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Abstract

:

Over the last decades, the needs of the contemporary way of life and the ongoing population growth have affected the construction industry by causing rapid development of the sector. This accretion combined with the challenging management of construction and demolition waste (CDW) resulted in an increasing amount of waste being produced as well as an associated impact on the environment. Those impacts render their management necessary, in order to contribute to the concepts of sustainable development and Circular economy. The present paper discusses the usage of recycled aggregates (RAs) from CDW, in correlation with natural aggregates (NA) in the manufacture of concrete, both from quality and environmental perspectives. Upon analysis of the physical–chemical and mechanical properties, a replacement ratio of RAs of 50% was suggested, considering two factors: (1) the highest acceptable decrease in aggregate properties; and (2) the higher contribution to the environment, which is also accepted by the EN-12620 standard. Furthermore, it was calculated that the net carbon balance of aggregate utilization, based on the above scenario, is approximately 20% lower compared to NA.






Keywords:


construction and demolition waste; concrete recycling; recycled aggregates; CO2 footprint; durability; sustainability












1. Introduction


Worldwide demand for construction materials is rising. Over the last century, the economic growth that has taken place has left no room to consider the environmental impacts caused by human activity. The growing concern for environmental sustainability has driven extensive research into finding ways to reduce carbon emissions and minimize the ecological impact of construction activities. One promising approach is recycling concrete waste into aggregates, which can help decrease the demand for natural aggregates (NA) and mitigate the carbon footprint (CF) associated with concrete production. Concrete plays a crucial part in the increasing infrastructure development and it is massively produced and consumed for a variety of construction applications. Moreover, concrete is the second most used substance worldwide after water and the most used man-made material [1]. It is also responsible for almost 8% of global carbon dioxide emissions [2]. According to Verein Deutscher [3] as cited by Wang et al. [4], in the last two decades global cement production has increased by three times, from 1.10 Bt to 3.27 Bt and it is estimated to reach 4.83 Bt by 2030. This rise will also result in a developing demand for resources such as NA, since they typically make up 60–75% of the concrete’s volume. The production and consumption of concrete also generate waste. In the construction industry, 30% of the total solid waste produced is considered construction and demolition waste (CDW) [5].



The global demand for aggregates in the construction sector was estimated between 25.9 to 29.6 Bt in 2012 [6] and is predicted to reach 47.5 Bt in 2023 [7]. The findings of Wang et al. [4] about worldwide CDW generation are illustrated in Figure 1. Globally, approximately 10 Bt of CDW are generated each year [8]. Kabirifar et al. [9] state that CDW occupies 35–65% of global landfill space. These numbers raise serious concerns. Since the usage of traditional materials is unsustainable, various waste materials have been repurposed in the manufacturing of concrete. In various studies, waste materials such as ground granulated blast-furnace slag (GGBS) [10,11]; fly ash [12]; glass [13,14], but also alternative materials such as rice husk ash, animal bones and human hair [15,16] are incorporated in concrete. CDW, due to the vast market for re-use, has a high potential for recycling. This combined with the aforementioned soaring growth and the immersed CDW generation, has rendered CDW a fast-growing commodity.




2. Materials and Methods


The primary goal of this research is to compare the properties of RAs with NA and also conduct a Life Cycle Assessment (LCA) to evaluate the environmental impact of their production. In the quality approach, the properties of RAs and RAC are being discussed and compared based on the literature. In the environmental approach, for the calculation of the CF, the LCA method is used. In order for RAC to achieve the same levels of compressive strength as NAC, more cement needs to be added. Cement accounts for 80% of the production of concrete emissions [17]. So, to illustrate the benefits of RAs, the system studied only focuses on the aggregate footprint.



According to ISO 14040 [18], an LCA study is divided into four phases [19]:




	
Goal and Scope definition: The assessments’ subject and framework are defined.



	
Life cycle inventory analysis: Mention of inputs and outputs and assumptions.



	
Life cycle impact assessment: Rate of impacts according to impact categories (is not regarded in this study).



	
Interpretation: Evaluation of the findings in light of the goals of the study.








