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Abstract

:

Quarry aggregate reserves are depleting rapidly within Australia and the rest of the world due to an increasing demand for aggregates driven by expansion in construction. The annual production of premix concrete in Australia is approximately 30 million cubic meters, while 3–5% of concrete delivered to site remains unused and is disposed of in landfill or crushing plants. The production of coarse aggregates using this waste concrete is potentially a sustainable approach to reduce environmental and economic impact. A testing program has been conducted to investigate mechanical performance and permeation characteristics of concrete produced using a novel manufactured coarse aggregate recycled directly from fresh premix concrete. The recycled coarse aggregate (RCA) concrete satisfied the specified 28-day design strength of 25 MPa and 40 MPa at 28 days and a mean compressive strength of 60 MPa at 90 days. Aggregate grading was observed to determine strength development, while low water absorption, low drying shrinkage, and higher packing density indicate that the RCA concrete is a high-quality material with a dense pore structure. The rough fracture surface of the aggregate increased the bond between C-S-H gel matrix and RCA at the interfacial transition zone. Furthermore, a good correlation was observed between compressive strength and all other mechanical properties displayed by the quarried aggregate concrete. The application of design equations as stated in Australian standards were observed to provide a conservative design for RCA concrete structures based on the mechanical properties.
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1. Introduction


Concrete continues to be one of the most dominant materials in modern day construction activities. Concrete has many versatile uses such as being adaptable, mouldable, and freely available in the market and affordable. Regrettably, despite all of these benefits concrete has an adverse effect on the environment [1,2]. Around 65–75% of the volume of concrete is occupied by aggregates, where 35–45% of the volume of is taken up by coarse aggregates and the rest is occupied by fine aggregates [3]. More than 10 billion tonnes of concrete is produced annually worldwide [4]. Australia alone produces around 30 million cubic meters of concrete annually, consuming about 130 million tonnes of aggregates [5,6]. It has been predicted that in order to satisfy the demand for new infrastructure due to the rising population demand Australia will need to produce around 210 million tonnes of coarse aggregates by 2050, which is a 60% increase in production [5].



It is noted that the concrete construction industry contributes to CO2 emissions worldwide. Global cement production contributes 5–7% to anthropogenic CO2 emissions [7,8], emitting 0.66–0.8 tonnes of CO2 from 1 tonne of cement production [9,10,11,12]. In addition, the process energy usage and greenhouse gas emissions from natural crushed aggregate is around 7.4 to 8.0 kg of equivalent CO2 emission per tonne. The emissions from trucks and dumpers, as well as use of crushers which result in considerable dust and particulate emissions, increase global warming [13,14,15]. The concrete production process generates a high demand for aggregates which will inevitably lead to a sparsity of resources as demand increases. Quarrying for aggregates involves the removal of rock which can impact the natural drainage patterns, stability of slopes, and the aesthetic value of the environment. This may involve the removal of trees by means of blasting which both directly impacts global warming and the local fauna. Further, naturally crushed aggregates can also contain crystalline silica or free silica which is created and released during production and handling which can pose serious health problems. Hence, finding alternative aggregate sources is essential for the construction industries.



The practice of recycling concrete demolition waste, which has been widely adopted, is an excellent source of recycled coarse aggregate for new concrete production. In the last few decades, there has been a progression in the utilization of recycled coarse aggregates, derived from construction and demolition waste, for concrete production in many developed countries [16]. However, developing countries lag behind in the use of recycle aggregate in construction [16], as illustrated by the recovery percentage of construction and demolition waste in Japan, UK and Australia, USA, China, Thailand and South Africa are 80% [17], 65% [18], 62% [19], 48% [20], 40% [21], 32% [22], and 16% [23], respectively. Furthermore, there are numerous recent advancements on techniques of producing recycled aggregates and techniques of utilization [24]. In USA, the majority of the recycled aggregates are being used in road base construction followed by bitumen concrete [16]. In Europe, the majority of the recycled aggregates are utilized in building construction followed by utilization in roadways and railways [25]. Recycled aggregate produced from construction and demolition waste recycling plants can be classified into two groups: recycled concrete aggregates, (i.e., aggregates from waste concrete crushing) and mixed recycled aggregates (i.e., aggregates from recycling ceramic and concrete waste). Mixed recycled aggregate is produced extensively worldwide compared to recycled concrete aggregates. It has been established that concrete made using recycled coarse aggregate can be compared with traditional concrete [26]. However, the negative effect of recycled aggregates on the mechanical properties of concrete is higher when using mixed recycled aggregates than when using recycled coarse aggregate [27]. Replacing 50% of natural aggregate by mixed recycled aggregates produces a decrease in compressive strength up to 20% [28,29,30] whereas 100% mixed recycled aggregates replacement produces a decrease in compressive strength up to 45% [30,31,32]. However, replacing coarse aggregates up to 30% with recycled concrete aggregates have marginal effect on compressive strength development [33]. Further, even with 100% of coarse recycled concrete aggregate replacement, the compressive strength reduction is only 20 to 30% [34,35]. The reduction percentage of compressive strength depends on the quality of recycled aggregate used [36,37]. Recycle aggregate concrete has shown comparable long term strength development to normal aggregate concrete [33,38].



