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Abstract

:

This study evaluates the feasibility of stabilizing clay bricks with marble cutting waste (MCW). This waste is currently discarded in huge quantities as sludge resulting from the sawing of marble blocks to slabs and the processes of disposing of grinding and polishing marble in landfills located around the marble processing factories in the Shaq El-Thoban industrial zone, Cairo governorate, Egypt, which causes negative impacts on the environment, health, and sustainable development. Experimental investigations were carried out to explore the effect of the addition of MCW in different clay–base mixes using varying percentages of up to 20% at the expense of the hydrated lime. Cement, hydrated lime, and MCW are the three types of solidification agents used, and clay and sand were also added in the formulations of the unfired clay brick specimens. Laboratory cylindrical stabilized and compressed specimens were made; then, they were cured in a humidity chamber for two weeks and four weeks. Afterwards, they were air dried, tested, and evaluated according to the Egyptian code for the building by the stabilized and compressed earth soil (ECBS, 2016). To enhance the durability of the cured specimens, transparent silicon-based paint was used. The results demonstrated that the optimum content of marble sludge waste (MCW) was 15% when used as replacement for hydrated lime in the production of stabilized clay brick. For all of the samples, the use of silicon-based paint was found to improve the strength and water resistance of the stabilized clay bricks. The use of local waste materials as a substitute for a hydrated lime binder reduces both the cost and environmental impact associated with block production.
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1. Introduction


In Egypt, clay brick has long been the most common construction material used for historical and traditional buildings. Conventional bricks are produced from clay using a high firing temperature or from ordinary Portland cement (OPC) with aggregates. The high temperature used or the clay bricks and cement processing industries consume a significant amount of energy, and release a large quantity of greenhouse gases to the atmosphere, leading to environmental and economical problems. In the clay brick industry, about 0.41 kg of carbon dioxide is released per brick [1]. In the cement industry, the production of OPC is responsible for about 7% of all CO2 generated worldwide [2]. So, for environmental protection and sustainable development, many researchers have studied the utilization of waste materials and industrial by-products to make eco-friendly building bricks using different methods, materials, and stabilizers [3,4,5,6,7,8,9,10].



Several positive reactions occur when lime is added to clay in the presence of water; cation exchange, flocculation–agglomeration, carbonation, and pozzolanic reaction [11]. In contrast, two deleterious chemical reactions probably occur in the lime-treated soil [12]. The first is lime carbonation, and the second is the reaction with the sulfate salt existing in the soil. Calcite crystals are formed due to the carbonation process, which is considered a cementing material, but its formation should be controlled. This is due to three main reasons: it has a weak bonding force, calcium carbonate is a soluble salt when exposed to air for a long time period, and the carbonation process consumes calcium ions, which have a negative affect on the role of lime in the pozzolanic reaction progress. The most common global usage of marble sludge waste in the construction field is for cement, concrete production and composites, the corrosion resistance of steel rebars, fired brick, and in the stoneware industry [13,14,15,16]. Also, a study has been published [17] on the characterization and recycling potentiality of Egyptian marble sludge and its compatibility for use in different industrial applications. The study suggested using the sludge in the following applications, taking into consideration its chemical composition, whiteness, humidity, and grain size: the manufacture of cement, water paints, fertilizers, animal food, iron and steel, paper, plastic, ceramic, bituminous mixes, and marble resin products. Almost no publications were found to investigate the use of MCW as an additive for the production of non-burnt clay brick.



In Africa, compressed stabilized earth bricks are widely used in construction, as they are the most efficient way of building and have many advantages [18]. Sustainability involves the use of waste materials and by-products produced from other industrial activities in green and useful applications. In this research, during the cutting stage of the Egyptian marble processing industry, the marble cutting waste (MCW) is generated in the form of fine particles as aqueous sludge. In Egypt, the main area where most of the marble factories and manufacturing plants are found are located in the Shaq El-Thoban industrial zone, Cairo governorate. It contains about 400 factories and 3000 manufacturing workshops [19]. These manufacturing places produce nearly 3–4 million tons of marble and granite products that generate about 0.8–1.0 million tons of marble and granite waste per year [17]. The MCW that is used is the result of sawing marble blocks to slabs and the processes of grinding and polishing of marble as a liquid slurry waste. It is discarded daily in large quantities to nearby pits or vacant spaces near the marble processing industries, although notified areas have been marked for dumping. This leads to an increase in environmental risks as dust pollution spreads along a large area. In the summer season, the dust dries up, floats in the air, and flies, generating a huge amount of fine wastes, which certainly creates severe negative ecological impacts for flora, fauna, human health, and sustainable development. The accumulated waste may also contaminate surface and underground water reserves, and lead to land degradation. So, the main objective of this study is to evaluate the feasibility of stabilizing clay-based bricks with the Egyptian marble cutting waste (MCW) for economical, environmental, and health concerns.




