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Abstract:



Pervious concrete (PC), as an environmental friendly material, can be very important in solving urban problems and mitigating the impact of climate change; i.e., flooding, urban heat island phenomena, and groundwater decline. The objective of this research is to evaluate the strength, permeability, and freeze-thaw durability of PC with different aggregate sizes, porosities, and water-binder ratios. The orthogonal experiment method is employed in the study and nine experiments are conducted. The compressive strength, flexural strength, permeability coefficient, porosity, density, and freeze-thaw durability of PC mixtures are tested. Range analysis and variance analysis are carried out to analyze the collected data and estimate the influence of aggregate size, porosity, and water-binder ratio on PC properties. The results indicate that porosity is the most important factor determining the properties of PC. High porosity results in better permeability, but negatively affects the mechanical strength and freeze-thaw durability. PC of 15% porosity can obtain high compressive strength in excess of 20 MPa and favorable freeze-thaw durability of 80 cycles without sacrificing excessive permeability. Aggregate size also has a significant effect on freeze-thaw durability and mechanical strength. Small aggregate size is advantageous for PC properties. PC with 4.75–9.5 mm coarse aggregate presents excellent freeze-thaw durability. The influence of the water-binder ratio on PC properties is not as significant as that of aggregate size and porosity. An optimal mix ratio is required to trade-off between permeability, mechanical strength, and freeze-thaw durability.
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1. Introduction


With rapid economic development, global urbanization has reached an unprecedented level. High urbanization generates excessive resource consumption and increased carbon emissions, which results in great changes in the global climate [1]. Cities are increasingly feeling the effects of extreme weather and many urban problems are caused by climate change, such as flooding and urban heat island phenomena [2]. It is extremely urgent to seek solutions for the mitigation of climate change impact and urban water management [3]. Pervious concrete, also called porous concrete, has been used since the 1970s in the United States and Japan. It is a kind of porous lightweight concrete made of aggregate, cement, and water. It has a honeycomb structure with uniformly distributed pores formed by coarse aggregate and a thin layer of cement paste [4,5]. With little or no fine aggregate, pervious concrete (PC) has the characteristics of high permeability, high noise absorption, and high heat dissipation [6,7,8]. Compared to traditional impervious concrete pavement, PC pavement is a functionally and environmentally friendly material [9]. It allows rainwater to permeate into the ground and replenish groundwater, which effectively alleviates the rapid decline of groundwater. In addition, PC pavement can solve other urban environmental problems [10,11,12]. With the development of Chinese sponge city construction, PC will be widely applied in road structure [13]. Therefore, PC is of great significance for mitigating climate change, solving urban problems, and promoting the development of human society [14,15,16].



The main properties of PC are strength, permeability, and durability. A porous structure is the key feature of PC, and porosity is the most important factor influencing mechanical strength, permeability, and durability. In general, the porosity of PC mixtures is 15–30% and the corresponding permeability coefficient lies in the range of 1–15 mm/s [17,18]. Higher porosity produces higher permeability, but is disadvantageous to mechanical strength and durability. Due to the absence of fine aggregate and the existence of high porosity, the strength of PC is lower than that of traditional impervious concrete. The compressive strength of PC is 5–30 MPa and tensile strength is 1.5–4.0 MPa [19,20]. In addition, the freeze-thaw durability of PC is a very important property, especially for PC used in seasonally frozen regions. However, the freeze-thaw durability of PC is significantly lower than that of conventional concrete. Based on the characteristics of PC, it is widely used in low-volume areas such as parks, sidewalks, squares, airports, and residential roads.



A large number of laboratory studies have been conducted focusing on properties of PC. Li et al. [21] used the orthogonal test method to study the influences of aggregate type, cementitious material dosage, and molding pressure on the permeability coefficient of PC. The experimental results showed that the aggregate type had no effect on the permeability coefficient, and the permeability coefficient decreased with an increased amount of cementitious material and forming pressure. Nguyen et al. [22] proposed an improved design method for PC based on the aggregate surface area and cement mortar layer thickness. The PC designed with this method had a compressive strength of 28.6 MPa and a permeability coefficient of 1 mm/s. The compressive strength was higher than what was reported in other studies.