A possible alternative source of the recycled coarse aggregate is that of the waste concrete that is unused in construction projects. At present this is discharged from the mixer, allowed to set and then crushed to produce recycled coarse aggregate. This process requires both time and energy in detouring to discharge the unused concrete, the setting time and then the crushing and grading. An alternative approach has been developed which directly treats the wet mix. Using a patented hygroscopic chemical formula, a powder is added to the wet concrete. Due to the hygroscopic property it absorbs virtually all of the water and moisture in the mix. Once the mix is dry it allows the fine and the coarse aggregate to be separated and stored for later use. This process does not require the concrete to harden as in most concrete recycling techniques, and therefore significantly reduces the time needed in traditional concrete recycling. In addition, the procedure does not require heavy machinery to crush any concrete, nor does it require transportation to storage sites, hence conserving energy and fossil fuel usage. Furthermore, due to the highly hygroscopic nature of the powder, when used in sufficient amounts it will absorb the majority of the water and moisture in the mixer, leaving the interior almost dry with no sticky residue, this makes it significantly easier to clean the trucks potentially using only one tenth of the usual amount of water to clean the mixing equipment compared to a mixer used for traditional concrete. Ferrari et al. [39] used a similar approach to produce recycled aggregate from fresh concrete waste without employing mechanical crushing. The authors [39] used a superabsorbent polymer and an ettringite forming compound to produce the recycled aggregates. This recycled aggregate was used in concrete, with up to 30% replacement of the natural aggregates. However, this technique is significantly different from the other fresh concrete waste recycling techniques commonly reported in the literature [40,41,42].



In this study a novel methodology to reclaim unused aggregate from wet mix concrete was employed to produce recycled coarse aggregate. An investigation was undertaken to determine the effect of replacing standard quarried coarse aggregate with the recycled concrete aggregate while maintaining a similar aggregate grading. Two different standard concrete design strengths, i.e., 25 MPa and 40 MPa, corresponding to Australian concrete code AS 3600 [43] were employed to produce recycled coarse aggregates. This paper presents the key engineering properties, such as compressive strength, flexural strength, splitting tensile strength, elastic modulus, water absorption and drying shrinkage of concrete produced. The observed test results up to 90 days of age are reported, and the variations in properties observed are then explained in conjunction with the microstructure development.




2. Research Significance


To date, much of the research on recycled aggregate concrete had focused on utilising coarse aggregate from construction and demolition waste. However, only very few studies have focused on extracting aggregate from fresh wet concrete. This study investigates the performance of concrete utilising patented [44] manufactured coarse aggregate recycled directly from excess fresh waste concrete produced in batching plants or construction yards. Utilising this manufactured aggregate in concrete production could reduce the demand for quarried aggregate as well as utilizing a waste product from concrete production, minimizing the environmental impact. Hence, the research can be highly beneficial in identifying the possible application of manufactured coarse aggregate and the associated engineering performance. The material could be a commercially viable and sustainable alternative to the current aggregates used in the construction industry.