2. Experimental Procedures


2.1. Materials


Five different materials were used in this study: Kafr Homied clay (KHC), sand, ordinary Portland cement (OPC), marble cutting waste (MCW) and hydrated lime (HL). The stabilizers were HL and OPC. The used clay and sand samples were collected from the clay and sand quarries located beside Kafr Homied village, which is 50 km south of Cairo in Giza governorate, Egypt. In the field, the clay that is used is grayish green in color, massive, damped, and has some gypsum lamina of different directions and iron oxide spots included within the claystone deposits of the late Eocene age [20]. The Portland cement used was of CEM (I) 42.5 type, and locally manufactured and supplied by the Suez Cement Company, Egypt. The used hydrated lime was purchased from the most common type in the Egyptian market. The marble waste used in this investigation was delivered as air-dried powder residual from the marble landfill at Shaq El-Thoban area, east of Auto Strad Rd., Cairo governorate (Figure 1). It is the largest marble and granite industrial cluster in Egypt, and the fourth world-industrial zone. Also, a silicon-based paint was used in this study for the specimen treatment to increase their durability. It was obtained from the CMB (chemicals for modern buildings) group, exterior paint products, Egypt.




2.2. Methods


Selective samples from the materials used and laboratory-made unfired cylindrical clay specimens were analyzed by powder X-ray diffraction (XRD) for mineralogical characterization. The used XRD apparatus was a X’Pert PRO PW3040/60 (PANalytical) diffractometer equipped with a monochromatic Cu–Kα radiation source. The test was run at 40 kV and 30 mA. The acquired data was identified using X’Pert high score software works with a PDF-2 database. The chemical composition (major oxides) of the raw materials used was determined by X-ray fluorescence (XRF). The used XRF was an Axios sequential spectrometer manufactured by PANalytical, Netherlands. Also, a traditional manual method prescribed in the American Society of Testing and Materials (ASTM) for the determination of loss on ignition (LOI) [21] was followed. The particle size distribution of the used materials was determined using a laser diffraction analyzer (manufactured by Horiba, LA-950, France). Furthermore, the pH value was measured at 20 °C by an electronic pH meter (Jenway 3510, UK) following the ASTM test method [22]. The formed phases in the cured specimens were identified using a Jasco-6100 Fourier transformed infrared spectrometer (FTIR; Varian model, Excalibur FTS 3000MX, Paolo Alto, CA, USA). The tested samples were prepared using the KBr pressed disc technique. The analysis was done between 400–4000 cm−1.




2.3. Mix Composition and Specimen Preparation


In order to investigate the effect of the MCW used, five mixes, namely R (control mix), R 1, R 2, R 3, and R 4 were designed for the study, as given in Table 1. The MCW was added at the expense of the HL content. The Portland cement was added in a small percentage for economical and environmental concerns, and to accelerate the initial bonding between the mix components. The sand as a non-plastic material was used to make the final product durable [23] and reduce the effect of shrinkage of clay, which may occur as well, in order to accelerate the formation of hydration products [24]. All of the used materials were passed through a 300 micron diameter sieve before the experimental work.



The mixing process of the mixes was started by thoroughly mixing the ingredients of each mix by manual shaking and overturning the plastic bag for at least 2 min. The water was added gradually (approx. ~16% of the total mix wt.) to the prepared mix in a laboratory mixer, and then mixed for at least 3 min to obtain a homogenous mix. Then, the mix was placed in a cylindrical mold of 25-mm diameter and 50-mm height, and compressed using a static hydraulic compression machine under 10.0 MPa of pressure. The specimens mixture was then demolded ~10 s after completion of the compaction; then, it was labeled and stored in a controlled humidity chamber at 40 °C ± 2 and 80% ± 2 relative humidity (RH) until the testing times of 14 days and 28 days. Five sets of compacted specimens were laboratory-made. The cured specimens were air dried for three days before starting the physico-mechanical tests. Generally, dynamic compaction can reduce the optimum water content from 12% to 10% with about a 50% increase in the compressive strength and an optimum water content range between 10–13% for static compaction [25].




