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Abstract

:

The purpose of this study is to identify the differences in porosity and permeability coefficients when the mixing ratio of aggregates is different and to present the mixing ratio satisfying the strength requirement of compressive specified in a specification of Korea. Three mix ratios were suggested by considering various aggregate sizes and three cylinders were made for each ratio. The porosities of those cylinders were evaluated through the compression and water permeability test, measuring the weight of specimens in underwater and analysis of the pictured Computed Tomography (CT) image. Experiments have shown that it is best to mix 50% for 5–10 mm aggregates, 45% for 2–5 mm aggregates, and 5% for sand in terms of strength and permeability. In addition, as the proportion of fine aggregates increased, the porosity and permeability decreased. Moreover, the effectiveness of maintenance method was also examined in this study.
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1. Introduction


Recently, the area of buildings and roads has increased due to the rapid industrial development, which has reduced the permeable area of surface runoff during heavy rains. As a result, the flow of rainwater that has evaporated or flowed into the groundwater in the past has now changed to flow into the stream through the drainage system or accumulated on the surface of the road. Therefore, the flooding damage of cities is increasing, the groundwater level is lowered due to the decrease of the surface penetration of rainwater, and the environmental problems such as heat island phenomenon in urban areas are generated. As such, the amount of damage caused by heavy rains in the last five years (2013–2017) in Korea has been about 439 billion won ($0.37 billion), which is 52% of the total damage of 8,486 billion won ($7.07 billion) in five years related to the disaster [1]. One of the solutions to this problem is to increase the permeable pavement area of urban ground and restore the reduced drainage performance.



Pervious concrete, known as no-fines concrete or permeable concrete, is an environmentally friendly paving material, which has been well recognized as one of the key elements of low-impact sustainable development [2]. In general, it consists of cement, water, uniform/single-sized coarse aggregate, and little or no fine aggregate, resulting in a large, open pore structure. As a result, pervious concrete shows better permeability than conventional impermeable pavements due to the porosity between aggregates [3]. Generally, the permeability of pervious concrete is due to its macropore structure. However, as the use of pavement concrete becomes longer, the pores of pervious concrete are easily clogged by various small particles [4,5,6,7]. The permeability of pervious concrete helps to reduce heat island phenomena, traffic noise, and provides better condition for recharging the underground water source. In addition, it has the advantage of ensuring the driver’s safety by preventing water splash and reducing/eliminating the water film phenomenon on driving surfaces [8]. However, when the sediments, such as leaves, soil, and dust, penetrate the pores, it can be easily noticed that the pores may be blocked and the water permeability decreases. Therefore, continuous or regular maintenance of the pervious concrete is necessary to maintain the permeability performance [9,10].



One of the methods to solve the pore blockage in pervious concrete is the optimum design using the appropriate size aggregate [11,12,13]. Accumulation of the fine particles in the pores of the pervious pavement causes blockages and deposits, which are mainly related to the size of the clogging particles [4,10,11,14]. Although a series of studies [4,7,14,15] on the particle size have been conducted, there is little literature associated with the combined influence of particle size and pore size on clogging because it is difficult to accurately measure the pore size of pervious concrete. In order to solve this problem, recently, research has been conducted to determine the pore blockage of pervious concrete using the CT scanning method [16,17,18,19].



The purpose of this study is to compare and analyze the differences between porosity and permeability coefficient by varying the aggregate mixing ratio of pervious concrete, and to present a mixing ratio that meets the criterion of compressive strength and secures permeability as well. Moreover, in order to investigate the effect of blocking materials to the permeability, experiments on the maintenance of pervious concrete and recovery of permeation performance are carried out by conducting experiments on the pore blocking phenomenon. In addition, pores were identified using the CT scanning method and compared with experimental results.