Phases of Calculation


1st Phase: This study solely takes CO2 emissions into account. The following three groups can be used to classify aggregate manufacturing scenarios:




	
Obtaining NAs from quarries (1st scenario).



	
Using CDW waste from the landfill to obtain RAs (2nd scenario).



	
Combined approach as mentioned by Ghanbari, M. et al. [20], in which an optimum replacement ratio (ORR) is considered (3rd scenario).








Figure 2 illustrates the cradle-to-grave analysis. The energy usage accounts for all inputs. The total CO2 emissions are the model’s outputs. The functional unit is Kg CO2/t of NA and/or RAs. The following equation [21], serves as the foundation for calculating CO2 emissions:


E = A × EF × (1 − ER/100),



(1)







According to EPA [21], E stands for emissions, A stands for the activity data, hence the energy used, EF for emissions factor, and ER for emission reduction efficiency (disregarded in this study).



2nd Phase: Fuel oil is the energy source used by machinery and transportation, while electricity is used in the crushing machinery. All machinery is assumed to be in good condition and well maintained. All fuel oil-based machineries have an emission factor of 2.7 kg CO2/L. Na production is based on a quarry of primary limestone aggregate production of Titan Cement Greece S.A. The typical consumption of ANFO is 170 gr/t. The transportation distance is 0.8 to 1 km. This production has a primary, a secondary and a tertiary crushing phase, and a primary and a secondary screening phase. Where electricity is involved, the energy mix emissions account for 30% of fossil fuels (lignite) with the rest being natural gas and renewables. RA production is comparable to that of the NA. The facility is based on the landfill area, so there is no transportation distance. The production has only a primary and a secondary crushing and screening phase. Therefore, the consumption during that phase should be at least 33% lower than NA production, considering the usage of the same typical equipment. Data from other researchers support this assumption [20]. In conclusion, there may be assumptions that cannot be incorporated without further research. The 4th phase is stated in the next chapters.





3. Results


3.1. Approach on RA Quality Perspective


3.1.1. Classification of the Aggregates


Construction and demolition waste (CDW) composition might vary, although materials like concrete, mortar, and ceramics its main components [22,23,24,25]. Figure 3a,b illustrate typical CDW and RA composition.



Silva et al. [26] classified the resulting RA in: (1) recycled concrete aggregate (RCA), (2) recycled masonry aggregate (RMA), (3) mixed recycled aggregates (MRA).




3.1.2. Physicochemical, Fresh, and Durability Properties


In general, the physical properties of RAs are considered to be inferior to the properties of NA (Table 1) [27].



Water Absorption (WA) and Workability: High WA due to high porosity directly affects the concrete’s properties. Additional water is required in the concrete in order to match the desired workability. According to research [27,28,29,30], the increase in WA recycled aggregate concrete (RAC) in correlation to natural aggregate concrete (NAC) is up to 40% for a replacement ratio (RR) of 50%. Wang et al. [4] states that according to research [31,32,33,34], the consistency of fresh RAC had a lower slump value than NAC, due to RAs’ higher WA and the rougher surfaces and irregular shapes.



Density: The particle size distribution and shape have an impact on the density of concrete. In general, the density of RAC is slightly lower (5–15%) than the typical density NAC [35]. For an RR of 100%, the density loss is close to 5% [36].



Carbonation Depth (CD): As the RR of RAs increases, the CD of RAC also increases [37]. For an RR of up to 50% and with an increase in the water-cement (w/c) ratio, the rate of CD increases either slowly or remains essentially unaltered [38].



Chloride ion penetration (CIP): CIP rises with replacement level of RA in concrete. Consequently, the CIP is greater in RAC because of RAC’s higher porosity compared to NAC [4]. Guo et al. [39] state that when the RR of RAs rose, the CIP increased.



Freezing–Thawing Resistance (FTR): RAC usually has weak frost resistance, due to RA particles’ high absorption rate [39]. Nevertheless, Huda et al. [40] claim that the freeze–thaw durability test on coarse RAs produced with various RR indicated that the FTR of RAC is comparable to NAC.