3. Experimental Procedure


3.1. Materials and Mix Design


ASTM Type 1 Portland cement (PC) was used as cementitious material for the production of recycled coarse aggregate (RCA) and basalt quarried aggregate concretes [45]. Table 1 shows chemical composition of which is derived using X-ray fluorescence. The adopted mix proportions based on absolute volume method are reported in Table 2. Two concretes mix designs were investigated with the targeted compressive strength of 25 MPa and 40 MPa at 28 days. The fine aggregates were used in the form of uncrushed river sand with a fineness modulus of 2.7 and specific gravity of 2.5. The aggregates were oven dried for over 24 h prior to using to control the water content within batches. The properties of RCA and Basalt (quarried) coarse aggregate were tested in accordance with relevant standards, and results are summarised in Table 3. The RCA-25 and RCA-40 represent aggregates produced by recycling fresh returned concrete with Grade 25 and Grade 40, respectively. The RCA-25 has higher water absorption (6.85%) and moisture content (4.3%) than Basalt coarse aggregate (water absorption of 1.45% and moisture content of 0.85%). The coarse aggregates were used in saturated surface dry conditions to control the water absorption from cement paste. In both concretes, total aggregates content was fixed 65% by volume, and other mix ingredients were adjusted to keep the same material volume and water/cement ratio. The workability of all concrete mixes was kept at 80–100 mm range by adjusting the superplasticizer content, Table 2. Demineralized water was used throughout.




3.2. Mixing, Casting, and Curing of Concrete


Dry materials (i.e., cement, sand, and coarse aggregates) were added to the 120 L pan type mixer and mixed for 4 min. Once the dry materials are mixed adequately, water was added to the pan mixer and mixed for another 6 min until a homogeneous mix was obtained. A standard slump test was performed to measure the workability of the concrete in accordance with AS 1012.3.1 [52]. The mix was poured into steel moulds in two approximate layers while providing mechanical vibration for each layer using a vibratory table to remove air bubbles and to attain a smooth and glossy finish. Test specimens comprised 100(ϕ) × 200(h) mm3 cylindrical specimens for density [53], compressive strength [54], elastic modulus [55] and Poisson’s ratio [55] tests, 100(ϕ) × 50(h) mm3 cylindrical specimens for water absorption tests [56], 100 × 100 × 350 mm3 beams for flexural strength [57] and 75 × 75 × 280 mm3 prisms for drying shrinkage [58]. The steel moulds were kept at 24 ± 2 °C of temperature and 70% relative humidity for 24 h to provide initial curing to the specimens. After the initial curing period, the specimens were stripped from the moulds and kept in lime saturated water (i.e., to reduce calcium hydroxide leaching from concrete specimens) at room temperature (24 ± 2 °C) to provide moist curing in accordance with AS 1012.8 [59].




3.3. Testing


The compressive strength test was conducted in accordance with AS 1012.9 [54] using MTS compression testing machine by applying a load of 20 MPa/min. Four specimens tested for each data point. Modulus of elasticity and Poisson’s ratio were obtained using Technotest compression testing machine coupled with compressometer and extensometer at a constant loading rate of 0.25 MPa/sec in accordance with AS 1012.17 [55]. AS 1012.12.2 standard [53] was used to identify the reported dry densities. The four point bending flexural strength test was conducted using MTS compression testing machine by applying a load of 1 MPa/min with respect to AS 1012.11 [57]. The splitting tensile strength test was conducted in accordance with AS 1012.10 by applying a loading rate of 1.5 MPa/min. The water absorption and apparent volume of permeable void (AVPV) percentage is measured in accordance with AS 1012.21 standard [56]. The 100 × 200 mm3 cylindrical moulds were cut into four equal slices and tested according to the standard. The drying shrinkage test was performed in accordance with AS 1012.13 [58]. The drying shrinkage tests were initiated immediately after the 7 days of water curing and continued until 90 days. All shrinkage specimens were kept in a humidity chamber with a temperature of 23 ± 2 °C and 50% relative humidity throughout the testing period. A portable ultrasonic non-destructive tester with a 54 kHz transducer was used to measure the Ultrasonic Pulse Velocity (UPV) in accordance with ASTM C597 [60]. Readings from two directions were observed in each specimen before averaging to get the final UPV value. Scanning Electron Microscope (SEM) images of the concrete microstructure were obtained from a Quanta 200 SEM by using the backscattered electron imaging mode. Images were taken at 10 mm working distance with 15 eV of energy. The specimens used for the SEM imaging were obtained from concrete specimens by cutting using a diamond saw. SEM samples having dimensions of 10 mm × 5 mm × 5 mm were prepared using a semiautomatic grinding and polishing machine to produce an even and smooth surface by applying mechanical abrasion up to 3µm. Samples were kept in a dehumidifier for a period of 24 h prior to applying a carbon coat and mounted with conductive, double-sided carbon tape.