Kayhanian et al. [23] studied the permeability of PC pavement in parking lots. It was concluded that age was the most important factor affecting permeability. Chandrappa and Biligiri [24] produced 18 groups of PC specimens with different aggregate sizes and the permeability coefficients were measured with a falling head permeability test. Based on scanning electron microscopy (SEM), the effects of pore size, connectivity, and distribution on permeability were analyzed and the relationship between hydraulic gradient, flow velocity, and pore distribution was established. Zhong et al. [25] studied the effect of pore tortuosity on the permeability of PC and proposed relative pore size and pore tortuosity indices. Relative pore size and pore tortuosity were introduced into the Kozeny–Carman model to assess permeability. At the same time, the effect of mortar workability, aggregate size, and aggregate-binder ratio on permeability was tested. The experimental results showed that the workability of cement affected the porosity tortuosity and aggregate size affected the connectivity of pores. The aggregate-binder ratio was directly related to effective porosity.



Gaedicke et al. [26] studied the relationship between the split tensile strength and compressive strength of PC. The strength experiment was conducted with specimens molded in the lab and core samples obtained from actual pavement. The results showed that the type of aggregate had a great influence on the strength of PC. Based on the experimental data, a relationship between split tensile strength and compressive strength was proposed. Zhong and Wille [27,28] analyzed the influencing factors of compressive strength with different aggregate sizes and aggregate-binder ratios. The results indicated that strength decreased with increased aggregate size. The aggregate-binder ratio affected strength by affecting porosity. A semi-empirical prediction equation for PC compressive strength was established. The effects of cementitious material strength, total porosity, aggregate size, and average pore size on compressive strength were also studied. Li et al. [29] produced a high-strength PC that was formed by making a certain number of vertical cylindrical holes 4 mm in diameter on high-strength concrete specimens. In the test, porosity was 1.3–2.8%, measured compressive strength was over 70 MPa, tensile strength was 10 MPa, and the water permeability coefficient reached 13–22 mm/s.



Akand et al. [30] studied the relationship between microscopic pore structure and macroscopic properties of PC through scanning technology and the finite element method. 20% porosity concrete specimens were made in the lab. The pore size, distribution, and shape were obtained. Based on scanning images, the finite element model of PC was established. Strength and elastic modulus calculated by finite element model were compared with the measured values. The results showed that the accuracy of the established model was satisfied. Pieralisi et al. [31] established PC discrete element constitutive law based on cementation between aggregate and cement paste. The effectiveness of the method was verified by the experiments with different aggregate types, grading curves, and aggregate-to-binder ratios. Based on the mathematical approach and the finite element method, Samuel et al. [32] established the prediction model of permeability with the microstructure parameters (pore size, pore distribution) of PC. The predicted values of the model were consistent with the measured values.



The existing studies are mainly focused on the design of mixed ratios, mechanical properties, and permeability. The test parameters (such as aggregate size, water-binder ratio, and porosity) adopted are different, which results in a great difference among studies. For example, most researchers use mono-sized coarse aggregate, but some researchers adopt continuous-graded coarse aggregate. However, there are few studies concentrating on the influence of coarse aggregate size, water-binder ratio, and porosity on mechanical strength, permeability, and freeze-thaw durability of PC. It is necessary to carry out systematic and comprehensive research. Based on the current literature, this article studies the influence of aggregate size, porosity, and water-binder ratio on compressive strength, tensile strength, permeability coefficient, and freeze-thaw durability based on an orthogonal experiment.




2. Materials and Methods


2.1. Materials


The main materials used in the experiments were Portland cement, natural granite coarse aggregate (NGCA), and superplasticizer. Portland cement (P.II 52.5) was produced by Jilin Yatai Cement Co., Ltd. (Jilin, China), and its properties are shown in Table 1. NGCA of 5–25 mm was acquired from a concrete mixing station in Jilin Province and sieved to obtain three sizes: 4.75–9.5 mm, 9.5–13.2 mm, and 13.2–16 mm. Physical properties of NGCA are shown in Table 2. In order to improve the workability of PC, a polycarboxylic acid superplasticizer was applied. The amount of polycarboxylic acid superplasticizer was 1% of the mass of cement.


Table 1. Properties of Portland cement.





	
Density (g/cm3)

	
Specific Surface Area (m2/kg)

	
Setting Time (min)

	
Compressive Strength (MPa)

	
Flexural Strength (MPa)




	
Initial Setting

	
Final Setting

	
3d

	
28d

	
3d

	
28d






	
3.16

	
385

	
91

	
145

	
39.3

	
62.2

	
7.0

	
9.1









Table 2. Physical properties of natural granite coarse aggregate (NGCA).