Alkali-silica reaction resistance (ASR): When RAs are solely made of highly alkali reactive NA, ASR expansion in RAC increases with the rise in the RR of NA with RA [41]. RAs composed of non-reactive NA and non-reactive adhered mortar do not cause ASR.



Dry shrinkage and creep: Creep is affected by the aggregate’s modulus of elasticity. The creep of RAC with an RR of 50% increased by 19.6% [42]. The w/c ratio and the aggregate particles both influence drying shrinkage. Additionally, RAs can also have a lower compressive strength compared to NAs, which can result in increased shrinkage. For an RR of 50%, the shrinkage of RAC was 48% higher than NAC [42]. When the RR of RAs rises, both the shrinking and creep of RAC increases [43,44,45,46].




3.1.3. Mechanical Properties


Compressive strength: Compressive strength of concrete decreases, as the RR of NA increases [4,23,26,27,29,31,32,46,47,48,49,50,51,52,53,54,55,56,57]. Figure 4. represents the findings of Wang et al. [4] in which the correlation between the mechanical properties and the RR of RAs is depicted. Up to a degree of 50% RR, RAs have no significant impact on the compressive strength of concrete [4,26,27,29,46,47,48,49,50,51,52,54,56].



Splitting Tensile and Flexural Strength: With an increase in the RR, both the tensile strength and the flexural strength exhibit generally descending trends [4,29,39,51].



Modulus of Elasticity: The strength of concrete greatly impacts the modulus of elasticity of concrete. A 50% RR would result in a decrease of up to 15% [4,40].





3.2. Approach on RA Environmental Perspective


The United States National Stone Sand and Gravel Association (NSSGA) [58] states that the aggregate industry emits 14.6 MMT CO2 per year in the US (data based on the year 2018), which stands for approximately 0.22% of the total U.S. emissions of 6677.8 MMT CO2 per year [58]. Since aggregate extraction mostly entails a straightforward extraction without significant material process, in contrast with, e.g., cement, it has a low environmental impact. In order for RAC to achieve the same levels of compressive strength as NAC, more cement needs to be added. Cement accounts for 80% of the production of concrete emissions [55]. So, to illustrate the benefits of Ras, the system studied only focuses on the aggregate footprint. The CF of producing 1t of NA and RAs are shown in Table 2 and Table 3.




3.3. Combined Approach


A higher Replacement ratio would decrease all of the concrete’s properties; however, it would also lead to a decrease in the environmental impact of the aggregates such as: (1) minimization of CF of aggregate production; (2) of landfill space utilized; and (3) of the use of natural resources. So, an ORR of 50% was determined based on: (1) The highest accepted impact on the concrete properties and (2) the higher contribution on the environment (Table 4).



At any rate, EN 206:2013 + A1:2016 (EN 206, 2013) and EN 12620:2013 (EN 12620, 2013) allow up to a maximum RR of 50% in structural concrete [24].



Summarized data of CO2 emissions for each of those scenarios are presented in Table 5.



One tone of NA and RA produces 3.067 and 1.854 Kg of CO2 emissions, respectively, which stands for a 39.57% reduction in CO2 total emissions (Table 5). Implementing the RR of 50% would result in a 19.78% reduction. To quantify the calculated values, i.e., the emissions already mentioned [58] could be at 11.7 MMT CO2 e per year, hence a reduction of 2.9 MMT CO2 emitted per year.