4. Results and Discussion


4.1. Aggregate Gradation


The void content within the aggregate structure is determined by coarse aggregate gradation. The cement paste is required to fill void space in order to obtain the adequate workability for concrete. In addition, the coarse aggregate gradation decreases bleeding, plastic shrinkage cracking, and aggregate segregation. In particular, concrete containing coarse aggregate with poor gradation would increase the segregation in the plastic state before hardening. When there is a loss of moisture from the concrete due to surface evaporation and/or internal consumption at cement hydration, the filled cement paste in void space between the aggregate tends to shrink. Hence, in order to attain the maximum particle interlock and solid volume density in concrete, effective coarse aggregate grading is required.



In this study, a sieve analysis test was conducted for RCA and Basalt coarse aggregate in order to determine the particle size distribution, Figure 1. The grading curves obtained for both coarse aggregates were matched, and the size and quantity of the Basalt aggregate to be used in the RCA was determined accordingly. This provided a similar grading curve for the combined RCA. This means, the combined RCA-25 (i.e., RCA made with 25 MPa concrete) contains 72% of RCA and 28% of Basalt aggregates by volume, and combined RCA-40 (i.e., RCA made with 40 MPa concrete) contains 91% of RCA and 9% of Basalt aggregate. The compressive strength of the three concretes produced with specific coarse aggregate is illustrated in Table 4. Basalt aggregate concrete obtained 26.47 MPa and 42.15 MPa compressive strength at 28 days, which satisfied the design strength of 25 MPa and 40 MPa, respectively. Both RCA-25 and RCA-40 concretes achieved lower compressive strength at 28 days and did not achieve their design strength. However, combined RCA-25 and combined RCA-40 concretes achieved the required design strength at 28 days, Table 4. This demonstrates that aggregate grading plays a vital role in the compressive strength determination of RCA concrete. Thus, both combined RCA-25 and combined RCA-40 concretes were used to prepare concrete specimens for testing mechanical properties.




4.2. Mechanical Properties


The compressive strength and dry density variation of combined RCA concrete between 7 and 90 days are shown in Figure 2. The observed 28-day compressive strength of combined RCA concrete made with the two different mixes are identical (Refer Table 4 and Figure 2). The strengths varied between 25.85–24.89 MPa for Combined RCA-25 and 41.10–43.41 MPa for Combined RCA-40. This shows that combined RCA concrete can repeatedly produce similar compressive strength in repeated mixes. Combined RCA-25 and RCA-40 concretes displayed a compressive strength development over time, ranging from 19.29 to 44.50 MPa and 36.35 to 60.70 MPa between 7 and 90 days, respectively. During this period, the combined RCA-25 and combined RCA-40 concretes achieved 130.7% and 81.8% strength development, respectively. In literature, the performance of most other concretes with RCA has shown a 20% to 30% reduction in compressive strength in comparison to corresponding natural aggregate concrete [33,61]. However, the compressive strengths obtained from the combined RAC in this study demonstrated no significant difference in the strengths achieved. Furthermore, Ferrari et al. [39] also observed no reduction in compressive strength when using a similar RAC produced using returned concrete, though this contained only 30% replacement of coarse aggregates. The compressive strength of combined RCA-25 and combined RCA-40 concretes are in well excess of the specified lowest strength noted Australian Standards, AS 3600 [62] for exposure category A1 (20 MPa), A2 (25 MPa), B1 (32 MPa), and B2 (40 MPa) at 28 days. Hence, combined RCA-25 concrete could be used for residential structures in non-aggressive soil and non-industrial near coastal structures while combined RCA-40 concrete can be applied in industrial buildings and coastal structures.