2. Experiment


2.1. Mixture of Test Specimen


The pervious concrete was designed with a water-to-cement ratio (w/c) of 0.3, the Ordinary Portland cement was used as a binder and a poly-carboxylate high-range water-reducing admixture (AD) was applied in this research. The mix ratios of concrete considered in this study for finding the optimum pores and compressive strength using impact crush type aggregates are shown in Table 1. Three mix ratios were suggested by considering various aggregate sizes: 100% aggregate (D5–10) (Mix 1); 80% aggregate (D5–10) + 15% aggregate (D2–5) + 5% sand (Mix 2); and 50% aggregate (D5–10) + 45% aggregate (D2–5) + 5% sand (Mix 3). When manufacturing test specimens, the component materials were mixed in order of aggregate (D5–10), aggregate (D2–5), sand, AD, cement, and water. Three cylinder specimens with ϕ 100 mm × 200 mm were manufactured for each mixing ratio, and their permeability and compressive strength were measured. For Mix 1, one more cylinder was made for CT scanning and three block specimens with 200 mm × 200 mm × 150 mm for blockage testing. The specimen preparation procedures and their shapes are shown in Figure 1.



Immediately after the end of compaction and surface finishing process, the concrete cylinders were covered with a plastic layer to prevent moisture loss and cured in the room under a temperature of 20–25 °C and a relative humidity of 50–60% within 24 hours. Then, after removing the mold, the cylinders were cured in the water environment of 20–25 °C during 14 days and in air under experimental room conditions during the rest period as mentioned above.




2.2. Test for Measuring Void Content of Hardened Pervious Concrete


The void content for each cylinder specimen was measured at 21 days of age by using the volume displacement method: the underwater mass and the dry mass of concrete were measured in accordance with ASTM C1754/C1754M-12 [20] as shown in Figure 2, and the void ratio was calculated by using Equation (1):


  VCR =  (  1 −  [    K ×  (  A − B  )     ρ w  ×  D 2  × L    ]   )  × 100  



(1)




where VCR is Void content ratio (%), K is 1,273,240 ((mm3·kg)/(m3·g)), A and B are dry mass and underwater mass of specimen (g), respectively, ρw is density of water (kg/m3), D and L are average diameter and length of specimen (mm), respectively.




2.3. Evaluation of Void Content of Hardened Concrete by CT Scan


It is worth noting that detailed capture and measurement of internal component, such as porosity, is often vital for quality control, failure analysis, and material research. The measurement method of void ratio using underwater mass has the disadvantage of not being able to identify the void ratio isolated inside the test specimen. Therefore, CT scans were conducted to evaluate pores more accurately. Figure 3a shows the specimens for the CT scan after cutting the cylinder specimen to a height of 50 mm, making it into three specimens at the age of 21 days. Figure 3b,c represent the equipment for CT scan and CT imaging process, respectively. Figure 4 is a representation of the CT-taped image, with the center portion of the specimen cut to 50 mm designated as 0 mm and the position above +5 mm, +10 mm, +15 mm, +20 mm, +25 mm, −5 mm, −10 mm, −15 mm, −20 mm, and −25 mm below. To obtain the void content of each image, the pixel of the area where the void portion was deleted was calculated through Photoshop program and converted to the entire void. For the evaluation of CT scan results, a void content test was performed on the CT scan specimen at the age of 21 days by using the ASTM C1754/C1754M-12 [20] method, and the results were compared with CT results.




2.4. Water Permeability Test


The water permeability test is an experiment to obtain the permeability coefficient of pervious concrete. In accordance with the ASTM C1701/1701M-17a [21] infiltration test for pervious concrete, the sides of the specimens were wrapped with tape and rubber packing to block the water flowing out of the specimens, and the specimens were fixed on the pipe top in Figure 5a. The experiment was carried out while keeping the water of 1.2 L constant at a height of 10–15 mm at the age of 28 days. In this process, the total time of 1.2 L water passing through the specimen was measured, and the permeability coefficient was calculated by substituting this in Equation (2).


  I =   K M    D 2    ×   t    



(2)




where I is the infiltration ratio (mm/h), M is the mass of infiltrated water (kg), D is the inside diameter of infiltration ring (mm), t is time required for measured amount of water to infiltrate the concrete (s), K is 4,583,666,000 ((mm3·s)/(kg·h)).




2.5. Compressive Strength Test


In order to know the compressive strength of the pervious concrete for each mix case, the cylinder specimens of ∅100 mm × 200 mm size were cured for 28 days and then tested according to the KS F 2405-2005 [22] test method for cylindrical concrete specimens. In the compression test, the surface of the specimen was polished to be the same load condition for each test specimen, and the test was carried out by padding rubber un-bonded caps on the top and bottom. Figure 6 shows the rubber pad used in the test and the compressive strength test.




