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Abstract

:

The excessive production of construction waste is a significant concern as it requires proper disposal and may become economically unfeasible. Reusing construction waste in producing new concrete can substantially reduce the disposal requirements of construction waste. In addition, this results in a sustainable solution for the rapidly depleting natural resources of concrete. Pervious concrete may contain up to 80% coarse aggregates and could be an exceptional host for reusing construction waste. This study aimed to investigate the mechanical properties of pervious concrete constructed with natural and recycled aggregates. The substandard properties of recycled aggregates were improved by adding natural fibers from sackcloth. This study presents an experimental program on 45 samples of pervious concrete with air void ratios and the size of coarse aggregates as the parameters of interest. The compressive strength of the pervious concrete decreased by increasing the air void ratio regardless of the size of the aggregates. The type of aggregates did not influence the permeability of pervious concrete, and the maximum temperature in pervious concrete increased as the quantity of air void ratios increased. The decrease in compressive strength was 40–60% as the void ratio was increased from 10–30% for all types of concrete mixes, such as natural and recycled aggregates. The permeability of small-size aggregates with 10% designed air void ratios for natural and recycled aggregates with sackcloth was 0.705 cm/s.
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1. Introduction


In recent years, the reuse of construction waste in new construction works has been a topic of interest [1,2,3,4,5,6,7,8]. The use of recycled aggregates as an alternative to natural aggregates in the production of concrete addresses two key issues: (1) It eases the handling and proper disposal requirements of construction waste, and (2) the demand for the rapidly depleting natural resources may be reduced [9,10,11,12,13,14]. It has been estimated that the annual use of concrete will increase to 18 billion tons by the year 2050 [15]. Thus, effective ways of minimizing the excessive use of depleting natural resources for concrete production must be devised.



Porous Portland cement concrete (PPCC), also known as pervious concrete, is differentiated from Portland cement concrete (PCC) due to the presence of a large volume of air voids [16]. PPCC mainly finds its applications in permeable pavements and infiltration beds [17]. One of the best ways to utilize recycled aggregates could be in the production of PPCC. This is because PPCC comprises up to 80% of coarse aggregates with little or no fine aggregates [18]. Recycled aggregates typically possess lower density, higher porosity, and higher water absorption characteristics than natural aggregates. This may be attributed to the mortar adhered to the surface of recycled aggregates [19,20,21]. Consequently, recycled aggregates are mainly recommended for non-structural applications [22,23]. Thus, the use of recycled aggregates in porous pavements is subjected to the mechanical properties of the resulting mix as the pavements are designed to bear traffic loads. Natural sources, such as solar radiation, air temperature, and wind, are the catalyst to vary pavement temperatures periodically. The properties of comprising constituents in PPCC also influence the pavement temperature. As a result, pavements may exhibit different temperatures under the same environmental conditions. Hassan et al. [24] concluded that the temperature at the top and bottom surface of pavements increased with the increase in air void ratios. Albedo is a property that characterizes the amount of heat absorbed by the pavement. Li et al. [25] found that an increased albedo resulted in a decreased heat absorption characteristic of the pavement. Studies have shown that PPCC has lower albedo than PCC and demonstrates higher heat absorption characteristics [26,27]. It has been suggested that pavement temperature affects the surrounding environment, and an increased temperature variation may disturb the comfort of human bodies [28]. A strong correlation between air temperature and surface temperature has been observed [29].



Although in the past, many studies have been conducted on the mechanical properties of pervious concrete with natural stone aggregates [30,31,32,33,34,35,36,37,38]; however, no studies were found on mechanical properties of pervious recycled aggregate concrete reinforced with sackcloth fibers (SF). The mechanical properties of concrete constructed with recycled aggregates differ substantially from those constructed with natural aggregates. The present study aims to investigate the presence of recycled aggregates in pervious concrete, focusing on mechanical properties, such as compressive strength, permeability, and temperature variation inside the resulting PPCC. By acknowledging the substandard characteristics of the concrete constructed with recycled aggregates, natural fibers originating from sackcloth (sackcloth fibers SF) with a weight of 3% of the cement content were added to the concrete mix in the presence of recycled aggregates. Therefore, the mechanical properties of PPCC with natural aggregates, recycled aggregates, and recycled aggregates strengthened with sackcloth natural fibers were investigated in the present study.