	Size (mm)
	Apparent Density (kg/m3)
	Bulk Density (kg/m3)
	Bulk Porosity (%)
	Crushing Value (%)
	Needle-Like Particle Content (%)
	Water Absorption (%)





	4.75–9.5
	2749
	1409
	48.7
	9.9
	7.7
	1.71



	9.5–13.2
	2747
	1459
	46.9
	13.4
	5.4
	1.66



	13.2–16
	2726
	1500
	45.0
	14.5
	4.2
	1.61










2.2. Mix Design


The volumetric method was used to design the mixtures according to the national standard [33]. The aggregate size, porosity, and water-binder ratio were chosen as the orthogonal factors in the mixture design based on the orthogonal experiment. Every factor had three levels of aggregate size: 4.75–9.5 mm, 9.5–13.2 mm, and 13.2–16 mm. For the designed porosity, the first to third levels were 15%, 20%, and 25%. For the water-binder ratio, the first to third levels were 0.25, 0.30, and 0.35. The mix ratio is shown in Table 3. The cement paste encapsulating aggregate method was adopted to make mixtures, and the procedures were as follows: (1) put all coarse aggregate and half the water into a standard mixer and stir for 30 s; (2) add all cement and stir for 40 s; (3) add the rest of the water and superplasticizer and stir for 50 s. The rodding method was adopted to form specimens, and the specimens were demolded after 24 h. Then all specimens were cured for 28 days with relative humidity 95% and temperature 20 ± 2 °C.


Table 3. Mix ratio of pervious concrete (PC).





	No.
	Aggregate Size (mm)
	Water-Binder Ratio
	Designed Porosity (%)
	Coarse Aggregate (kg/m3)
	Cement (kg/m3)
	Water (kg/m3)
	Superplasticizer (kg/m3)





	1
	4.75–9.5
	0.25
	15
	1381
	590
	147
	5.90



	2
	4.75–9.5
	0.30
	20
	1381
	465
	140
	4.65



	3
	4.75–9.5
	0.35
	25
	1381
	359
	126
	3.59



	4
	9.5–13.2
	0.25
	20
	1430
	475
	119
	4.75



	5
	9.5–13.2
	0.30
	25
	1430
	359
	108
	3.59



	6
	9.5–13.2
	0.35
	15
	1430
	478
	167
	4.78



	7
	13.2–16
	0.25
	25
	1470
	358
	90
	3.58



	8
	13.2–16
	0.30
	15
	1470
	487
	146
	4.87



	9
	13.2–16
	0.35
	20
	1470
	379
	133
	3.79










2.3. Testing Methods


The density of specimens was calculated by measuring the mass and volume with 100 × 100 × 100 mm3 specimens. Before the measurement, all specimens were dried in an oven at 105 °C for 24 h.



Porosity is an important index for PC. In general, there is open pore, semi-open pore, and closed pore. Only open pore and semi-open pore are effective for concrete permeability, but all three kinds influence the microstructure and macroproperties of PC. In this study, total porosity (open pore, semi-open pore, and closed pore) and effective porosity (open pore and semi-open pore) were measured with 100 × 100 × 100 mm3 specimens in every group and calculated by the following equations:
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(1)
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(2)




where Pt is the total porosity of the specimen (%); Pe is the effective porosity of the specimen (%); m0 is the mass of the specimen submerged in water (g); m1 is the mass of the oven-dried specimen (g); m2 is the saturated surface-dry mass of the specimen (g); ρw is the water density (g/cm3), and V is the volume of the specimen (cm3).



Generally, the constant head permeability test and falling head permeability test are used to measure the permeability coefficient of PC. In this study, the permeability coefficient was determined by the constant head permeability test according to the national standard [33]. In every group, 100 × 100 × 100 mm3 specimens were used to measure the permeability coefficient. The test method for PC permeability coefficient is shown in Figure 1. In order to prevent leakage around the specimen, the specimen was sealed with plasticine and plastic wrap. The permeability coefficient can be calculated by the following equation:
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(3)




where k is the permeability coefficient (mm/s); Q is the discharged amount of water in t time (mm3); L is the height of the specimen (mm); A is the upper surface area of the specimen (mm2); H is the height of water head (mm), H = 150 mm; t is the time (s), t = 300 s.