While RCA has higher water absorption and moisture content than Basalt aggregates, both were used in saturated surface dry condition. This prevented extra water loss from the concrete mix due to absorption by the coarse aggregates. In compressive strength testing, both Basalt aggregate and combined RCA concretes displayed cylindrical cone failure [3]. Considering the Basalt aggregate concrete, the fracture plane passed mainly around the aggregates, but in the combined RCA concrete, it passed mainly through the RCA aggregates. It is speculated that the cause of the fracture through the RCA aggregates is due to lower strength of the coarse aggregates compared with cement paste. It was observed that the crushing value of RCA-25 and RCA-40 coarse aggregates are 35.9% and 30.4%, respectively, which are significantly higher than Basalt coarse aggregate (21.2% crushing value). The higher the aggregate crushing value will lower the strength of coarse aggregate. Hence, the examined fracture behaviour proves that RCA’s strength is the governing factor for the final compressive strength of combined RCA concrete. On the other hand, the dry density of combined RCA concrete increased with time, increasing from 2207 and 2334 kg/m3 between 7 to 90 days, Figure 2b. Both concretes displayed 5–10% lower density compared to quarried aggregate concrete which is characteristically cited as 2400 kg/m3 [62]. The efficiency factor (i.e., compressive strength/mass ratio) of Combined RCA-25 and Combined RCA-40 concretes at 28 days are 11,655 and 17,901 Nm/kg. In comparison, BCA-25 and BCA-40 concretes have an efficiency factor of 11,029 and 17,563 Nm/kg at 28 days. Given the high efficiency factor, Combined RCA concretes could provide more utility space and architectural freedom in building construction.



Tensile strength development of combined RCA concrete is presented in Figure 3. The flexural strength of the combined RCA-25 and RCA-40 concretes increased from 3.35–3.73 and 3.46–4.55 MPa between 7 to 90 days, respectively. Flexural strength generally determines the failure tensile stress of a concrete beam without steel reinforcement. The flexural strength increased with time and was approximately 14.7% and 9.1% of the respective compressive strength of combined RCA-25 and RCA-40 concretes. It was noted that the flexural strength/compressive strength ratio of combined RCA–25 concrete is slightly higher than the typical range of 9–12% cited for quarried aggregate concrete. Moreover, the splitting tensile strength of all combined RCA concretes increased with time. This ranged from 2.03 to 3.15 MPa for combined RCA-25 and 3.04 to 4.07 MPa for combined RCA-40 between 7 and 90 days and varied from 8 to 12% of the respective compressive strength. According to the AS 3600 [62], Equations (1) and (2), can be used to estimate the flexural and splitting tensile strengths as a function of compressive strength. The estimated flexural strength of combined RCA-25 and RCA-40 are 2.64, 2.99, 4.00 MPa and 3.62, 3.95, 4.67 MPa, respectively, at 7, 28, 90 days. Furthermore, the estimated splitting tensile strength of combined RCA-25 and RCA-40 are 1.76, 2.00, 2.67 MPa and 2.41, 2.64, 3.12 MPa, respectively, at 7, 28, 90 days. The experimental results of both combined RCA concretes showed close resemblance with the estimated flexural strength, whereas the experimental splitting tensile strength was marginally higher than the predicted tensile strength for quarried aggregate concrete.


   f  c t . f  ′  = 0.6    f c ′       MPa   



(1)






   f  c t . s p  ′  = 0.4    f c ′       MPa   



(2)




where    f  c t . f  ′   ,    f  c t . s p  ′    and    f c ′    are characteristic flexural, splitting tensile, and compressive strength, respectively.



In both combined RCA concretes, the observed flexural strength is higher than the splitting tensile strength, Figure 3. This is similar to the PC concrete produced with quarried aggregates [3]. In PC concrete, the flexural tensile strength overestimates the actual tensile strength [3]. Literature has reported that actual tensile strength of concrete is about 75% of the measured flexural strength [63]. This is primarily due to loading arrangement on the tensile stress distribution for two different test procedures. The splitting tensile test generates biaxial stress distribution, as a result, the larger volume of the specimen is exposed to tensile stress and the remaining volume is subjected to horizontal compressive stress. However, in the flexural strength test, the maximum fibre stress is at the bottom fibre which is higher than the splitting test. This is due to propagation of crack at flexure loading, which is blocked by lower stressed material near to the neutral axis. Hence, available energy is less than that required to form new crack surfaces, which results in a higher tensile failure resistance.