2. Materials and Methods


2.1. Test Matrix


In this study, three groups of specimens were tested. Each group was comprised of fifteen specimens. Specimens in Group 1 were constructed with pervious Portland cement concrete with 100% natural aggregates, whereas 100% of natural coarse aggregates in Group 2 specimens were replaced with recycled aggregates. The recycled aggregates were obtained from locally available construction waste. Specimens in Group 3 were also comprised of 100% recycled coarse aggregates. In Thailand, usually sackcloth bags are used for the curing of concrete at the construction site. In this study, used sackcloth bags were collected and cut into small lengths to develop natural sackcloth fibers (SF). The sackcloth fibers (SF) were added to the concrete mix to enhance the mechanical properties of the PPCC mix. The weight of the natural sackcloth fibers was kept as 3% of the weight of the cement used. The air void ratios in each group varied from 10% to 30%, with an increment of 5%. Thus, five samples in each group were constructed with air void ratios of 5%, 10%, 15%, 20%, and 25% each. Further, three samples were tested corresponding to each air void ratio. Three samples corresponding to each void ratio were differentiated depending on the size of coarse aggregates. Three sizes of coarse aggregates were used, namely large (L), medium (M), and small (S). The large coarse aggregates referred to the size retained on sieve #3/8 inches. The medium size referred to the aggregates with 50% passing through the sieve #3/8 inches and 50% retained on no. 4 sieve, whereas small aggregates were the ones that passed 100% from the no. 4 sieve. The details of the test specimens are presented in Table 1. Specimen name in each group was differentiated depending on the type of coarse aggregates and the presence of sackcloth. Natural, recycled, and recycled aggregates strengthened with sackcloth were recognized as “NA”, “RA”, and “RA-SF”, respectively. Further, specimens within each group were differentiated depending on the air void contents. For instance, Vv10 represented a specimen with a 10% air void ratio.



All specimens were constructed using a water-to-cement ratio of 0.30. The volume of cement paste was constant at 20% in all specimens. The mix details are provided in Table 2. Further, type-I Portland cement was used in the construction of all specimens. Locally available natural aggregates from Saraburi province in Thailand were used to construct Group 1 specimens. The recycled aggregates were acquired from recycled structural concrete with compressive strength ranging from 23.5 MPa to 40.0 MPa. Various tests were performed to obtain the mechanical properties of coarse aggregates. Figure 1 shows the process of obtaining recycled aggregates from the structural concrete waste. A typical sackcloth is shown in Figure 2.




2.2. Unit Weight and Water Absorption


The unit weight and water absorption of the aggregates were determined by following the recommendations of ASTM C29 [39]. Table 3 presents the details of the process to determine the unit weight and water absorption characteristics of natural and recycled aggregates. Three trials were performed for both natural and recycled aggregates. The average values of unit weight and water absorption are reported in Table 3. The average unit weight of natural coarse aggregates was 1493.9 kg/m3, whereas the unit weight of recycled aggregates was estimated at 1358.2 kg/m3, which is 9.81% lower than the unit of natural aggregates. Similarly, the water absorption of recycled aggregates was 4.52%, which was 511% higher than the water absorption of natural aggregates.




2.3. Sieve Analysis of Coarse Aggregates


The determination of fineness modulus through sieve analysis results in the average size of the aggregates. Sieve analysis was performed in accordance with ASTM C136/C136M-19 [40]. Figure 3a,b presents the sieve analysis results performed on recycled and natural aggregates, respectively. The fineness modulus of recycled and natural aggregates was estimated at 6.003 and 6.350, respectively. This suggests that the average size of both recycled and natural aggregates was between 4.75 mm and 10 mm.




2.4. Resistance to Abrasion and Impact


The relative quality of natural and recycled aggregates was determined by performing the Los Angeles test in accordance with ASTM C131/C131M-20 [41]. The results of the Los Angeles test performed on recycled and natural aggregates are shown in Table 4. The abrasion values of natural and recycled aggregates were 23.45% and 30.86%, respectively. This suggests that recycled aggregates exhibited a 31.60% higher abrasion tendency than natural aggregates.