2.4. Testing Procedures


At the end of the curing periods (14 days and 28 days), a series of tests were carried out in order to determine the primary engineering properties for the air-dried specimens in terms of water absorption, bulk density, soaking test, and compressive strength. To simulate the manufacturing process, before every test, the specimens were naturally dried for three days at lab ambient conditions (air-dried specimen). The tests were carried out according to the following formulations: A water absorption test was measured using the relation (Ms-Md)/(Md), where Ms is the mass of the saturated-dry specimen (g) after 24-h of water soaking, and Md is the mass of the air-dried specimen (g). The bulk density of the specimens was determined by dividing the mass of the air-died specimen (g) by the volume of the cylindrical specimen (cm3). The compressive strength test was calculated by dividing the maximum load to failure (kg) by the area of the bearing surface (cm2) of a specimen. To evaluate the durability of the specimens against water, the air-dried specimens of different mixes with different curing periods were soaked completely in tap water for 24 h, and the result was visually assessed. Also, to enhance the specimens’ durability, the 14-day air-dried specimens were surface treated by a silicon-based paint, and the water-soaking test was carried out again and evaluated. The elapsed time between the painting and testing of the painted specimens was three days at lab ambient conditions. Also, all of the air-dried and treated specimens were tested for water absorption, bulk density, soaking, and compressive strength. The average of three test results was recorded, if available. The test results were evaluated in accordance with the Egyptian code for building by stabilized soil [26].





3. Results and Discussion


3.1. Characteristics of the Raw Materials


The chemical composition, loss on ignition (LOI), and pH of the used materials are given in Table 2. The used quicklime (HL) is not a fatty lime (CaO < 85%) according to the Egyptian standard specification [27]. The XRD patterns of the used clay, sand, and OPC have been illustrated before [28]. The chemical composition of the KHC shows about 3% of SO3, expecting the presence of sulfate-based mineral (gypsum), as confirmed by the XRD analysis. The MCW consists mainly of CaO content with minor percentages of the other oxides and traces/minor contents of chloride ion, alkalis, and iron oxide. The pH of the MCW is slightly alkaline. Figure 2 shows the XRD pattern of the used MCW. The pattern confirms the results of the chemical analysis, where the waste is composed mainly of calcite mineral (CaCO3), and traces of quartz (SiO2) mineral are also detected.



Figure 3 presents the particle size distribution analysis of the used MCW. The pattern shows bimodal peaks representing the biggest quantitative percentages that are found at 5.0% and 4.5%. Ninety percent of the particle sizes are under 21.4 µm, and the biggest particle size is 262.3 µm. Also, the mean particle size is 13.1 µm. The results illustrate that the tested MCW particles are within the medium silt size class.




3.2. Mineralogy of the Cured Specimens of Different Mixes


Figure 4 and Figure 5 represent the XRD patterns of the clay-based specimens of different mixes cured for two weeks and four weeks, respectively. As shown in Figure 4 and Figure 5, the identified phases are montmorillonite, kaolinite, albite, quartz, calcite, gypsum, ettringite, and calcium silicate hydrate (CSH). The main crystalline phases are quartz and calcite of different peak intensities. It was observed that as the MCW increases to less than 20% (mixes R1–R3), in the presence of HL, the peaks of clay minerals decreased, and finally disappeared, as shown in mix R3. The lack of clay minerals suggests their destruction and the formation of cementing and poorly crystalline gels. The reaction between the released soluble compounds and the calcium ions from the lime hydration creates cementitious materials such as a C–S–H gel and C–A–H [29]. These pozzolanic reactions are generally time-dependent, and require a long time. This is because such reactions are functions of temperature, calcium quantity, pH value, and the quantity of the soluble compounds. It is worth mentioning that the quartz peak intensity decreased with the increase of MCW content, as well as the procession of curing days (R1 to R4). Also, it was found that with the increase of the MCW addition, the calcite became well crystallized, which was obviously visible in the XRD pattern of mix R 4 (20% MCW and 0% HL). Calcite is expected to show a weak cementing bond between the particles. Furthermore, it is believed that the ettringite that is formed may be due to the chemical reaction between calcium ions (MCW) and the aluminum solubilized from the clay in the presence of a soluble sulfate (gypsum) and humidity for a long period of time. This formation is promoted in the absence of HL, as shown in mix R4, which has 0% HL.



