC is given by the following expression:


flp=2Epvcεpvctpvcd+2tfrp
(2)

The mechanical relationship of the BFRP is given as follows:


flf=2Efrpεfrptfrpd
(3)

Thus, for the BFRP-PVC composite confined specimens:


fl′=2Efrpεfrptfrpd+2Epvcεpvctpvcd+2tfrp
(4)

When the lateral confining pressure of the actively confined concrete (
fl′
) becomes maximized, the following evaluation is provided:


fl=2ffrptfrpd+2fpvctpvcd+2tfrp
(5)

According to the damage mechanism in Chapter 3 and the above analysis of the pressure characteristics of composite confined concrete, the PVC has a marginal contribution to axial compressive strength, while the multilayer BFRP material plays a decisive role. Therefore, this section is based on the FRP’s classical strength model while considering the PVC’s contribution to the ultimate lateral confining pressure (
fl
) and then the calculation models of BFRP-PVC composite restraint FRC are established.

4.2 Existing Stress-Strain Model

A large amount of academic study has concentrated on FRP-confined concrete in recent years. Lam et al. [66] classified these models into design-oriented and analysis-oriented models. The former models were obtained by regression analysis of experimental data. Newman et al. [70] proposed a nonlinear expression to calculate the inefficient constraint under high-lateral pressure stresses, and the model is shown as follows:


fcu′fco′=1+3.7(flfco′)0.86
(6)

Fardis et al. [71] proposed the models for calculating the compressive strength and ultimate strain of hoop-confined concrete, which express as follows:


fcu′fco′=1+4.1flfco′
(7)


εcu=0.002+0.001Efrptfrpfco′d
(8)

Saadatmanesh et al. [72] simplified and modified the existing analytical model to calculate the compressive strength and ultimate strain of FRP-confined concrete. The strength model is consistent with Mander et al. [73], and the ultimate strain model is consistent with that proposed by Richart et al. [74]. The expressions are as follows:


fcu′=fco′(2.2541+7.94flfco′−2flfco′−1.254)
(9)


εcu=εco[1+5(fcu′fco′−1)]
(10)

After analyzing numerous models, Karbhari et al. [75] developed the models for FRP-confined concrete based on the formulations of Gusson and Paultre:


fcu′fco′=1+2.25(fcu′fco′)54
(11)


εcu=0.003368+0.2590(flfco′)(ffrpEfrp)12
(12)

The other category is an analytical model obtained by the numerical methods of incremental iterative considering the interaction between FRP and concrete. Mander et al. [73] proposed a well-used strength model based on William et al. [76] and modified by Mirmiran [77], i.e., the modified strength and the ultimate strain calculation models are as follows:


fcu′fco′=202541+7.94flfco′−2(flfco′)−1.254
(13)


εcuεco=1+5(fcu′fco′−1)
(14)

Harries et al. [78] modified the strength expressions proposed by Richart et al. [74], and Mirmiran [77] established the following models:


fcu′fco′=1+4.269fl0.587fco′
(15)


εcuεco=5fcu′fco′−4
(16)

Binici [79] proposed modified strength and ultimate strain models based on the work of Richart et al. [74] through a theoretical analysis approach:


fcu′fco′=1+9.9flfco′+flfco′
(17)


εcuεco=5(fcu′fco′−0.8)
(18)


εco=(−0.067fco′2+29.9fco′+1053)×10−6
(19)

4.3 Peak Stress and Peak Strain Models

4.3.1 Basic Theory

Because the stress-strain curve of the BFRP-PVC composite confined FRC exhibited strain-softening behavior, that is, when reached the peak stress (
fcc′
), the axial stress no longer continues to ascend and starts to exhibit a slowly decreasing trend, while the axial strain will increase to the ultimate damage state (
εcu
). Under this stress-strain response, the externally binding materials will not be in terminal damage when the core concrete reaches its peak strength, and the peak point (
fcc′,εcc
) and ultimate point (
fcu′,εcu
) are not coincident. Moreover, most classical FRP models base on bilinear rise curves of strain-hardening behavior. The peak stress (
fcc′
) under hardening-confinement is the ultimate axial strength (
fcu′
), and the peak strain (
εcc
) is qual to the ultimate strain (
εcu
). Therefore, this work discusses the peak stress and strain models with strain-hardening behavior.

When the internal concrete reaches the compressive strength (
fco′
), the external reinforced materials have not reached their peak strength (
fcc′
). Therefore, it is illogical to establish the peak stress-strain models by using 
fl/fco′
.