Figure 1. Permeability measurement: (a) permeability coefficient tester; (b) laboratory test.
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The compressive strength and flexural strength of PC specimens were measured according to the national standard [34]. The specimen for the compressive strength test was 100 × 100 × 100 mm3. Three-point bending test was adopted to determine flexural strength with 100 × 100 × 400 mm3 specimen. The equations to calculate strength are as follows:
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(4)
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(5)




where fc is the compressive strength of the specimen (MPa); ff is the flexural strength of the specimen (MPa); A is the pressure-bearing surface area of the specimen, A = 104 mm2; F is the failure load (N); L is the distance between two supporting points (mm), L = 300 mm; b is the section width of the specimen (mm), b = 100 mm; and h is height of the specimen (mm), h = 100 mm.



The freeze-thaw test was conducted according to national standard [35]. In the test, 100 × 100 × 400 mm3 specimens were used. Based on the concrete spalling on the surface of specimens in the experiment, it was found that the damage pattern of PC specimen under freeze-thaw cycles was different from ordinary concrete. For ordinary concrete, spalling occurs on the surface of specimen under the freeze-thaw cycles, and the spalling increases with increased freeze-thaw cycles. The loss of mass is usually used as evaluation index. PC has higher porosity than ordinary concrete. Under the action of the freeze-thaw cycles, a large amount of moisture enters into the interior pores of the specimen. The pore water freezes and expands, which causes cracks. From the actual results of the freeze-thaw cycles, the PC produced obvious cracks and lost bearing capacity even though the mass loss was very small (or there was no mass loss). The freeze-thaw cycles were recorded when the specimen cracked. The specimens were checked every 10 freeze-thaw cycles and the crack development was recorded. The freeze-thaw cycles test is shown in Figure 2.


Figure 2. Freeze-thaw cycles test: (a) laboratory test; (b) specimen with cracks after freeze-thaw cycles.
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3. Results and Discussion


All parameters of PC were tested with three specimens in each group. Except for the result of freeze-thaw cycles, which is expressed by the mode, the other test results are expressed by the mean. The experimental results with standard deviation (Sd) are listed in Table 4.


Table 4. Test results of pervious concrete (PC) properties.





	
No.

	
Density (kg/m3)

	
Pt (%)

	
Pe (%)

	
k (mm/s)

	
fc (MPa)

	
ff (MPa)

	
Freeze-Thaw Cycles




	
Mean

	
Sd

	
Mean

	
Sd

	
Mean

	
Sd

	
Mean

	
Sd

	
Mean

	
Sd

	
Mean

	
Sd

	
Mode






	
1

	
2061

	
18

	
16.4

	
0.5

	
14.0

	
0.8

	
3.95

	
0.34

	
24.4

	
0.3

	
4.83

	
0.03

	
80




	
2

	
1943

	
10

	
21.5

	
0.3

	
18.1

	
0.5

	
5.47

	
0.22

	
20.7

	
0.1

	
4.21

	
0.05

	
70




	
3

	
1847

	
54

	
25.8

	
1.6

	
21.6

	
1.0

	
8.44

	
0.34

	
17.9

	
1.2

	
3.44

	
0.37

	
70




	
4

	
1899

	
47

	
22.3

	
1.4

	
18.8

	
1.1

	
6.31

	
0.43

	
19.4

	
0.6

	
3.64

	
0.09

	
60




	
5

	
1838

	
26

	
25.9

	
1.8

	
22.0

	
1.4

	
8.55

	
0.21

	
16.2

	
1.6

	
3.27

	
0.36

	
50




	
6

	
2110

	
7

	
16.5

	
0.6

	
13.7

	
0.8

	
3.70

	
0.16

	
21.9

	
0.6

	
4.21

	
0.08

	
70




	
7

	
1804

	
8

	
27.1

	
1.0

	
23.8

	
1.4

	
8.82

	
0.35

	
15.4

	
0.4

	
3.03

	
0.06

	
40




	
8

	
2044

	
37

	
17.6

	
0.6

	
13.7

	
1.1

	
3.84

	
0.54

	
19.5

	
0.3

	
4.04

	
0.05

	
60




	
9

	
1933

	
37

	
20.9

	
0.9

	
18.3

	
0.6

	
6.06

	
0.77

	
18.2

	
0.5

	
3.25

	
0.09

	
50










3.1. Analysis of Orthogonal Test Results


3.1.1. Range Analysis


The range analysis results are listed in Table 5. K represents the average value of performance indices at a certain level of factor. K1, K2, and K3 represent the average value of performance indices at the first level of factor, the second level of factor, and third level of factor, respectively. R is the difference between maximum and minimum K. The larger the R value, the greater the influence of the factor on the corresponding performance indices. In Table 5, A represents aggregate size, W/B represents water-binder ratio, and P represents porosity. The relationships between property indices and K values are shown in Figure 3.