The excessive amount of calcite that appeared in the specimens of mix R4 limited the formation of the cementing hydrated compounds. Also, it was observed with the absence of the main stabilizer (HL) in mix R4, the ettringite and gypsum phases appeared. The ettringite formation may lead to an increase in the soil volume, water absorption, the reduction of effective cohesion, and soil strength loss [30].



The high pH value creates favorable conditions for local dissolution, which would likely release alumina and silica within the specimen body. Furthermore, the silica and alumina that exist in the clay minerals becomes soluble and free from the clay body when the pH exceeds 12 [12]. So, the specimens of mix R4 have no pozzolanic reaction, because the pH is 11.5. This is supported by the re-presence of clay minerals of kaolinite and montmorillonite. The significant change in the XRD patterns of the studied mixes that were cured for two and four weeks was found for the quartz peaks that had less intensity in the four weeks of curing. Moreover, the low crystallinity of the formed cementing phases (CSH), especially in the early stages of curing, has been supported before [31].




3.3. Physico-Mechanical Properties of the Cured Specimens


Figure 6 shows the results of the water absorption, bulk density, and dry/wet compressive strength of the specimens of different mixes cured for two and four weeks. Figure 7 represents the effect of treatment by the used silicon-based paint on the properties of the specimens of different mixes that had been cured for two weeks. Table 3 records the soaking test results of the specimens that had been cured for two and four weeks, and the results of the two-week cured specimens after the treatment.



The results of Figure 6 show that the water absorption decreased as the curing period increased. Also, the water absorption test cannot be determined for the specimens of mix R (without stabilizers) due to their collapsible behavior in water. It was noticed that the values of the absorbed water decreased as the MCW dosage increased, giving evidence that the MCW plays a significant role in the impermeability of the tested specimens in the presence of HL. It reached the best value (10.1%) in the R3 specimens (15% MCW + 5%HL) that were cured for four weeks. This is probably due to the pozzolanic reaction development, as obviously detected in the XRD patterns, which leads to the formation and accumulation of cement phases that closes some of the open pores, and decreases their affinity to absorb water. All of the specimens of mixes R1–R3 that were cured for two and four weeks achieved the ECBS requirements (class A: 8–10, class B: 10–12, and class C: 12–15%).



In terms of bulk density (Figure 6) of the clay-based specimens, it increased with the curing period, as well as the MCW addition until mix R3. The specimens of mix R4 showed the lowest density compared to the other mixes. The bulk density increase is indicative of the pozzolanic reaction progressing, phases formation, and vice versa. The highest value was achieved by the specimens of mix R3, which were cured for four weeks. In other words, as the MCW content increased at the expense of the HL, the bulk density increased, giving evidence of densification.



Figure 6 points to the compressive strength increasing with the prolongation of the curing period, and MCW content increasing until mix R3. The dry compressive strength values are remarkably higher than those of the wet results. The wet compressive strength of the specimens of mixes R and R4 at all of the curing periods could not be determined due to their collapsing in water. The soluble lime ions have a slow setting time, and gain their strength over time. In terms of comparing the strength development, the MCW is more effective in incorporating a low content of the HL. However, when the MCW dosage was too high (20%) and without the HL, the strength that was gained was too low. The highest value (167.5 kg/cm2) was achieved by the specimens of mix R3 that were cured for 4 weeks. All of the cured specimens of mixes R1–R3 achieved the ECBS requirements of the dry and wet compressive strengths (dry compressive strength, class A: 50–70, class B: 40–60, and class C: 30–50%; and wet compressive strength; class A: 30–40, class B: 20–30, and class C: 15–20 kg/cm2). The MCW may also act as a water-repellent material.