Referring to the investigation of Wu et al. [80], when the stress-strain relationship has no strain-softening behavior, the maximum stress point corresponds to the FRP material fracture. Thus, the ultimate stress is mainly dependent on the lateral confining strength. For the curve has a softening section, the FRP does not break when the axial pressure reaches the peak point; therefore, the peak stress relates mainly to the lateral confining stiffness.

In summary, the peak stress of the BFRP-PVC composite confined FRC is relevant to the lateral confining stiffness (
El
) and the elastic modulus of the recycled concrete (
Ec
), which introduces the following eigenvalues:


λ0=ElEc
(20)


El=2Efrptfrpd+2Epvctpvcd+2tfrp
(21)


Ec
is generally considered to be related to 
fco′
[81], which replaces the eigenvalues with 
λ1
.


λ1=Elfco′
(22)

4.3.2 Modeling of the Peak Stress-Strain

Ozbakkaloglu et al. [82] proposed the ultimate condition models based on Richart et al. [74] initiative constraint (steel constraint) models; however, these models are not suitable for the specimens in this experiment due to the greater lateral restraint stiffness provided by steel tubes than FRP. In order to model the strain-softening behavior based on the active constraint, this work will introduce a stiffness reduction factor (b) into the stiffness variable. Combining Newman et al. [70] and Saadatmanesh et al. [72], hereby we establish that the expressions of peak stress and strain are as follows:


fcc′fco′=k1(λ1fco′−b1)α
(23)


εccεco=k2(λ1fco′−b2)β
(24)

Regression analysis and iterative calculations show that when k1 = 0.36, b1 = −5.9941, α = 0.5828, k2 = 1.204, b2 = −1.8905, and β = 0.2449, the calculated value of the peak model is closer to the trial result, and R2 is 0.94 and 0.92, respectively. Moreover, the fitting curve is shown in Fig. 11.

[image: images]

Figure 11: Model fitting curve: (a) Peak stress model fitting curve; (b) Peak strain model fitting curve

In summary, the peak stress and peak strain models are proposed for BFRP-PVC composite confined fiber-recycled concrete as follows:


fcc′fco′=0.36(λ1fco′+5.99)0.58
(25)


εccεco=1.2(λ1fco′+1.89)0.24
(26)


λ1=Elfco′
(27)

4.4 Ultimate Stress Model

Most existing FRP-confined concrete strength models are based on strain-hardening behavior, which means that the axial stress of the confined specimen can continue to ascend until the FRP fractures. The classical models presented in the previous section are based on such a case, characterized by the ultimate stress equal to the peak stress. The present model curve has a falling segment after the peak point, i.e., the ultimate axial pressure is generally weaker than the peak stress. The following models mainly reflect the feature of this weak constraint.

Lam et al. [56] model:


f′cuf′co=1+3.3flf′co
(28)

Pantelides et al. [83] model:


f′cuf′co=1.122+0.0768ln⁡(flf′co)
(29)

Youssef et al. [81] model:


f′cuf′co=1+2.25(flf′co)1.25
(30)

Wei et al. [84] model:


f′cuf′co=0.5+2.7(flf′co)0.73
(31)

A review of the classical FRP-constrained concrete strength models shows that the expressions for the ultimate stresses have converged to top-performing expressions, regardless of whether they are strongly or weakly confined models. In addition, the specimen is destroyed in the end state due to the collapse of the externally binding material. Thus, it is rational to propose an equation related to 
flfco′
, summarized as:


f′cuf′co=1+k3(flf′co)b3
(32)

The experimental data (Table 7) are substituted into the above expression, and after iterative computer operations with k3 = 0.5348 and b3 = 1.93126, the equation obtained at this time fits better with the present experimental data, with R2 = 0.92. The fitting curve is shown in Fig. 12a. The simplistic and straightforward formulation with high accuracy helps researchers quickly and easily grasp the material’s properties. Therefore, in this paper, the ultimate stress model of the BFRP-PVC composite confined fiber-recycled concrete is simplified as follows:
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Figure 12: Model fitting curve: (a) Ultimate stress model fitting curve; (b) Ultimate strain model fitting curve


f′cuf′co=1+0.53(flf′co)1.93
(33)

4.5 Ultimate Strain Model

In order to establish the most suitable ultimate strain model, the following classical models include Fardis et al. [71], Saadatmanesh et al. [72], Karbhari et al. [75], Youssef et al. [81], and Vintzileou et al. [85] model are selected for comparison. The calculated value (Cal.) based on the above model is compared with the experimental value (Exp.), and the relative error (RE) is also calculated. Finally, a precise and suitable ultimate strain model of the BFRP-PVC composite restrained fiber-recycled concrete is proposed. The comparison of each model is shown in Table 8.
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There is a large discrepancy between the experimental and calculated values, as shown in Table 8. One reason may be that the BFRP material has a more excellent elongation at fracture, and the modulus of elasticity is only one-third of that of the CFRP material. Hence, the specimen can have a considerable ductility enhancement even at the ultimate strength. Existing models cannot accurately predict the restraint performance of fiber-reinforced composites with weak elastic modulus and easily deformed property.