Figure 3. Relationships between various property indices and K values: (a) between compressive strength and K; (b) between flexural strength and K; (c) between permeability coefficient and K; (d) between freeze-thaw cycles and K.
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Table 5. Range analysis results; A: aggregate size; W/B: water-binder ratio; P: porosity





	
Index

	
fc (MPa)

	
ff (MPa)

	
k (mm/s)

	
Freeze-Thaw Cycles




	
A

	
W/B

	
P

	
A

	
W/B

	
P

	
A

	
W/B

	
P

	
A

	
W/B

	
P






	
K1

	
20.99

	
19.74

	
21.93

	
4.16

	
3.83

	
4.36

	
5.95

	
6.36

	
3.83

	
73.3

	
60.0

	
70.0




	
K2

	
19.18

	
18.79

	
19.43

	
3.71

	
3.84

	
3.70

	
6.19

	
5.95

	
5.95

	
60.0

	
60.0

	
60.0




	
K3

	
17.70

	
19.33

	
16.50

	
3.44

	
3.63

	
3.25

	
6.24

	
6.07

	
8.60

	
50.0

	
63.3

	
53.3




	
R

	
3.29

	
0.96

	
5.43

	
0.72

	
0.21

	
1.11

	
0.29

	
0.41

	
4.77

	
23.3

	
3.3

	
16.7










Figure 3a shows the influence of factors on the compressive strength of PC. Based on the size of R and K values, we can conclude that the primary and secondary order of influence factors is porosity, aggregate size, and water-binder ratio. The optimal combination is porosity 15%, aggregate size 4.75–9.5 mm, and W/B 0.25. Figure 3b shows the influence of factors on flexural strength. Based on R and K values, the primary and secondary order of the influence factors is porosity, aggregate size, and water-binder ratio. The optimal combination is porosity 15%, aggregate size 4.75–9.5 mm, and W/B 0.30. Figure 3c shows the influence of various factors on permeability coefficient. Based on R and K values, the primary and secondary order of the influence factors is porosity, water-binder ratio, and aggregate size. The optimal combination is porosity 25%, W/B 0.25, and aggregate size 13.2–16.0 mm. Figure 3d shows the influence of various factors on freeze-thaw cycles. Based on R and K values, the primary and secondary order of the influence factors is aggregate size, porosity, and water-binder ratio. The optimal combination is aggregate size 4.75–9.5 mm, porosity 15%, and W/B 0.35.




3.1.2. Variance Analysis


A variance analysis for the orthogonal experiment was conducted. The significance levels of F0.01 (2,2) and F0.05 (2,2) were used to evaluate the significance of factors. The variance analysis results are listed in Table 6. From Table 6, following conclusions can be drawn: (a) F-values of porosity for flexural strength and permeability coefficient are larger than F0.01 (2,2), which means there is a 99% probability that porosity has a significant influence on flexural strength and the permeability coefficient. F-value for the permeability coefficient is larger than that for flexural strength, which means the influence of porosity on the permeability coefficient is larger than that on flexural strength. F-values of porosity for compressive strength and the freeze-thaw cycles are between F0.01 (2,2) and F0.05 (2,2), which means there is a 95% probability that porosity has a significant influence on compressive strength and the freeze-thaw cycles. The F-value for compressive strength is larger than that for the freeze-thaw cycles, which means the influence of porosity on compressive strength is larger than that on the freeze-thaw cycles. (b) F-values of aggregate size for compressive strength, flexural strength, and the freeze-thaw cycles are between F0.01 (2,2) and F0.05 (2,2), which means there is a 95% probability that aggregate size has a significant influence on compressive strength, flexural strength, and the freeze-thaw cycles. F-value for flexural strength is larger than that for compressive strength and the freeze-thaw cycles, which means the influence of aggregate size on flexural strength is larger than that on compressive strength and the freeze-thaw cycles. F-value of aggregate size for the permeability coefficient is smaller than F0.05 (2,2), which means the influence of aggregate size on the permeability coefficient is not significant. (c) F-values of the water-binder ratio for PC properties (compressive strength, flexural strength, permeability coefficient, and freeze-thaw cycles) are smaller than F0.05 (2,2), which means the influence of the water-binder ratio on PC properties is not significant. The reason may be that the addition of superplasticizer weakens the influence of the water-binder ratio.