In order to enhance the specimen’s properties of different mixes in terms of water absorption, wet compressive strength, and resistivity to the effect of water, the specimens that were cured for two weeks were treated by a silicon-based transparent construction paint, and had the lowest property values. The material was painted on the external surfaces of the specimens; thus, when dry, it gives an invisible waterproof protection that repels rain drops, which then slide over the surface and wash away dust and other pollution.



A comparative analysis between the obtained results was established and is represented graphically in Figure 7 and given in Table 3. As shown in Figure 7, all of the studied properties are clearly enhanced. The water absorption decreased after the treatment. This means that the treatment is effective, and it coats the external surfaces. Furthermore, as the used liquid has low viscosity, eases to penetrate inside the specimens, and has a low density (1.0 kg/L), the specimen’s bulk density decreased, and their durability increased as compared with the specimens without treatment that were cured for two weeks.



The results given in Table 3 indicate the improvement of the specimen’s resistivity to water collapsibility for the specimens of mixes R, R1, and R4. The results emphasize the importance of the use of surface protection paints in a wet environment, but it may need to evaluate the durability against water erosion using the spray test method.



The test results indicate that the good property values for the tested specimens may be attributed to the flocculation process and the calcite formation due to the carbonation of the added HL (R1–R3). Furthermore, the higher strength development of the stabilized clay–HL–MCW–OPC (R1-R3) system with curing periods may be attributed to the gradual continued formation of C–S–H gel within the pore structure, without necessarily developing a crystalline structure, as recorded in the publication [32]. Also, the excessive amount of the MCW (R4) that has inert calcite negatively affected the stabilization process. Moreover, the HL plays an important role in the stabilization process of the clay-based mixes.




3.4. Results of the FTIR Analysis of the Cured Specimens of Different Mixes


Figure 8 and Figure 9 depict the FTIR spectra of the specimens of different mixes that were cured for two weeks and four weeks, respectively. The matching in the band locations is obvious, and the difference is only in the band intensity. The detected bands were interpreted according to many authors [32,33,34,35]. The characteristic vibration bands at 3700 cm−1 and 3625 cm−1 are attributed to the O–H stretching of kaolinite and montmorillonite, respectively. These band intensities decreased as the MCW content and curing periods increased. This provides evidence to the diminishing of the clay content (clay dissolution) and formation of new phases. The bands at 3400 cm−1 and 1625 cm−1 can be attributed to the stretching vibration of the O–H group in the H2O that was adsorbed on the specimens. The group of bands that were found in Figure 9 at 800 cm−1, 1450 cm−1 (large and symmetric peaks) and between 2500–1800 cm−1 can be assigned to the vibration corresponding to the CO32− group of calcite. These bands nearly increased as HL content increased and MCW decreased. All of the specimens had complex intensive silicate bands, Si–O, Si–O–Al (octahedral Al), Si–O–Si stretching and bending, as well as OH (Al2OH) bending bands in the region of 1125–400 cm−1. Generally, it is difficult to interpret this region by studying FTIR spectra only, since many forms of silicates give rise to several peaks, causing lots of overlaps. The band that appears as a shoulder at 1125 cm−1 and 675 cm−1 may be related to the unsolubilized silica. These bands decreased as the MCW increased and as curing period progressed. Also, a significant change was observed in the broadness in the band at 1000 cm−1, which gradually increased with the increase of MCW content at the expense of decreasing the band intensity of the unsolubilized silica. This is parallel to the XRD results. This is supported by the growth of the increasable band in mix R3 at 3400 cm−1, which may be indicative of the formation of pozzolanic reaction products. On the contrary, the specimens of mix R4 show the smallest peaks at 3400 cm−1 and 1000 cm−1. Furthermore, at all of the spectra, the alumina and silicate bands increased as the curing times increases until mix R3, which contained 25% MCW and 5% HL. The band of amorphous silica at 800 cm−1 was observed and increased as the curing period increased, meaning that the smectite layer became substantially depleted.