The Vintzileou et al. model [85] with relatively minor errors is selected and combined with the analysis of the previous chapter for the constraint mechanism in the ultimate conditions. Furthermore, the following ultimate strain model is proposed:


εcu=1.15[k4(flfco′)b4]
(34)

By regression analysis, when k4 = 0.54869 and b4 = 0.35731, the deviation of the calculated value from the experimental value is minor. At this time, R2 = 0.97, and the fitting curve is shown in Fig. 12b.

The modified expression for the ultimate strain is simplified as follows:


εcu=1.15[0.549(flfco′)0.357]
(35)

4.6 Comparison of the Predicted Values with Experimental Values

Fig. 13. shows the comparisons of the results under experimental axial pressure with the predicted by the equations. This paper chooses various assessment values to analyze the performance of different expression formulas, and the values are shown in Fig. 13. The mean absolute error (MAE) and the mean absolute percentage error (MAPE) are used to assess the accuracy of the model. In addition, the standard deviation (SD) was used to determine the scatter size of model predictions. The formulas are as follows.
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Figure 13: Comparison of model predictions with experimental data: (a) Peak stress; (b) peak strain; (c) Ultimate stress; (d) Ultimate strain

In Fig. 13, the 45° line corresponds to a perfect agreement between the predictions and experimental results. A trend that spans above the 45° reference line represents model predictions’ overestimating the experimental results. In contrast, a trend below the reference line indicates an underestimation of the test results. By installing error lines (EL ± 10%), the data points that deviate from the main trend line can be observed.

The result shows that the model fits well with the test data. However, it is worth noting that there are still some samples with large deviations between the predicted values and the test values. Therefore, more test data and further research are needed to propose a higher accuracy model.


MAE=1n∑i=1n|f(xi)−yi|
(36)


MAPE=100%n∑i=1n|f(xi)−yiyi|
(37)


SD=1n∑i=1n(f(xi)−yi¯)2
(38)

5  Conclusions

In this experiment, BF fibers were added to RAC at various contents (0.2%, 0.4%, and 0.6%), and the fiber-reinforced recycled concrete was restrained by different materials (BFRP, PVC, and BFRP-PVC). All the samples were tested in axial compression. The damage modes, load bearing capacity, stress-strain relationships, and energy absorption capacity of the specimens were analyzed. Based on the discussion, the following conclusions can be drawn:

1.    The brittle failure mode of the RAC cylinder can be transformed into ductile failure due to the restraining effect of the BFRP sheet.

2.    The compressive strength of RAC was increased by 6.7%–10.5% and 16.5%–23.7%, respectively, for the 1 layer and 3 layers BFRP reinforced specimens. The most considerable strength improvement was 42.2% when reinforced with 3-layer BFRP-PVC.

3.    The BFRP-constrained samples and the composite-constrained specimens had an apparent transition plateau after the initial rising branch in the stress-strain curves. For samples constrained by PVC pipe, the stress-strain curves decreased sharply after the peak load due to brittleness and low strength.

4.    Ductility was an essential parameter evaluated in this study. The ultimate strain of the specimens with 1-layer BFRP reinforcement was elevated by 48.5%–80.9%. The most significant enhancement was observed for the 3-layer BFRP reinforcement, which increased by 97.1%–141.1%.

5.    The mono addition of BF or PVC had little effect on the mechanical properties of RAC.

6.    The peak stress-strain and ultimate stress-strain models of BFRP-PVC restrained FRC were established. The predicted values of the proposed models are in good agreement with the experimental data.

In summary, the recycled aggregate concrete (50% replacement) containing 0.2% BF provided the best mechanical properties, and its stress-strain behavior was closest to that of ordinary concrete. The simultaneous use of 0.2% BFs and external restraints (BFRP and PVC) increased the energy absorption, toughness index, and post-peak response. Using BFRP and PVC as reinforcement materials were cost-effective in combining the high tensile strength of BFRP and the outer PVC pipe, which enhanced the structural durability and protected the internal concrete.
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Table 3: Fiber features

Fiber type Density  Surface Length Elastic Nominal Tensile
(g/cm’)  density (mm)  modulus thickness (mm) strength
(g/m?) (GPa) (MPa)
Basalt fiber 2.65 - 18 91.2 - 3800
Basalt fiber 2.72 316 = 100 0.110 2136

Reinforced Polymer
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Table 8: Comparison of calculated values of existing ultimate strain models

Specimen
number

Model Fardis et al. [71]

Saadatmanesh
et al. [72]

Karbhari

et al. [75]

Vintzileou et al. [85]

Youssef et al.