2.6. Void Clogging Test


In pervious concrete, “pore blockages” occur in which pores are blocked by deposits such as leaves, sand, and dust on the road. In this study, to verify the effectiveness of the maintenance method of pervious concrete, permeability tests were carried out by accumulating 8.3 g/L of contaminant substance of 0.15 mm or less four times assuming the sandy soils at the age of 56 days as shown in (a) and (b) of Figure 7. After that, high pressure water and vacuum cleaning were performed as shown in (c) and (d) of Figure 7 to recover the permeability. This process was repeated three times to examine the permeability coefficient of the pervious concrete block.





3. Test Results


3.1. Porosity of Hardened Pervious Concrete


Table 2 shows the information and calculated results for each specimen measured to calculate the porosity. The average void content for Mixes 1, 2, and 3 was measured at approximately 22.2%, 13.7%, and 11.6%, respectively. As a result of measuring the porosity of specimens by mass in water, it was observed that the porosity decreased as the proportion of fine aggregates increased. The reason for this is that, when the amount of fine aggregate increases, the surface area in which the aggregates contact each other increases. Figure 8 shows the porosity graph for each position obtained by analyzing CT images of Mix 1 case. At locations +25 mm and −25 mm, the breaking of concrete was serious once cutting so the results were not included. As a result of analyzing, the porosity after photographing specimens, the porosity ranged from 17.62% to 21.94% and the average was 19.57%. Before the CT measurement as mentioned previously, the void content test for the specimen was also performed by [20]. The porosity obtained from the test was 17.1%, which is 87% of the CT scan result. The reason for this difference is that isolated pores inside the specimen, which could not be measured in the underwater mass, can be identified by CT scan.




3.2. Water Permeability Coefficient of Pervious Concrete


Table 3 shows the permeability coefficients obtained by substituting the results obtained from the water permeability tests of three specimens for each mixing ratio into Equation (2). The diameter of infiltration pipe and weight of infiltrated water for all specimens were 100 mm and 1.2 kg, respectively.



The average permeability coefficient for each mix case is 2.72 mm/s for Mix 1, 0.85 mm/s for Mix 2, and 0.16 mm/s for Mix 3, respectively. It can be seen that all the mix ratios satisfy the permeability coefficient of 0.1 mm/s or more according to Guide Specifications of Korea Land & Housing Corporation [23]. However, despite the same porosity, there was a difference in the permeability coefficient. This is because the permeability coefficient is affected when the voids in the specimens are not connected smoothly or are isolated by themselves. In other words, the infiltration rate of pervious concrete depends on pore connectivity rather than porosity [24]. In addition, as the proportion of fine aggregates increased, the porosity and permeability decreased. It can be explained that, when the blended aggregates of different sizes were used in pervious concrete mixture, the initial porosity between aggregates after compaction is smaller than that of single size due to the particle packing effect. As a result, the total void content for pervious concrete with an appropriate aggregate mix is to be lower. Therefore, the water permeability coefficient decreases.




3.3. Compressive Strength


Table 4 shows the results of 28-day compressive strength of specimens. The average compressive strengths of Mix 1, Mix 2, and Mix 3 were 11.0 MPa, 13.3 MPa, and 18.4 MPa, respectively. Among them, the average compressive strength of the specimens of Mix 3 satisfied 18 MPa that can be applied to sidewalks, bicycle roads, and other civil facilities without considering the traffic loads [23]. It can be seen that, when the porosity increases, the compressive strength of pervious concrete decreases. In this study, different aggregate mixing ratios significantly influence the void content and thus affect the strength of hardened pervious concrete. By substituting smaller and appropriate-sized aggregates in blended aggregate system, it is believed that the void content becomes lower due to further particle contacting effect, resulting in higher compressive strengths. Similar result was also observed and well-explained in another research [25].




3.4. Void Clogging Test Results


Table 5 and Figure 9 represent the void clogging test results. The average permeability coefficient, which was 1.72 mm/s before the test without blocking materials, decreased to 0.77 mm/s after one cycle, and recovered 1.11 mm/s after the internal cleaning; the coefficient is reduced by 55% compared to before the test in the first cycle. After completing the second and third cycles, the permeability coefficients were 0.65 and 0.68, respectively. These values represent 38% and 40%, respectively, as ratios of the permeability coefficient drawn from the permeability test without blocking materials. The experimental results show that the vacuum cleaning and high pressure watering methods are effective in the recovery of permeability. Similar results were also observed in [9,10]. However, further experiments will be needed to restore the exact limit life, maintenance cycle, and permeability of pervious concrete.