4. Conclusions


Generally, mechanical, physicochemical, and durability properties decrease as the replacement ratio (RR) rises. The optimum replacement ratio (ORR) of recycled aggregates (RAs) in concrete, considering (1) the highest accepted reduction in the concrete’s properties and (2) the higher contribution to the environment, is 50%, which is accepted by EN-12620. The carbon footprint of recycled aggregates production is lower than natural aggregates (NA). Their difference is less than 40%. A scenario with replacement of 50% of total aggregates by RR, exhibits about 20% reduced emissions to produce 1t of aggregate. Recycling construction and demolition waste (CDW) reduces the quantity of waste sent to the landfill, the least environmentally friendly option; it helps avoid the use of natural resources, prevents their rapid depletion, and saves on the expenses and damages associated with their exploitation. Moreover, it contributes to minimizing the carbon footprint of aggregate production. The outcome emphasizes RAs as a sustainable alternative to NAs when considering the RR and the environmental benefits.
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Figure 1. Illustration of the countries with the highest CDW generation around the world in 2018 (processed data from Wang et al. [4]). 
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Figure 2. Cradle-to-grave life-cycle assessment and input and output analysis of aggregate production. 
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Figure 3. (a) Composition of CDW (processed data from [22]). (b) Typical composition of 8–16 mm RA from a recycling plant (processed data from [24]). 
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Figure 4. Plot of mechanical properties change with different RCA RR, and the sample size at each RR for (a) compression strength, (b) E-modulus, (c) flexural strength, and (d) splitting tensile strength (processed data from [4]). 
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Table 1. Physical properties of RAs and NA, according to Makul et al. [27].
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	Physical Properties
	RA
	NA





	Pore Volumes (vol. %)
	5–16.5
	0.5–2



	Absorptions (wt. %)
	3–12
	0.5–4



	Compacted Bulk Densities (kg/m3)
	1200–1425
	1450–1750



	Specific Gravity
	2.1–2.5
	2.4–2.9



	Shapes and Textures
	Angular with a rough surface
	Smooth and well rounded










 





Table 2. Calculation of natural aggregates CO2 footprint.
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	STAGE 1—EXTRACTION
	
	





	DRILLING
	Value
	Comments



	F.O. Consumption per t (L/t)
	0.027
	-



	CO2 emissions per Liter of F.O. (Kg/L)
	2.70
	According to typical data for well-maintained engines



	CO2 emissions per Ton (Kg/t)
	0.072
	



	BLASTING
	Value
	Comments



	Explosives Consumption (gr/t)
	171.2
	-



	CO2 emissions per Kg of ANFO (num)
	0.189
	-



	CO2 emissions per t blasted (Kg/t)
	0.032
	-



	HYDRAULIC HAMMER
	Value
	Comments



	F.O. Consumption per t (L/t)
	0.160
	Use of Hydraulic Rock-hammer for secondary breakage



	CO2 emissions per Liter of F.O. (Kg/L)
	2.70
	-



	CO2 emissions per Ton (Kg/t)
	0.433
	-



	LOADING
	Value
	Comments



	F.O. Consumption per t (L/t)
	0.237
	Assuming the application of a typical wheel loader



	CO2 emissions per Liter of F.O. (Kg/L)
	2.70
	-



	CO2 emissions per Ton (Kg/t)
	0.641
	-



	TRANSPORTATION
	Value
	Comments



	F.O. Consumption per t (L/t)
	0.110
	Use of typical trucks. Includes road wetting for dust suppression.



	CO2 emissions per Liter of F.O. (Kg/L)
	2.70
	-



	CO2 emissions per Ton (Kg/t)
	0.298
	-



	ANCILLARY ACTIVITIES
	Value
	Comments



	F.O. Consumption Personnel (L/t)
	0.04
	Transportation of the respective personnel



	CO2 emissions per Liter of F.O. (Kg/L)
	2.70
	-



	CO2 emissions per Ton (Kg/t)
	0.108
	-



	CO2 emissions per ton Road maintenance (Kg/t)
	0.015
	Maintenance of the road network



	CO2 emissions per Ton (Kg/t)
	0.123
	-



	TOTAL CO2 EMISSIONS STAGE 1 (Kg/t)
	1.599
	-



	TOTAL CO2 EMISSIONS STAGE 1 (Kg/t)
	1.999
	A 20% reject from 2nd Stage will not be in conformity



	STAGE 2—CRUSHING and SCREENING
	
	



	CRUSHING and SCREENING IN UNIT POWERED BY ELECTRICITY
	Value
	Comments



	Energy consumption per t produced (KWh/t)
	4.010
	-



	CO2 emissions; 30% fossil fuels (gr/KWh)
	218.65
	Accepted a 30% lignite, with the rest being renewables and NG