[81]
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(%)
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error
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Table 4: Concrete mix design

Type Cement  Sand NCA RCA Fly ash  Superplasticizer Water Volume

(kg/m’)  (kg/m’) (kg/m’) (kg/m’) (kg/m’) (kg/m’) (kg/m>) fraction V¢ (%)
Mix1 414 626 556 556 138 1.81 160 0
Mix2 414 626 556 556 138 1.81 160 0.2%
Mix3 414 626 556 556 138 1.81 160 0.4%

Mix4 414 626 556 556 138 1.81 160 0.6%
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Table 7: Test results of BFRP-PVC composite confined concrete under axial compression (2)

Specimen number  f; T i S i Eeu Eco Ecu
(MPa)  (MPa) 7 o (%) (%) €co

Z-0.2-1F-1 9.4901 4293 42 .31 1.0147 0.2243 0.3780 0.1934 1.9546
Z-0.2-1F-2 9.4901 43.30 42 .31 1.0235 0.2243 03745 0.1934  1.9365
Z-0.2-1F-3 9.4901 43.17 4231 1.0203  0.2243 03761 0.1934 1.9447
Z-0.2-3F-1 20.6749  46.88 4231 1.1080 0.4887 0.5036 0.1934 2.6040
Z-0.2-3F-2 20.6749  47.06 4231 1.1122  0.4887 05011 0.1934 2.5911
Z-0.2-3F-3 20.6749  47.18 4231 1.1150 0.4887 0.4996 0.1934 2.5834
Z-0.4-1F-1 9.4901 41.22 40.28 1.0234  0.2356 0.3703  0.2309 1.6036
Z-0.4-1F-2 9.4901 40.98 40.28 1.0174  0.2356  0.3755 0.2309 1.6261
Z-0.4-1F-3 9.4901 41.55 40.28 1.0316  0.2356  0.3738  0.2309 1.6189
7-0.4-3F-1 20.6749  45.64 40.28 1.1331 0.5133 0.4955 0.2309 2.1458
7-0.4-3F-2 20.6749  45.28 40.28 1.1240  0.5133 0.4929 0.2309 2.1347
Z-0.4-3F-3 20.6749 4543 40.28 1.1278  0.5133 04973 0.2309 2.1537
Z-0.6-1F-1 9.4901 39.00 37.28 1.0460 0.2546 0.3776  0.2256 1.6737
Z-0.6-1F-2 9.4901 39.22 37.28 1.0519 0.2546  0.3820 0.2256  1.6933
Z-0.6-1F-3 9.4901 38.77 37.28 1.0399 0.2546 03791 0.2256  1.6803
Z-0.6-3F-1 20.6749  43.87 37.28 1.1767 0.5546  0.5198  0.2256  2.3042
Z-0.6-3F-2 20.6749  43.68 37.28 1.1717  0.5546  0.5222 0.2256 2.3148
Z-0.6-3F-3 20.6749  44.02 37.28 1.1807 0.5546  0.5219 0.2256  2.3132
Z-1F-P-1 10.9871  44.74 4231 1.0573 0.2597 03634 0.1934 1.8791
Z-1F-P-2 10.9871  45.02 4231 1.0640 0.2597 03653 0.1934  1.8889
Z-1F-P-3 10.9871  44.89 4231 1.0609 0.2597 03604 0.1934 1.8635
Z-3F-P-1 22.1627  49.95 42.31 1.1805 0.5238 0.4791 0.1934 2.4774
Z-3F-P-2 22.1627  50.25 42.31 1.1877 0.5238 0.4809 0.1934  2.4867
Z-3F-P-3 22.1627  49.86 42.31 1.1784  0.5238 0.4820 0.1934  2.4925
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Table 1: Details of specimens