4. Conclusions


An experimental investigation is conducted to examine the influence of blended aggregate and blocking materials on the mechanical and permeability characteristics of pervious concrete in this study. The void ratio, density, compressive strength, water permeability coefficient, and the pore clogging phenomenon of pervious concrete are investigated. This contribution will support the introduction and popularization of permeable concrete technology to sustainable development, minimizing the adverse effects of heavy rainfall and urban heat island. Based on observed data in this study, the following conclusions have been drawn:




	
The mixing ratio of pervious concrete Mix 3 (kg/m3), which contains 431 kg of cement, 129 kg of water, 764 kg of D5–10 mm aggregate (50%), 687 kg of D2–5 mm aggregate (45%), and 76 kg sand (5%), was considered as the most appropriate ratio that can satisfy the permeability coefficient of 0.1 mm/s, the porosity of 8%, and the strength of 18 MPa.



	
Comparing the porosity through the experiment of mass underwater and the CT image analysis, it can be seen that the porosity by the CT image is to be 115% higher. This is because it is difficult to measure the voids isolated inside in the case of the test of underwater mass, but it is possible to measure all the voids inside in the case of CT imaging.



	
From the permeability test results, it was shown that the permeability coefficient is about 2.72 mm/s for Mix 1 with an average porosity of 22.2%, 0.85 mm/s for Mix 2 with an average porosity of 13.7%, and 0.16 mm/s for Mix 3 with an average porosity of 11.6%. From the above results, it can be concluded that, by blending smaller and appropriate-sized aggregates into concrete mix, the porosity of hardened concrete decreases resulting in the reduction of the water permeability coefficient of pervious concrete.



As a result of the compressive strength test, it was found that the compressive strength increased as the porosity decreased. This is because the specific surface and adhesion area between aggregates and cement paste increase as the aggregate size gets smaller, which is beneficial to the compressive strength of pervious concrete.



	
Analyzing the results of laboratory research conducted within this study on the pore clogging experiment presented in Section 3.4 and in Table 5, it can be concluded that the water infiltration rate of pervious concrete was restored at a constant rate when the permeation performance was reduced and then cleaned by vacuum cleaning and high pressure spraying. However, it was not possible to restore the original permeability performance. Further experimentation and research are needed.
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Figure 1. Specimen preparation procedure and their shapes. (a) cylinder fabrication; (b) block specimen fabrication; (c) block specimens; (d) mix 1 specimens; (e) mix 2 specimens; (f) mix 3 specimens. 
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Figure 2. Measurement of mass in underwater and dry conditions. (a) in underwater; (b) in dry condition. 






Figure 2. Measurement of mass in underwater and dry conditions. (a) in underwater; (b) in dry condition.



[image: Sustainability 13 00426 g002]







[image: Sustainability 13 00426 g003 550] 





Figure 3. Truncated specimens and CT imaging. (a) truncated specimen; (b) CT imaging equipment; (c) CT imaging process. 
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Figure 4. Images with removed void from CT imaging. (a) Center; (b) +5 mm; (c) −5 mm; (d) + 10 mm; (e) –10 mm; (f) +15 mm; (g) −15 mm; (h) +20 mm; (i) −20 mm. 
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Figure 5. Equipment and progress for the permeability test. (a) device for test; (b) test process. 
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Figure 6. Compressive strength test. (a) rubber pad; (b) test setup. 
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Figure 7. Void clogging test. (a) application of the blocking material; (b) after water penetration; (c) high pressure watering; (d) vacuum cleaning. 
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Figure 8. Void ratio at each truncated section from CT image. 






Figure 8. Void ratio at each truncated section from CT image.



[image: Sustainability 13 00426 g008]







[image: Sustainability 13 00426 g009 550] 





Figure 9. Permeability corresponding to accumulation of blocking material. 
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Table 1. Mixing ratio of pervious concrete.






Table 1. Mixing ratio of pervious concrete.