The required stress to induce unit strain in concrete at elastic limit is denoted as the modulus of elasticity. This impacts the axial shortening and short term vertical deflection of structural members under compression load. The modulus of elasticity in Figure 4 tended to increase with time while following a similar trend observed in compressive and tensile strengths. The elastic modulus ranged from 20,748 to 29,672 MPa for combined RCA-25 and 32,526 to 37,879 MPa for combined RCA-40 concrete between 7 and 90 days. Elastic modulus values have a high variability, thus experimentally observed values are allowed to vary between ±20% of the calculated value Equations (3) and (4), based on AS 3600 [62]. The predicted elastic modulus for combined RCA-25 and combined RCA-40 are 19,581, 22,409, 29,259 MPa and 29,101, 30,599, 34,615 MPa, respectively, at 7, 28, 90 days. The elastic modulus of the combined RCA concretes is observed to be higher than the prediction provided in AS3600; however, most results fall within the allowed 20% tolerance limit. Thus, data indicates that the elastic modulus of combined RCA concrete is comparable to that of quarried aggregate concrete of similar compressive strengths.
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(3)






   E c  =  (  0.024    f  c m i     + 0.12  )     p  1.5      MPa  ;    when     f  c m i   > 40    MPa     
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where    E c   ,  p , and    f  c m i     are elastic modulus, density, and mean compressive strength, respectively.



The Poisson’s ratio of conventional aggregate concrete is usually in the range from 0.11–0.21, but typically stay in the range from 0.15–0.20 [64]. The measured Poisson’s ratio values of combined RCA-25 and combined RCA-40 concretes at 7, 28 and 90 days are 0.11, 0.14, 0.15 and 0.14, 0.16, 0.17, respectively. All these measured values are within the 0.11–0.21 range and are comparable to quarried aggregate concrete.




4.3. Shrinkage and Permeation Charcteristics


When concrete is exposed to drying at an early age, shrinkage will occur due to capillary suction and cause micro-cracking. Drying shrinkage is principally dependent on the ambient conditions and the mix proportions. The drying shrinkage of combined RCA concretes is reported in Figure 5. The observed drying shrinkage of combined RCA concretes at 90 days is 505 microstrain, which is significantly lower than the maximum permitted value of 800 microstrain recommended by AS3600 standard [62] for concrete use in Australia, Figure 5. The majority of the drying shrinkage was observed by the 40th day and continued to increase at a decreasing rate throughout the period. This is similar to the drying shrinkage pattern typically observed in quarried aggregate concrete [3]. In addition, the drying shrinkage pattern is in good agreement with similar literature containing RAC concrete with high replacement percentages [65]. Thus, the use of Combined RCA is more effective in resisting the drying shrinkage of concrete, which in turn can decrease secondary reinforcement quantity requirements and the cost of RCA concrete structures.



The water absorption and apparent volume of permeable voids (AVPV) of combined RCA concretes are shown in Figure 6. The water absorption of the two RCA concretes varied over a considerable range. Both combined RCA concretes displayed about 7% higher water absorption rate at 7 days, but started to reduce with time, giving approximately 4.5% and 3.7% at 28 and 90 days, respectively. When water absorption is greater than 5% in PC concrete, this is classified as high permeable concrete, while less than 3% is classified as low permeable concrete [66]. It was noted that combined RCA concretes exceeded this upper limit at early age and behaved as high permeable concrete, which indicates a highly porous external surface with a large number of capillaries and high connectivity within pores. These capillaries initiate water absorption through capillary suction at the concrete surface. However, a significant improvement was observed with the age, and the absorption of combined RCA concrete was below the upper limit after 28 days. It further decreased over time and stayed slightly above the low permeable limit at 90 days. Furthermore, the water absorption of Combined RCA concrete is in good agreement with the other fresh concrete recycled aggregate concretes [40]. Figure 6b displays the AVPV of the two combined RCA concretes. The AVPV, or closed porosity, is a percentage of pore space such as capillary pores, gel pores, and air voids within the combined RCA concrete. Similar to water absorption, AVPV of both combined RCA concretes decreased with time. When AVPV is less than 13%, it is classified as good quality concrete, while greater than 18% is classified as poor quality concrete [67]. Both combined RCA concretes were in 13–18% at 7 days but reduced to below the lower limit at 28 and 90 days, indicating limited pore interconnectivity in their pore structure.




4.4. Microstructure


The tensile strength of concrete is strongly influenced by the cement gel–aggregate bond strength [3]. The interfacial transition zone (ITZ) has a different microstructure to the other regions in the cement matrix and is identified as the weakest interface for the generation of early micro-cracking. The ITZ in concrete is produced by the disorder of packing the anhydrous cement grains in the transition zone [68]. Figure 7 shows that RCA had a strong bond with C-S-H gel matrix especially in the ITZ. Both combined RCA concretes had a small number of microcracks in ITZ region at 7 days, however, these cracks filled with C-S-H gel due to ongoing hydration and formed a densified zone at 28 and 90 days. This further increased the bond between coarse aggregates and the cement matrix. Hence, higher flexural and splitting tensile strengths were observed for both combined RCA concretes exceeding the values predicted based on AS3600 at 28 days.