Part S/No. Specimen No. V(%) BFRP layers PVC pipe
P1 1 Z 3 — — —
P2 2 Z-0.2 3 0.2 — —
3 Z-0.4 3 0.4 — —
4 Z-0.6 3 0.6 - -
P3 5 Z-0.2-1F 3 0.2 1 —
6 Z-0.4-1F 3 0.4 1 —
7 Z-0.6-1F 3 0.6 1 —
P4 8 Z-0.2-3F 3 0.2 3 -
9 Z-0.4-3F 3 0.4 3 —
10 Z-0.6-3F 3 0.6 3 -
P5 11 Z-0.2-P 3 0.2 — 1
12 Z-0.4-P 3 0.4 — 1
13 Z-0.6-P 3 0.6 — 1
P6 14 Z-1F-P 3 0.2 1 1
15 Z-3F-P 3 0.2 3 1

Notes: S/No—the serial number of specimens; V,—the volume fraction of basalt fiber; Z-0.4-3F—4% volume fraction of basalt fiber recycled
concrete cylinder, overall wrapping with three-layer BFRP sheet; Z-3F-P—the fiber recycled concrete cylinder is wrapped with three-layer BFRP
and reinforced with PVC pipe.
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Table 6: Test results of BFRP-PVC composite confined concrete under axial compression (1)

Specimen number  E; | " f. A1 Ece Eco Ecc
(MPa)  (MPa) g/ i (%) (%) Eco

Z-0.2-1F-1 384.53 46.98  42.31 1.1104  1.3972 03177 0.1934  1.6427
Z-0.2-1F-2 384.53 48.04  42.31 1.1354  1.3972 03206 0.1934  1.6577
Z-0.2-1F-3 384.53 4751  42.31 1.1229  1.3972 03181 0.1934  1.6448
Z-0.2-3F-1 1082.07 5691  42.31 1.3451  3.9318 0.3587 0.1934  1.8547
Z-0.2-3F-2 1082.07 56.63  42.31 1.3385 3.9318 0.3545 0.1934  1.8330
Z-0.2-3F-3 1082.07 57.07  42.31 1.34890  3.9318 03564 0.1934  1.8428
Z-0.4-1F-1 384.53 46.69  40.28  1.1591 15042 0.3438 0.2207  1.5579
Z-0.4-1F-2 384.53 46.17  40.28  1.1462 15042 0.3496 0.2207 1.5841
Z-0.4-1F-3 384.53 4727 4028  1.1735 1.5042 0.3558 0.2207 1.6121]
Z-0.4-3F-1 1082.07 5543  40.28 13761 4.2327 04194 0.2207 1.9003
Z-0.4-3F-2 1082.07 55.08  40.28 13674 4.2327 04117 0.2207 1.8654
Z-0.4-3F-3 1082.07 5497  40.28 13647 4.2327 04162 0.2207 1.8858
Z-0.6-1F-1 384.53 4392 3728  1.1781 1.6894 0.3421 0.2146 1.5941
Z-0.6-1F-2 384.53 4426 3728  1.1872 1.6894 0.3441 0.2146 1.6034
Z-0.6-1F-3 384.53 4377  37.28  1.1741 1.6894 0.3402 0.2146  1.5853
Z-0.6-3F-1 1082.07 53.86  37.28  1.4447 47538 0.4036 02146 1.8807
Z-0.6-3F-2 1082.07 53.59  37.28 14375 47538 04018 02146 1.8723
Z-0.6-3F-3 1082.07 54.04  37.28 14496 4.7538 0.4059 0.2146 1.8914
Z-1F-P-1 400.07 5091 4231 1.2033  1.4537 03190 0.1934  1.6493
Z-1F-P-2 400.07 50.58  42.31 1.1954 14537 03223 0.1934  1.6665
Z-1F-P-3 400.07 50.75 4231 1.1994 14537 03201 0.1934  1.6551
Z-3F-P-1 1097.51 60.58  42.31 14318 3.9879 03671 0.1934  1.8982
Z-3F-P-2 1097.51 60.02  42.31 14185 3.9879 03690 0.1934  1.9080
Z-3F-P-3 1097.51 59.79  42.31 14132 39879 03715 0.1934 1.9206
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Table 2: Properties of recycled coarse aggregate

Types of coarse G, (mm) p, (kg/m’) py (kg/m®) Mud 0, (%) Needle and flake
aggregate content (%) particle content (%)
Recycled coarse aggregate 5-20 2580 1480 1.5 13.7 64

Natural coarse aggregate 520 2680 1630 0.3 8.9 3.7

Notes: Gi—the size of coarse aggregate; p,—the apparent density of material; p,—the bulk density of material; d,—crush index.
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Table 5: Size of PVC tensile properties sample

Symbol Instruction Size (mm)
A Total length 115

B Width of end 25

C Length of the parallel section 33

D Width of the parallel section 6

E Small diameter 14

F Large diameter 25

G Length between marker 25

H Distance between clamps 80

I Thickness 6.2
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