Table 6. Variance analysis for properties of PC.





	
Factors

	
F0.01 (2,2)

	
F0.05 (2,2)

	
fc

	
ff

	
k

	
Freeze-Thaw Cycles




	
F

	
Significance

	
F

	
Significance

	
F

	
Significance

	
F

	
Significance






	
A

	
99.0

	
19.0

	
24.3

	
*

	
81.2

	
*

	
1.8

	
–

	
37.0

	
*




	
W/B

	
99.0

	
19.0

	
1.9

	
–

	
11.0

	
–

	
3.5

	
–

	
1.0

	
–




	
P

	
99.0

	
19.0

	
65.6

	
*

	
222.3

	
**

	
451.6

	
**

	
19.0

	
*








** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level. – Correlation is not significant.










3.2. Influence Factor Analysis for PC Properties


3.2.1. Density and Porosity


The measured data in Table 4 indicate that the density of PC is about 1800–2100 kg/m3, which is less than that of traditional impervious concrete. Due to porosity, PC becomes lighter. We can conclude that density decreases by 306 kg/m3 as the corresponding total porosity increases by 10.7%, which means that density changes by 28.6 kg/m3 with 1% porosity change. The relationship between density and measured porosity of all specimens is shown in Figure 4. From Figure 4 it can be concluded that density decreases with the increase of total porosity and effective porosity. The linear function can be used to describe the relationship. The correlation coefficient between density and total porosity is 0.94. The correlation coefficient between density and effective porosity is 0.91.


Figure 4. Relationship between density and porosity.
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The relationship between measured average porosity and designed porosity is shown in Figure 5. We can conclude that measured porosity is very close to designed porosity. Total porosity is a little larger than designed porosity, and effective porosity is less than designed porosity. Effective porosity is about 80–90% of total porosity, which means a closed pore makes up about 10–20% of a total pore.


Figure 5. Relationship between measured porosity and designed porosity.
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3.2.2. Permeability Coefficient


Effective porosity is the determining factor for the permeability of PC. With effective porosity changing from 13.7% to 23.8%, the measured permeability coefficient increases from 3.70 mm/s to 8.82 mm/s, which meets the standard requirement of 0.5 mm/s in the national standard [33]. The permeability coefficient changes about 0.51 mm/s with 1% effective porosity change. The relationship between the permeability coefficient and designed porosity is shown in Figure 6. It can be seen that the permeability coefficient increases with the increase of effective porosity and the linear correlation coefficient is 0.93. The relationship between the permeability coefficient, designed porosity, and the aggregate size is shown in Figure 7. It indicates that when the designed porosity is the same, the permeability coefficient is not affected by the aggregate size. The relationship between the permeability coefficient, designed porosity, and the W/B ratio is shown in Figure 8. It shows that the W/B ratio does not have an effect on the permeability coefficient. Therefore, it can be concluded that the permeability of PC is hardly affected by aggregate size and W/B ratio. It depends only on porosity.


Figure 6. Relationship between permeability coefficient and porosity.
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Figure 7. Relationship between permeability coefficient, designed porosity and aggregate size.
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Figure 8. Relationship between permeability coefficient, designed porosity and W/B ratio.
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3.2.3. Compressive Strength


The influence of total porosity on compressive strength is shown in Figure 9. Compressive strength decreases with the increase of total porosity. There is an inverse relationship between compressive strength and total porosity and the linear correlation coefficient between the two is 0.78. The linearity between compressive strength and porosity of PC is consistent with the ordinary concrete reported in reference [36]. The mixture has a maximum compressive strength of 24.4 MPa with 16.4% porosity and a minimum compressive strength of 15.4 MPa with 27.1% porosity. The relationship between compressive strength, designed porosity, and aggregate size is shown in Figure 10. The following conclusions can be obtained from Figure 10: (a) when the aggregate size is the same, compressive strength decreases about 24% as designed porosity changes from 15% to 25%; (b) when the designed porosity is the same, compressive strength decreases about 15% as aggregate size changes from 4.75 mm to 16 mm. There is no obvious relationship between W/B ratio and compressive strength.