2.5. Temperature Measurement


The present study investigated the temperature of porous concrete by using thermocouples. To replicate the actual conditions of pavement, specimens were embedded inside the ground, as shown in Figure 4. The temperature at the top surface, mid-height, and bottom of specimens was monitored. The temperature corresponding to the mid-height represented the temperature inside the specimen. Thermocouple wires were attached to the outer surfaces at the top and bottom of specimens. Thermocouples were connected to a logger to record continuous temperature measurements. The measured temperatures reported in this study are the average of the temperatures recorded at three positions.





3. Results


3.1. Compressive Strength Results


Compressive strength for each specimen was determined on the 7th and 28th day of casting, as per the recommendations of ASTM C39/C39M [42]. A summary of the results of compressive strength is presented in Table 5. The typical failure modes of specimens are shown in Figure 5. All specimens experienced sudden failure due to the crushing of concrete. The aggregates started peeling off the specimen with a gentle sound near the ultimate load. The crushing resulted in the separation of coarse aggregates that is considerably different from the splitting and cone formations in PCC. A similar failure was observed in pervious concrete elsewhere [43].



The variation of the compressive strength of test specimens with air void ratios for different aggregate sizes is shown in Figure 6. It is evident that the compressive strength decreased as the air void ratio increased, regardless of the size of the aggregates. Aggregates corresponding to small and large size referred to the size retained on the #3/8-inch and no. 4 sieves, respectively. Hence, a uniform grading was achieved in small- and large-size aggregates. On the contrary, medium-size aggregates referred to the combination of sizes with 50% retained on the #3/8-inch sieve and remaining retained on the no. 4 sieve. As a result, a better grading was achieved in medium-size aggregates. This is reflected in the compressive strength results of the medium-size aggregates as compared to the large- and small-size aggregates, as shown in Figure 6. It is observed that the compressive strength of medium-size aggregates was highest among small- and large-size aggregates at all air void ratios and irrespective of the type of aggregates. For uniformly graded aggregates, the strength of PPCC decreased as the size of coarse aggregates increased. A similar trend was also observed in existing studies on pervious concrete [44,45,46]. Zhong and Wille [47] suggested that an increased aggregate size increased the pore size. As a larger pore size reduces the number of pores per unit volume for a constant porosity, the bonding area of the coarse aggregates reduces, which results in a lower compressive strength.




3.2. Permeability Results


An adequate permeability is desired from pervious concrete when used in pavements. Permeability tests were performed by following the recommendations of ASTM D5084-16a [48]. The calculated air void ratios and permeabilities are presented in Table 6 for different aggregate sizes. Figure 7 shows a relationship between the permeability and air void ratios for different aggregate sizes and types. It is interesting to observe that the type of aggregates did not influence the permeability of PPCC. For instance, the permeability of small-size aggregates with 10% designed air void ratios for natural, recycled, and recycled aggregates with sackcloth was 0.705 cm/s. It was found that the permeability increased with the air void ratios in all aggregate types and sizes. Further, the permeability of large-size aggregates was highest for a specific specimen type. The permeability of small- and medium-size aggregates did not differ considerably. This can be attributed to the better grading of medium-size aggregates as compared to that of small- and large-size aggregates.




3.3. Temperature Variation of PPCC


The temperature variation of PPCC was recorded for 24 h starting from 9:00 A.M. Table 7 presents the hourly temperature measurements for specimens with 10% air void ratios. Figure 8 plots the temperature variation at different time intervals. It is evident that the temperature variation trend was identical in all aggregate types and sizes. The upper bound on temperature was created by large-size aggregates, whereas the temperature in small- and medium-sized aggregate PPCC could not be separated. A similar observation on temperature measurement in PPCC was also reported elsewhere [28]. The maximum temperature was recorded at 15:00 h for all specimen types. The minimum temperature was reported around 6:00 h for all specimen types. It is interesting to observe that the increase in temperature was sudden beyond 6:00 h for specimens with large-size aggregate. Figure 9 provides the temperature variation of specimens with void ratios ranging from 15% to 30%. The temperature variation trend was identical for all void ratios with large-size aggregate specimens creating the upper and lower bounds of the recorded temperature.



The variation of peak temperature with air void ratios is shown in Figure 10. It is interesting to observe that the maximum temperature of PPCC increased with the air void ratio. This trend was the same in all specimen types, irrespective of the type and size of the aggregates.





4. Conclusions


This study aimed to investigate the mechanical properties of pervious concrete constructed with natural and recycled aggregates. The substandard properties of recycled aggregates were improved by adding natural fibers from sackcloth. This study presents an experimental program on 45 samples of pervious concrete with air void ratios and the size of coarse aggregates as the parameters of interest. Experimental results in terms of compressive strength, permeability, and temperature variation were reported. The following important conclusions can be deduced.