	
Mix Case

	
Unit Weight (kg/m3)




	
Cement

	
Water

	
Aggregate

(D5–10)

	
Aggregate

(D2–5)

	
Sand






	
Mix 1

	
358

	
107

	
1595

	
-

	
-




	
Mix 2

	
431

	
129

	
1222

	
229

	
76




	
Mix 3

	
431

	
129

	
764

	
687

	
76
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Table 2. Measurement results of porosity.
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Mix Case

	
ρω

(kg/m3)

	
A

(g)

	
B

(g)

	
Porosity Ratio

(%)






	
Mix 1

	
1

	
999.26

(14.2 °C)

	
2555

	
1600

	
22.2




	
2

	
2493

	
1556

	
22.3




	
3

	
2515

	
1564

	
22.0




	
Avg.

	
2521

	
1573

	
22.2




	
Mix 2

	
1

	
997.44

(23.4 °C)

	
2589

	
1557

	
13.3




	
2

	
2683

	
1614

	
13.5




	
3

	
2609

	
1571

	
14.2




	
Avg.

	
2627

	
1581

	
13.7




	
Mix 3

	
1

	
997.51

(23.1 °C)

	
2716

	
1662

	
11.6




	
2

	
2724

	
1670

	
11.4




	
3

	
2724

	
1668

	
11.7




	
Avg.

	
2721

	
1667

	
11.6
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Table 3. Permeability coefficients calculated by Equation (2) using water permeability test results.
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No. of Specimen

	
No. of Tests

	
Mix 1

	
Mix 2

	
Mix 3




	
Time

(s)

	
Permeability Coefficient

(mm/s)

	
Time

(s)

	
Permeability Coefficient

(mm/s)

	
Time

(s)

	
Permeability Coefficient

(mm/s)






	
1

	
1

	
94.5

	
1.62

	
183.7

	
0.83

	
183.7

	
0.15




	
2

	
88.8

	
1.72

	
172

	
0.89

	
172

	
0.18




	
2

	
1

	
36

	
4.13

	
225.4

	
0.68

	
225.4

	
0.10




	
2

	
37

	
4.23

	
219.4

	
0.70

	
219.4

	
0.09




	
3

	
1

	
63.3

	
2.41

	
147.5

	
1.04

	
147.5

	
0.22




	
2

	
61.4

	
2.19

	
155.5

	
0.98

	
155.5

	
0.23




	
Average permeability coefficient

	
2.72 mm/s

	
0.85 mm/s

	
0.16 mm/s
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Table 4. Compressive strength results of specimens.
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Mix Case

	
No.

	
Porosity Ratio

(%)

	
Density

(kg/m3)

	
Load

(N)

	
Compressive Strength

(MPa)






	
Mix 1

	
1

	
22.2

	
2078

	
81,200

	
10.3




	
2

	
22.3

	
2065

	
84,000

	
10.7




	
3

	
22.0

	
2060

	
93,200

	
11.9




	
Average

	
22.2

	
2068

	
86,133

	
11.0




	
Mix 2

	
1

	
13.3

	
2170

	
102,400

	
13.0




	
2

	
13.5

	
2167

	
114,200

	
14.5




	
3

	
14.2

	
2152

	
97,200

	
12.4




	
Average

	
13.7

	
2163

	
104,600

	
13.3




	
Mix 3

	
1

	
11.6

	
2272

	
163,000

	
20.8




	
2

	
11.4

	
2284

	
138,000

	
17.6




	
3

	
11.7

	
2271

	
132,800

	
16.9




	
Average

	
11.6

	
2276

	
144,600

	
18.4
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Table 5. Variation of permeability coefficient corresponding to accumulation of blocking material.






Table 5. Variation of permeability coefficient corresponding to accumulation of blocking material.





	
Test Cycle

	
No. of Test




	
1

	
2

	
3

	
4

	
5






	
First cycle

	
Permeability coefficient (mm/s)

	
1.72 *

	
1.42

	
1.21

	
0.93

	
0.77




	
Ratio (%)

	
100

	
83

	
70

	
54

	
45




	
Second cycle

	
Permeability coefficient (mm/s)

	
1.11 +

	
0.93

	
0.83

	
0.73

	
0.65




	
Ratio (%)

	
65

	
54

	
48

	
42

	
38




	
Third cycle

	
Permeability coefficient (mm/s)

	
0.98 +

	
0.81

	
0.78

	
0.72

	
0.68




	
Ratio (%)

	
57

	
47

	
45

	
42

	
40








* Before adding blocking material; + After cleaning the blocking materials of previous cycle.
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