Figure 9. Relationship between compressive strength and total porosity.
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Figure 10. Relationship between compressive strength, designed porosity, and aggregate size.
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3.2.4. Flexural Strength


There is a general reduction in the flexural strength of PC as porosity increases. As shown in Figure 11, the linear function can be used to describe the relationship between flexural strength and total porosity, and the correlation coefficient is 0.71. The flexural strength of PC increases from 3.03 MPa to 4.83 MPa as total porosity decreases from 27.1% to 16.4%. The relationship between flexural strength, designed porosity, and aggregate size is shown in Figure 12. The following conclusions can be obtained based on Figure 12: (a) Flexural strength decreases with the increase of designed porosity when the aggregate size is the same. Flexural strength decreases about 25% as designed porosity changes from 15% to 25%; (b) When designed porosity is the same, flexural strength decreases with the increase of aggregate size. Flexural strength decreases about 17% as aggregate size changes from 4.75 mm to 16 mm. The effect of W/B ratio on flexural strength is not obvious.


Figure 11. Relationship between flexural strength and total porosity.
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Figure 12. Relationship between flexural strength, designed porosity and aggregate size.
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3.2.5. Freeze-Thaw Cycles


The results of freeze-thaw cycles test are shown in Figure 13. The number of freeze-thaw cycles is 40 to 80 for PC. It can be seen that aggregate size is the primary factor influencing PC freeze-thaw property. A small aggregate is more favorable for the freeze-thaw resistance of PC. Small aggregate provides greater specific surface area and there is more cement mortar between aggregates. Therefore the bonding force is stronger and resistance to the freeze-thaw cycles will be better. The number of freeze-thaw cycles decreases 20 times when the aggregate size changes from 4.75 mm to 16 mm. When aggregate size is the same, the number of freeze-thaw cycles decreases with the increase of designed porosity. High porosity means more water content and larger frost expansion force, which reduces resistance to the freeze-thaw cycles. W/B ratio has no significant impact on the freeze-thaw cycles of PC. Because the void structures of the PC and ordinary concrete are completely different, the freeze-thaw damage patterns of the two are obviously different.


Figure 13. Relationship between freeze-thaw cycles, designed porosity and aggregate size.
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4. Conclusions


The density, porosity, permeability, compressive strength, flexural strength, and freeze-thaw cycle tests of PC were conducted based on an orthogonal experiment with different coarse aggregate sizes, water-binder ratios, and designed porosities. Range analysis and variance analysis were used to evaluate the experimental results. The influences of coarse aggregate size, water-binder ratio, and porosity on PC porosity were analyzed. From the test results, the following conclusions can be drawn.



	
The density of PC mixtures changes from 2061 kg/m3 to 1804 kg/m3 as total porosity increases from 16.4% to 27.1%. Density decreases with an increase of total porosity. Linearity can be used to describe the relationship between them, and the correlation coefficient reaches 0.94.



	
The permeability of PC is about 3.70 mm/s to 8.82 mm/s when effective porosity is 13.7% to 23.8%. The variance analysis indicates that effective porosity is the determining factor influencing permeability. Coarse aggregate size and water-binder ratio have little contribution to permeability.



	
Compressive strength of PC is 15.4 MPa to 24.4 MPa. Compressive strength decreases with the increase of total porosity. Coarse aggregate size also has an influence on compressive strength. Small coarse aggregate size is superior to large coarse aggregate size in improving compressive strength when porosity is the same. Flexural strength changes from 3.03 MPa to 4.83 MPa. The influences of coarse aggregate size and porosity on flexural strength are the same as on compressive strength.



	
The freeze-thaw damage pattern of PC is different from that of ordinary concrete. It is not recommended to use the loss of mass as the evaluation index. Freeze-thaw cycles test indicates that coarse aggregate size is the main factor affecting PC freeze-thaw property. Small coarse aggregate size results in better freeze-thaw durability. In addition, porosity is another important factor that contributes to freeze-thaw durability. Higher porosity generates lower freeze-thaw durability.



	
Porosity is the most important factor determining PC mixture properties (permeability, compressive strength, flexural strength, and freeze-thaw property). Higher porosity improves permeability but decreases the mechanical properties of PC. When establishing the optimum mix design, it is necessary to make a trade-off between permeability, mechanical strength, and freeze-thaw durability according to the practical engineering requirement.
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