1. The compressive strength decreased as the air void ratio increased, irrespective of the size of aggregates. Three sizes of aggregates were tested, namely small, medium, and large. The compressive strength of PPCC specimens with large-size aggregates was consistently lower than that of specimens with small-size aggregates. A better grading of aggregates was used in medium-size aggregates as compared to the uniform grading in small and large-size aggregates. As a result, the compressive strength of PPCC specimens with medium-size aggregates was the highest.



2. The type of aggregates did not influence the permeability of PPCC. For instance, the permeability of small-size aggregates with 10% designed air void ratios for natural, recycled, and recycled aggregates with sackcloth was 0.705 cm/s. It was found that the permeability increased with air void ratios in all aggregate types and sizes.



3. The temperature variation trend was identical in all aggregate types and sizes. The upper bound on temperature was created by large-size aggregates, whereas the temperature in small- and medium-sized aggregate PPCC could not be separated.



4. The maximum temperature of PPCC increased as the quantity of air void ratios increased. This trend was same in all specimen types, irrespective of the type and size of aggregates.
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Figure 1. Acquisition of recycled aggregates in process. 
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Figure 2. Typical sackcloth. 
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Figure 3. Results of sieve analysis on (a) recycled coarse aggregates and (b) natural coarse aggregates. 
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Figure 4. Temperature measurement scheme. 
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Figure 5. Ultimate failure modes of cube specimens. 
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Figure 6. Variation of compressive strength (at 28th day) of PPCC with an air void ratio: (a) natural aggregate PPCC, (b) recycled aggregate PPCC, and (c) recycled aggregate PPCC strengthened with sackcloth fibers. 
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Figure 7. Variation of permeability of PPCC with an air void ratio: (a) natural aggregate PPCC, (b) recycled aggregate PPCC, and (c) recycled aggregate PPCC strengthened with sackcloth fibers. 
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Figure 8. Variation of temperature in specimens with a 10% air void ratio. 
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Figure 9. Temperature variation in PPCC specimens with (a) a 15% air void ratio, (b) a 20% air void ratio, (c) a 25% air void ratio, and (d) a 30% air void ratio. 
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Figure 10. Effect of air void ratios on the maximum temperature of PPCC: (a) NA-S, (b) RA-S, (c) RA-SF-S, (d) NA-M, (e) RA-M, (f) RA-SF-M, (g) NA-L, (h) RA-L, and (i) RA-SF-L. 
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Table 1. Details of test specimens.






Table 1. Details of test specimens.





	
ID

	
Coarse Aggregate Type




	
Natural (%)

	
Recycled (%)

	
Recycled with Sackcloth (%)

	
Air Void Ratio (%)






	
NA-Vv10

	
100

	
-

	
-

	
10




	
NA-Vv15

	
100

	
-

	
-

	
15




	
NA-Vv20

	
100

	
-

	
-

	
20




	
NA-Vv25

	
100

	
-

	
-

	
25




	
NA-Vv30

	
100

	
-

	
-

	
30




	
RA-Vv10

	
-

	
100

	
-

	
10




	
RA-Vv15

	
-

	
100

	
-

	
15




	
RA-Vv20

	
-

	
100

	
-

	
20




	
RA-Vv25

	
-

	
100

	
-

	
25




	
RA-Vv30

	
-

	
100

	
-

	
30




	
RA-Vv10-SF

	
-

	
-

	
100

	
10




	
RA-Vv15- SF

	
-

	
-

	
100

	
15




	
RA-Vv20- SF

	
-

	
-

	
100

	
20




	
RA-Vv25- SF

	
-

	
-

	
100

	
25




	
RA-Vv30- SF

	
-

	
-

	
100

	
30
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Table 2. Details of mix components (kg).






Table 2. Details of mix components (kg).