The ultrasonic pulse velocity of combined RCA-25 and RCA-40 concretes at 7, 28, and 90 days are 3.25 km/s, 3.75 km/s, 3.95 km/s and 3.30 km/s, 3.85 km/s, 4.15 km/s. Garbacz and Garboczi [69] reported that if ultrasonic pulse velocity of PC concrete falls between 3.5 and 4.5 km/s, that can be classified as good quality concrete free from large cracks and voids, which affect the structural reliability and durability in the long term. Due to the low density and high water absorption capacity of recycled aggregates, RCA concretes are expected to have slightly lower UPV values. Except at early age (7 days), the ultrasonic pulse velocity obtained for combined RCA concretes is in the good quality concrete range by 28 days, correlating with the less porous densified microstructure identified by the microscopy. This result is also in alignment with those reported in other RCA concrete literature [40,70].



When density of concrete increases, the elastic modulus of concrete increases as well. This is due to a linear relationship between pore volume and the elastic modulus of concrete [71]. The packing density and porosity in concrete further determine the modulus of elasticity in concrete. Hence, a higher packing density would provide higher elastic modulus in concrete [72]. The low water absorption, dense C-S-H gel matrix, lack of micro-cracks in the ITZ and higher ultrasonic pulse velocity values at 28 days all indicate that the combined RCA concrete is free of large voids and cracks. This is hypothesised as the reason for the comparable elastic modulus evident in combined RCA concrete and the quarried aggregate concrete.




4.5. Overview of Long Term Durability


The compressive strength of the combined RCA concrete achieved the design strength of 25 and 40 MPa, satisfying the minimum compressive strength stated in AS3600 standard for the design of concrete structures in exposure classes A1/A2 and B1/B2, respectively. This designates that RCA concrete is a possible alternative to quarried aggregate concretes used at present. However, the protection of reinforcing steel in concrete due to ingress of water and aggressive agents determines the long term durability and service life of reinforced concrete [73]. It is the exposure to carbonation or chloride ingress that can destroy the primary protective passive layer in steel and result in the reinforcement corrosion. Due to lower water absorption observed in combined RCA concretes the use of the RCA is expected to minimize ingress of these aggressive agents into the RCA concrete, and provide higher resistance to chloride and sulfate attack. This is further supported by low shrinkage observed in combined RCA concrete as that reduces shrinkage deformation and micro-cracking. Formation of shrinkage cracking can lead to an increase of permeability to water and aggressive agents and deteriorate concrete through freeze–thaw in cold regions. Overall, the low water absorption coupled with low drying shrinkage in RCA concrete is expected to resist chlorides and sulfate ion attack. However, to determine this more clearly, long term corrosion and sulfate testing of RCA concrete is required.





5. Conclusions


A systematic laboratory experimental investigation has been conducted to assess the feasibility of using manufactured RCA in concrete as an alternative for quarried coarse aggregate. The following conclusions can be drawn based on the material properties of RCA concrete:




	
Compressive strength of combined RCA-25 and combined RCA-40 concretes increased from 19.29–44.50 MPa and 36.75–60.70 MPa from 7 to 90 days, respectively. This satisfied the specified 28-day design strength of exposure categories, A1/A2 (20/25 MPa) and B1/B2 (32/40 MPa) stated in Australian standards, AS3600.



	
Aggregate grading of manufactured RCA matched with quarried aggregate increased the compressive strength of RCA concrete. This is due to aggregate packing density having a significant role in strength development.



	
Both combined RCA-25 and combined RCA-40 concretes displayed comparable tensile strength and elastic modulus to an equivalent quarried coarse aggregate concrete of the same compressive strength. Experimentally observed flexural strength, splitting tensile strength, and elastic modulus are higher than the estimated values based on stated design equations in AS 3600, confirming that Australian standards can be used for the conservative design.



	
Low water absorption coupled with high ultrasonic pulse velocity demonstrate that combined RCA concretes contain a dense microstructure and pore-structure free of large voids or cracks. This would be expected to prevent ingress of aggressive materials. The rough fracture surface of aggregate increased the bond between C-S-H gel matrix and RCA at ITZ.