4. Conclusions


This research studied the feasibility of using marble cutting waste (MCW) with other additives for stabilizing clay–based materials to produce a sustainable, compressed, and stabilized clay brick. In the study, the materials used were characterized using different analytical tools and equipment; lab specimens made of five clay-based mixes were cured, dried, and tested. In summary, a potential benefit of stabilization was found to depend on the combination of hydrated lime and marble cutting waste. It was noticed the specimens of mix R could not be used successfully as a building unit without the stabilizers. Also, as the curing period proceeded and the MCW increased up to 15%, the water absorption and compressive strengths properties of the specimens improved. As shown in the XRD patterns and property results of the specimens of mix R4 without the HL, the gypsum and ettringite negatively affected the properties of the cured specimens. This study reveals that the MCW used worked well with a low content of HL (5%), as indicated by the specimen test results of mix R3, which has a pH value of 12.4. Furthermore, the specimens of mix R4 had the lowest physico-mechanical results, where the mix had no HL, and also possessed the lowest pH value, giving depressing impacts on the stabilization process. The applied silicon-based paint on the mixes and specimens enhanced the durability of the studied specimens against water, and this encourages its usage, especially in wet environments. The physico-mechanical test results of the specimens of mixes R1–R3 were located within the allowable requirements of the Egyptian code used (ECBS, 2016), as mentioned in Section 3.3. Finally, the using of MCW up to 15% in the studied mixes was feasible, and it is recommended to use mix R3 for the stabilized clay brick industry.
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Figure 1. Photographs showing types of the cutting processes (a,b), marble cutting sludge (c), marble polishing process (d), Cairo, Egypt. 
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Figure 2. X-ray diffraction (XRD) pattern of the MCW used (C: Calcite, Q: Quartz). 
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Figure 3. Particle size analysis of the used MCW. 
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Figure 4. XRD patterns of the specimens of different mixes that had been cured for two weeks (M: Montmorillonite, Et: Ettringite, Gy: Gypsum, K: Kaolinite, Qz: Quartz, C: Calcite, CSH: Calcium silicate hydrate, Al: Albite). 
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Figure 5. XRD patterns of the specimens of different mixes that had been cured for four weeks. 
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Figure 6. Water absorption, bulk density, and dry and wet compressive strengths of the specimens of different mixes cured for two and four weeks. 
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Figure 7. Comparison properties between the treated specimens (Tr. Sp.) and specimens cured for two weeks. 
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Figure 8. Fourier transformed infrared spectrometer (FTIR) spectra of the specimens of different mixes that were cured for two weeks. 
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Figure 9. FTIR spectra of the specimens of different mixes that were cured for four weeks. 






Figure 9. FTIR spectra of the specimens of different mixes that were cured for four weeks.



[image: Recycling 03 00039 g009]







[image: Table] 





Table 1. Composition, proportion, and pH of the studied mixes. HL: hydrated lime, MCW: marble cutting waste, OPC: ordinary Portland cement.
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Mix Code

	
Mix Ingredient, %

	
pH




	
Clay

	
Sand

	
HL

	
MCW

	
OPC






	
R

	
75

	
25

	
0

	
0

	
0

	
6.7




	
R 1

	
50

	
25

	
20

	
0

	
5

	
12.8




	
R 2

	
50

	
25

	
10

	
10

	
5

	
12.5




	
R 3

	
50

	
25

	
5

	
15

	
5

	
12.4




	
R 4

	
50

	
25

	
0

	
20

	
5

	
11.5
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Table 2. Chemical compositions in terms of oxide content (wt.%), loss on ignition (LOI), and pH of the raw used materials.
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	Oxide Content %
	Hydrated Lime (HL)
	Ordinary Portland Cement (OPC)
	Clay
	Sand
	Marble Cutting Waste (MCW)





	SiO2
	1.69
	20.59
	49.95
	93.88
	0.52



	Al2O3
	1.11
	4.02
	22.51
	3.86
	0.12



	Fe2O3
	0.24
	3.31
	6.87
	0.68
	0.18



	CaO
	70.52
	62.71
	1.64
	0.65
	56.35



	MgO
	0.75
	1.95
	1.22
	0.37
	0.35



	Na2O
	0.01
	0.47
	3.11
	0.21
	0.05



	K2O
	0.05
	0.18
	0.92
	0.09
	0.04



	SO3
	0.14
	2.95
	3.12
	0.02
	0.01



	L.O.I
	25.69
	3.81
	10.28
	0.23
	42.38



	pH
	12.82
	13.52
	6.72
	7.11
	8.13



	Cl−
	Nil
	Nil
	0.86
	Nil
	0.01
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Table 3. Result of the water soaking test of the cured specimens of different mixes before and after treatment.
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Specimens of the Mix