	
ID

	
Cement (kg)

	
Water

	
Fiber

	
Coarse Aggregates

	
Total Weight




	
NA

	
RA






	
NA-Vv10

	
279

	
112

	
-

	
1771

	
-

	
2162




	
NA-Vv15

	
279

	
112

	
-

	
1645

	
-

	
2036




	
NA-Vv20

	
279

	
112

	
-

	
1518

	
-

	
1909




	
NA-Vv25

	
279

	
112

	
-

	
1392

	
-

	
1783




	
NA-Vv30

	
279

	
112

	
-

	
1265

	
-

	
1656




	
RA-Vv10

	
279

	
112

	
-

	
-

	
1771

	
2162




	
RA-Vv15

	
279

	
112

	
-

	
-

	
1645

	
2036




	
RA-Vv20

	
279

	
112

	
-

	
-

	
1518

	
1909




	
RA-Vv25

	
279

	
112

	
-

	
-

	
1392

	
1783




	
RA-Vv30

	
279

	
112

	
-

	
-

	
1265

	
1656




	
RA-Vv10-SF

	
276

	
110

	
3

	
-

	
1771

	
2160




	
RA-Vv15-SF

	
276

	
110

	
3

	
-

	
1645

	
2034




	
RA-Vv20-SF

	
276

	
110

	
3

	
-

	
1518

	
1907




	
RA-Vv25-SF

	
276

	
110

	
3

	
-

	
1392

	
1781




	
RA-Vv30-SF

	
276

	
110

	
3

	
-

	
1265

	
1654
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Table 3. Unit weight and water absorption characteristics of natural and recycled aggregates.
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▪ Type of Coarse Aggregate






	
Natural Aggregate

	
Recycle Aggregate






	

	
▪ Weight of Measuring Cylinder (g)






	
2435.62




	

	
▪ Weight of Cylinder and Water (g)






	
5142.29




	

	
▪ Weight of Water (g)






	
2706.67




	

	
▪ Volume of Measuring Cylinder (m3)






	
0.00302




	

	
▪ Weight of Cylinder + Sample (kg)






	
6954.2

	
6897.53

	
6984.78

	
6535.2

	
6474.5

	
6598.5




	

	
▪ Weight of Sample Alone






	
4518.6

	
4461.91

	
4549.16

	
4099.6

	
4038.9

	
4162.9




	

	
▪ Unit Weight of Sample (kg/m3)






	
1496.7

	
1477.91

	
1506.81

	
1357.9

	
1337.8

	
1378.9




	

	
▪ Avg. Unit Weight of Sample (kg/m3)






	
1493.9

	
1358.2




	

	
▪ Weight of Sample in SSD (g)






	
2010.3

	
2020.65

	
2014.39

	
2035.7

	
2042.6

	
2056.4




	

	
▪ Weight of Sample in Water (g)






	
1184.6

	
1201.25

	
1194.58

	
1358.5

	
1379.7

	
1345.6




	

	
▪ Weight of Sample in Air (g)






	
1996.3

	
2005.36

	
1999.26

	
1945.7

	
1958.5

	
1965.1




	

	
▪ Oven Dry Bulk Specific Gravity






	
2.42

	
2.447

	
2.439

	
2.87

	
2.95

	
2.76




	

	
▪ SSD Bulk Specific Gravity






	
2.43

	
2.466

	
2.457

	
3.01

	
3.08

	
2.89




	

	
▪ Apparent Specific Gravity






	
2.46

	
2.494

	
2.485

	
3.31

	
3.38

	
3.17




	

	
▪ Percentage of Absorption (%)






	
0.70

	
0.76

	
0.76

	
4.63

	
4.29

	
4.64




	

	
▪ Avg. Percentage of Absorption (%)






	
0.74

	
4.52
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Table 4. Unit weight and water absorption characteristics of natural and recycled aggregates.
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▪ Type of Coarse Aggregate

	
Natural Aggregate

	
Recycle Aggregate




	
1

	
2

	
3

	
1

	
2

	
3






	
▪ Number of Spheres

	
12

	
12

	
12

	
12

	
12

	
12




	
▪ Weight of Sample (g)

	
5000.21

	
5000.58

	
5000.12

	
5001.04

	
5000.48

	
5000.13




	
▪ Weight of Sample in Pan (g)

	
3874.62

	
3786.94

	
3822.19

	
3465.47

	
3418.69

	
3487.77




	
▪ Abrasion (%)

	
22.511

	
24.270

	
23.558

	
30.705

	
31.633

	
30.246




	
▪ Avg. Abrasion (%)

	
23.446

	
30.861











[image: Table] 





Table 5. Unit weight and water absorption characteristics of natural and recycled aggregates.
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▪ Sample