	
Combined RCA concretes display low drying shrinkage which is significantly lower than the maximum permitted value recommended by Australian standard.








Overall, this innovative and sustainable recycle product has significant potential as a coarse aggregate in concrete, with the substantial additional benefit of recycling wet concrete while minimizing environmental impact due to landfilling.
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Figure 1. Aggregate grading curve for recycled coarse aggregate (RCA) and Basalt coarse aggregates. 
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Figure 2. (a) Compressive strength and (b) density development of combined RCA concrete. 
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Figure 3. (a) Flexural strength and (b) Splitting tensile strength development of Combined RCA concrete. 
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Figure 4. Modulus of Elasticity development of combined RCA concrete. 
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Figure 5. Drying shrinkage of combined RCA concrete. 
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Figure 6. (a) Water absorption and (b) apparent volume of permeable void (AVPV) of combined RCA concrete. 
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Figure 7. Microstructure development of Basalt aggregate and combined RCA concrete. 
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Table 1. Chemical composition of Portland cement (PC).






Table 1. Chemical composition of Portland cement (PC).





	
Material

	
By Weight (%)

	




	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
P2O5

	
TiO2

	
MgO

	
K2O

	
SO3

	
MnO

	
Na2O

	
* LOI






	
Cement

	
22.5

	
4.5

	
0.4

	
66.3

	
0.67

	
0.20

	
0.51

	
0.15

	
2.8

	
0.10

	
0.17

	
1.7








* Loss on ignition (unburnt carbon content).
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Table 2. Mix proportions used in concrete (kg/m3).
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Concrete Type

	
Design Strength

	
Mix Notation

	
Cement (kg)

	
Sand (kg)

	
Aggregate (kg)

	
Water (kg)

	
Water/Cement Ratio

	
Superplasticizer






	
BCA concrete

	
25 MPa

	
BCA-25

	
300

	
910

	
1015

	
150

	
0.5

	
2.7




	
40 MPa

	
BCA-40

	
400

	
800

	
1015

	
160

	
0.4

	
3.6




	
RCA Concrete

	
25 MPa

	
RCA-25

	
300

	
910

	
843

	
150

	
0.5

	
3.6




	
40 MPa

	
RCA-40

	
400

	
800

	
843

	
160

	
0.4

	
4.8




	
Combined RCA Concrete

	
25 MPa

	
Combined RCA-25

	
300

	
910

	
895

	
150

	
0.5

	
3.3




	
40 MPa

	
Combined RCA-40

	
400

	
800

	
860

	
160

	
0.4

	
4.4
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Table 3. Properties of coarse aggregates.






Table 3. Properties of coarse aggregates.





	Aggregate Property
	RCA-25
	RCA-40
	Basalt Aggregate
	Standard





	Aggregate crushing value
	35.5%
	30.4%
	21.2%
	AS 1141.21 [46]



	Aggregate impact value
	36.1%
	31.2%
	21.6%
	VicRoads–RC 371.03 [47]



	Los Angeles abrasion value
	22.4%
	25.7%
	32.7%
	AS 1141.23 [48]



	Oven dry density
	2250 kg/m3
	2250 kg/m3
	2650 kg/m3
	AS 1141.4 [49]



	Water absorption
	6.85%
	6.55%
	1.45%
	ASTM C127 [50]



	Moisture content
	4.30%
	4.15%
	0.85%
	VicRoads–RC 253.01 [51]
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Table 4. Compressive strength of concrete with aggregate grading.
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Concrete Type

	
Design Strength

	
Mix Notation

	
Compressive Strength (MPa)




	
7-day

	
28-day






	
BCA concrete

	
25 MPa

	
BCA-25

	
19.15 ± 2.06

	
26.47 ± 1.27




	
40 MPa

	
BCA-40

	
32.49 ± 2.92

	
42.15 ± 1.14




	
RCA Concrete

	
25 MPa

	
RCA-25

	
15.07 ± 0.76

	
19.50 ± 1.83




	
40 MPa

	
RCA-40

	
27.34 ± 1.95

	
32.28 ± 2.06




	
Combined RCA Concrete

	
25 MPa

	
Combined RCA-25

	
18.40 ± 0.86

	
25.85 ± 0.45




	
40 MPa

	
Combined RCA-40

	
34.07 ± 1.30

	
41.10 ± 1.75












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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