	
Status of the Specimens Cured for




	
2 Weeks

	
4 Weeks




	
Before

	
After






	
R

	
C

	
PF

	
C




	
R1

	
PF

	
ND

	
PF




	
R2

	
ND

	
ND

	
ND




	
R3

	
ND

	
ND

	
ND




	
R4

	
C

	
ND

	
C








ND: No damage, PF: Partial failure (after a while), C: Complete failure.














© 2018 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/).






media/file13.jpg
R





media/file4.png
Intensity (C/S)

100

80

60

40

20

7

9

11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

2 Theta





nav.xhtml


  recycling-03-00039


  
    		
      recycling-03-00039
    


  




  





media/file18.png
Transmittance (%)

675

800

Wave numbers cm-!

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''

700






media/file16.png
Transmittance (%)

1625

3700 800

ttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttt

4000 3700 3400 3100 2800 2500 2200 1900 1600 1300 1000 700 400

Wave numbers cm-!





media/file2.png
/ h‘ul‘!
. -('F'

J.tln
‘. \A J.-

l/l}






media/file5.jpg
al%)

o
o0t

1.000

1000
P gy

1000

Under size (%)





media/file3.jpg
Intensity (C/S)

0

7

T s

2

o a1

T 26 27 29 31 33 35 37 30 41
2 Theta

4 47





media/file1.jpg





media/file7.jpg
5 Thets:





media/file10.png
Intensity (C/S)

C
£t Gy M C K c Gy c C

Al K M Qz

7

9

11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
2 Theta

R4

R3

R 2





media/file12.png
\!
241
R

2 \254

w7
C Nav]
45

21_/ m o' " o
m m ™F e ¥
! _ :
R T R 8 B 8 8 2 8 8§ 2 ©
{ayB) Aysuep YIng {,W2/0Y) YIOUBNS SAISSAIAWOI J3M
| mﬂ./._w
i &
— - % 3\ l
== P mx\ 5
mm A F
/ | Nz |
m /mm 3
m m m m N
b S _ﬁ
© © ©§ o © © o 2 8 S 888 8¢9 K ©

{ %juondiosqe Jajepp { ,WO/Y)} YIDUSIIS JAISSIAWOI A

R1





media/file9.jpg
Intensity (C/S)

"

3 15 17 19 21 25 25 27 29 31 33 36 37 3 41 43 45
2 Theta

a7 a0





media/file0.png





media/file14.png
Water absorption(% )

Wet compressive strength (kglcm?)

60

50

40

30

20

=+=2 weeks
===Tr. Sp.

R R1 R2 R3 R4
Sample code
== 2 weeks
===Tr. Sp. 183
V*)
39.2
35.5 — "KM 2308
%308
R R1 R2 R3 R4

Sample code

Bulk density (g/cm’)

2.8

N
o

N
~

N
()

== 2 weeks
===Tr. Sp.
273
2.44 \
235 =" 2.V,
231 — )7 23
& —r/_|
2.29 -
Z.V
2.02
R R1 R2 R3 R4

Sample code






media/file8.png
R
R3

Qz

QzZ

QzZ C

C Qz
Et

—
w

(S/0) Aisuajuy

Qz

31

27

21

15

1

2 Theta





media/file11.jpg
p7
B

ek
bt

nf—
2

]
38 % 8 &3
e o nuans aussaruna o,

o
2

e
e






media/file6.png
a(%)

0.010

0.100

1.000

100
F-h//—’l— :
- % -
- / -
AT+ x
i :
g -50
LI ] ] L] ' Po0~0 01 I ' :-o
10.00 100.0 1000 3000

Diameter (um)

Under Size (%)





media/file15.jpg
Transmittance (%)

4000 3700 3400 3100 2800 2500 2200 1300 1600 1300 1000 700 400
Wave numbers cm!





media/file17.jpg
Transmittance (%)

4000 3700 3400 3100 2800 2600 2200 1900 1600 1300 1000 700 400
‘Wave numbers cm-*