	
Compressive Strength (KSC)




	
S (Days)

	
M (Days)

	
L (Days)




	
7

	
28

	
7

	
28

	
7

	
28






	

	
▪ NA-Vv10






	
54.177

	
59.863

	
84.547

	
94.610

	
33.383

	
37.147




	

	
▪ NA-Vv15






	
51.517

	
57.570

	
79.697

	
87.783

	
33.570

	
37.433




	

	
▪ NA-Vv20






	
41.223

	
45.840

	
77.090

	
84.953

	
26.707

	
29.710




	

	
▪ NA-Vv25






	
29.420

	
32.920

	
67.203

	
74.633

	
18.223

	
20.103




	

	
▪ NA-Vv30






	
23.733

	
26.037

	
56.820

	
62.330

	
16.870

	
18.550




	

	
▪ RA-Vv10






	
57.357

	
64.700

	
90.283

	
101.340

	
39.237

	
43.763




	

	
▪ RA-Vv15






	
56.913

	
63.627

	
89.360

	
98.297

	
40.153

	
44.813




	

	
▪ RA-Vv20






	
44.420

	
49.750

	
86.607

	
95.277

	
35.623

	
39.453




	

	
▪ RA-Vv25






	
28.513

	
31.680

	
70.437

	
78.667

	
23.743

	
26.403




	

	
▪ RA-Vv30






	
28.913

	
32.130

	
61.533

	
68.703

	
18.123

	
19.997




	

	
▪ RA-Vv10-SF






	
62.647

	
70.417

	
93.630

	
105.080

	
43.533

	
49.100




	

	
▪ RA-Vv15-SF






	
59.290

	
66.083

	
93.290

	
103.617

	
41.793

	
46.717




	

	
▪ RA-Vv20-SF






	
48.823

	
53.987

	
89.333

	
99.230

	
37.757

	
41.853




	

	
▪ RA-Vv25-SF






	
36.457

	
41.017

	
74.337

	
83.720

	
24.590

	
27.633




	

	
▪ RA-Vv30-SF






	
30.603

	
33.777

	
62.507

	
68.923

	
18.303

	
20.310
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Table 6. Unit weight and water absorption characteristics of natural and recycled aggregates.
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▪ Sample






	
Air Void Ratio (%)

	
Permeability (cm/s)




	
S

	
M

	
L

	
S

	
M

	
L






	

	
▪ NA-Vv10






	
7.844

	
7.920

	
9.415

	
0.705

	
0.702

	
1.019




	

	
▪ NA-Vv15






	
12.949

	
12.845

	
14.176

	
0.995

	
0.997

	
1.294




	

	
▪ NA-Vv20






	
16.386

	
16.555

	
18.101

	
1.276

	
1.268

	
1.464




	

	
▪ NA-Vv25






	
21.388

	
21.350

	
24.305

	
1.455

	
1.444

	
1.609




	

	
▪ NA-Vv30






	
26.352

	
26.465

	
28.686

	
1.615

	
1.611

	
1.779




	

	
▪ RA-Vv10






	
7.456

	
7.465

	
9.250

	
0.705

	
0.700

	
1.018




	

	
▪ RA-Vv15






	
12.652

	
12.540

	
14.403

	
0.995

	
0.996

	
1.294




	

	
▪ RA-Vv20






	
16.559

	
16.487

	
18.563

	
1.276

	
1.268

	
1.463




	

	
▪ RA-Vv25






	
21.597

	
21.538

	
23.914

	
1.457

	
1.447

	
1.611




	

	
▪ RA-Vv30






	
27.426

	
27.229

	
28.241

	
1.621

	
1.613

	
1.777




	

	
▪ RA-Vv15-SF






	
12.310

	
12.437

	
14.275

	
0.996

	
0.995

	
1.294




	

	
▪ RA-Vv20-SF






	
16.328

	
16.372

	
19.153

	
1.274

	
1.268

	
1.464




	

	
▪ RA-Vv25-SF






	
21.260

	
21.394

	
24.441

	
1.456

	
1.446

	
1.609




	

	
▪ RA-Vv30-SF






	
26.238

	
26.363

	
28.456

	
1.634

	
1.611

	
1.777
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Table 7. Unit weight and water absorption characteristics of natural and recycled aggregates.
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▪ Time






	
Vv10 (°C)