	CO2 emissions per Ton Crushed + screened (Kg/t)
	0.877
	-



	WHEEL LOADER
	Value
	Comments



	Empl. Coefficient (num)
	0.30
	Use of an auxiliary loader for the unit in arranging materials



	CO2 emissions per Ton (Kg/t)
	0.192
	-



	TOTAL CO2 EMISSIONS STAGE 2 (Kg/t)
	1.069
	-



	TOTAL EMISSIONS OF NA PRODUCTION (Kg/t)
	3.067
	-










 





Table 3. Calculation of Recycled Aggregates CO2 footprint.
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	STAGE 1—PRE-CRUSHING
	
	





	HYDRAULIC BREAKER
	Value
	Comments



	F.O. Consumption per t (L/t)
	0.160
	Use of a typical Hydraulic Breaker



	CO2 emissions per Liter of F.O. (Kg/L)
	2.70
	According to typical data for well-maintained engines



	CO2 emissions per Ton (Kg/t)
	0.072
	



	LOADING
	Value
	Comments



	F.O. Consumption per t (L/t)
	0.237
	Assuming the application of a typical wheel loader



	CO2 emissions per Liter of F.O. (Kg/L)
	2.70
	-



	CO2 emissions per Ton (Kg/t)
	0.641
	-



	TOTAL CO2 EMISSIONS STAGE 1 (Kg/t)
	1.074
	A 20% reject from 2nd Stage will not be in conformity



	STAGE 2—CRUSHING and SCREENING
	
	



	CRUSHING and SCREENING
	Value
	Comments



	Energy consumption per t produced (KWh/t)
	2.687
	Since both NA and RA productions used similar crushing process, the energy usage was assumed to be comparable.



	CO2 emmisions-30% fossil fuels (gr/KWh)
	218.650
	Accepted a 30% lignite, with the rest being renewables & NG



	CO2 emissions per Ton Crushed and screened
	0.587
	-



	WHEEL LOADER
	Value
	Comments



	Empl. Coefficient (num)
	0.30
	Use of an auxiliary loader for the unit in arranging materials



	CO2 emissions per Ton (Kg/t)
	0.192
	-



	TOTAL CO2 EMISSIONS STAGE 1 (Kg/t)
	0.780
	-



	TOTAL EMISSIONS OF RA PRODUCTION (Kg/t)
	1.854
	-










 





Table 4. Comparison of RAC properties and replacement ratio.
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	Property
	RAC in Correlation to NAC
	RA
	References





	Compressive strength
	Decreased by 8%
	50%
	[4,23,26,27,29,31,32,46,47,48,49,50,51,52,53,54,55,56,57]



	Splitting strength
	Decreased up to 10%
	50%
	[4,29,39,51]



	Flexural strength
	Decreased by 11%
	50%
	[4]



	Flexural strength
	Decreased by 11%
	50%
	[4]



	Modulus of elasticity
	Decreased up to 15%
	50%
	[4,40]



	Drying shrinkage
	Increased up to 20%
	50%
	[4,42,43,44,45,46]



	Creep
	Increased up to 50%
	50%
	[4,42,43,44,45,46]



	Water Absorption
	Increased up to 40%
	50%
	[4,27,28,29,30]



	Freezing and thawing resistance
	Similar with a decrease up to 2%
	50%
	[4,39,40]



	Carbonation depth
	Remains essentially unaltered
	50%
	[4,37,38]



	Chloride penetration
	Similar increase up to 2 times
	50%
	[4,39]










 





Table 5. Summarized data on NA and RA production emissions.
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	Production
	Stages
	CO2 Emissions kg/t
	% Reduction in CO2 Emissions





	NA
	Extraction
	1.999
	-



	NA
	Crushing and screening
	1.069
	-



	NA
	SUM
	3.067
	0.00%



	RA
	Pre-crushing
	1.074
	-



	RA
	Crushing and screening
	0.789
	-



	RA
	SUM
	1.854
	39.57%



	50% Ratio
	Mix
	2.461
	19.78%
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