	
NA-S

	
RA-S

	
RA-SF-S

	
NA-M

	
RA-M

	
RA-SA-M

	
NA-L

	
RA-L

	
RA-SA-L






	

	
▪ 09:00






	
31.638

	
31.784

	
32.087

	
31.748

	
31.740

	
32.120

	
32.110

	
32.107

	
32.569




	

	
▪ 10:00






	
32.267

	
32.201

	
32.100

	
32.258

	
32.215

	
32.136

	
32.593

	
32.544

	
32.620




	

	
▪ 11:00






	
33.544

	
33.521

	
33.501

	
33.561

	
33.510

	
33.535

	
33.856

	
33.853

	
34.141




	

	
▪ 12:00






	
36.568

	
36.473

	
37.217

	
36.549

	
36.454

	
37.271

	
37.842

	
37.848

	
37.969




	

	
▪ 13:00






	
40.323

	
40.460

	
40.571

	
40.388

	
40.552

	
40.508

	
41.605

	
41.621

	
41.811




	

	
▪ 14:00






	
42.304

	
42.391

	
42.018

	
42.503

	
42.406

	
42.052

	
42.669

	
42.667

	
42.862




	

	
▪ 15:00






	
43.084

	
43.091

	
43.235

	
43.010

	
43.187

	
43.274

	
43.651

	
43.635

	
43.789




	

	
▪ 16:00






	
42.556

	
42.497

	
42.789

	
42.510

	
42.532

	
42.718

	
43.492

	
43.414

	
43.485




	

	
▪ 17:00






	
40.895

	
40.949

	
40.974

	
40.909

	
40.984

	
40.948

	
42.876

	
42.802

	
42.836




	

	
▪ 18:00






	
38.932

	
38.998

	
38.901

	
38.975

	
38.988

	
38.947

	
39.899

	
39.990

	
40.211




	

	
▪ 19:00






	
36.936

	
36.947

	
37.189

	
37.019

	
36.958

	
37.225

	
37.453

	
37.560

	
37.664




	

	
▪ 20:00






	
34.945

	
34.888

	
35.120

	
35.111

	
34.908

	
35.213

	
35.624

	
35.648

	
35.756




	

	
▪ 21:00






	
33.277

	
33.383

	
33.867

	
33.223

	
33.376

	
33.809

	
33.129

	
33.144

	
33.276




	

	
▪ 22:00






	
31.914

	
31.860

	
32.016

	
31.937

	
31.993

	
32.134

	
32.675

	
32.601

	
32.739




	

	
▪ 23:00






	
30.710

	
30.684

	
30.883

	
30.743

	
30.668

	
30.886

	
31.270

	
31.256

	
31.347




	

	
▪ 0:00






	
29.920

	
29.917

	
29.980

	
29.959

	
29.996

	
29.997

	
29.973

	
29.925

	
30.062




	

	
▪ 1:00






	
29.178

	
29.267

	
29.339

	
29.106

	
29.261

	
29.336

	
29.241

	
29.263

	
29.370




	

	
▪ 2:00






	
28.634

	
28.620

	
28.894

	
28.696

	
28.660

	
28.820

	
28.736

	
28.779

	
28.836




	

	
▪ 3:00






	
28.024

	
28.020

	
27.973

	
28.114

	
28.186

	
27.906

	
27.992

	
27.894

	
27.943




	

	
▪ 4:00






	
27.551

	
27.531

	
27.793

	
27.506

	
27.563

	
27.779

	
27.167

	
27.226

	
27.365




	

	
▪ 5:00






	
26.974

	
26.921

	
26.889

	
26.994

	
26.939

	
26.874

	
26.869

	
26.843

	
26.951




	

	
▪ 6:00






	
26.550

	
26.598

	
26.609

	
26.605

	
26.530

	
26.674

	
26.345

	
26.337

	
26.447




	

	
▪ 7:00






	
27.282

	
27.243

	
27.568

	
27.246

	
27.285

	
27.580

	
30.275

	
30.269

	
30.364




	

	
▪ 8:00






	
28.151

	
28.197

	
28.541

	
28.121

	
28.247

	
28.513

	
31.147

	
31.156

	
31.264




	

	
▪ 9:00






	
29.550

	
29.641

	
29.670

	
29.546

	
29.678

	
29.547

	
32.198

	
32.211

	
32.354
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