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Abstract

:

The water and gas permeability of pervious concrete play essential roles in rainwater infiltration and plant root respiration. In this study, the gas and water permeability of pervious concrete samples were measured and compared. The water permeability was tested using the constant water head method and several water heads were measured for inspection, in which the permeability varied with the application of the pressure gradient. The permeability of gas was measured using a new simple gas permeameter, which was specially manufactured for measuring the gas permeability of pervious concrete under a stable pressure difference. A series of different gas pressure gradients was applied to test whether the gas permeability was a function of the applied pressure. Both the gas and water permeability of pervious concrete were found to decrease with an increased applied pressure gradient, which did not conform to the Klinkenberg effect (gas slippage effect). When comparing the gas permeability and water permeability of pervious concrete, we found that the water permeability was 4–5 times larger than the gas permeability.
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1. Introduction


Permeable pavements are surface materials that are commonly used for underlying surfaces in sponge city construction. They are used as porous structures to reduce surface water after rainfall and also to reduce pavement temperatures by retaining a specific quantity of water through evaporation, thus greatly inhibiting the rise of the ambient air temperature and improving urban thermal environments and residents’ thermal comfort in hot and humid areas [1,2,3,4]. Permeable pavements function in a way that decreases the runoff from storms by draining water from the surface and permitting plants and soil to respire. One kind of permeable pavement is pervious concrete and its interlinked hollow spaces permit water to be drained from the pavement and provide gas transport between the soil and the air. Whether these functions can be fulfilled depends on the permeability of the pervious concrete. While permeability signifies the capacity to allow fluid transport within internal pores, it cannot be measured directly; instead, it is measured by states, such as flux and pressure.



Darcy’s law has been used to comprehensively measure the water permeability of pervious concrete, while reports on gas permeability in the literature are limited. For the water permeability test, constant/variable head methods are the most widely used among the laboratory tests specified by ASTM C1701M [5]. The water pressure gradient of pervious concrete is low enough to support a laminar flow [6,7,8,9] and the relevant velocity is measured to estimate permeability. However, the validity of these two methods is still unclear. It has been found that the permeability coefficients measured by the falling head method are 100–300% higher than those measured by the constant head method, although the former is more convenient to use [10]. A similar report by Qin et al. [11] confirmed that permeability coefficients from the constant pressure heating method under a low pressure (i.e., 2 cm) were much closer to those from the falling head method. Therefore, when the permeability of an unsaturated permeable pavement is used as the design input for computer models, the permeability may be greatly overestimated [2].



For the gas permeability test, Qin et al. [12] invented a simplified method to measure flowing gas to test the permeability of highly porous media and found that gas permeability ranged from 10−8 to 10−4 m2. However, the difference between the gas and water permeability of pervious concrete remains unknown. There is no reason that the gas and water permeability of pervious concrete would correlate similarly to those of normal concrete. For instance, for normal concrete, gas permeability has been found to be greater than water permeability due to the gas slippage effect [13,14,15]. This effect is substantial on fluid transport within normal concrete, but it is not necessarily notable on fluid transmission inside pervious concrete because the pores of the two kinds of concrete are several orders of magnitude different [16]. Thus, it is worth measuring the gas permeability of pervious concrete and examining how this permeability is different from water permeability.



This study measured the gas and water permeability of pervious concrete by performing experiments. Two kinds of Portland concrete mixtures were prepared and their cores were tested for water and gas permeability. The water permeability was measured using the constant water head method. The measurements were conducted under a group of various water heads to check whether the applied pressure was a function of permeability. Gas permeameters for normal concrete were adapted to measure the permeability of pervious concrete but they were found to be unsuitable. In order to test the gas permeability of pervious concrete under a stable pressure, a novel and simplified equipment was designed. The gas permeability and water permeability were compared and their differences were also examined.




2. Experiments


2.1. Sample Preparation


The prepared pervious concrete specimens were designed according to CJJ/T135-09 [17]. They consisted of the following raw materials: Portland cement (Type I 42.5R), coarse aggregate and water. Generally, the key parameters of the mixture design of pervious concrete include a single-particle aggregate, target porosity and water–binder ratio (w/c) [3]. In this study, two kinds of mixture proportion designs were developed, with water–binder ratios of 0.25 and 0.28, respectively. In the experiments, the coarse aggregate that was adopted limestone particles with a single gradation of 4.75–9.5 mm, a density of 2726 kg/m3 and a crushing index of 8.0%. The cement/aggregate ratio was 1:4. In addition, to enhance the workability of the fresh mixture, a water reducing agent of 2% relative to the cement mass was supplemented to fabricate all pervious samples. The mixture proportions of the pervious concrete samples are shown in Table 1.



The mixtures used in the experiments were mixed with an automatic roller mixer. The coarse aggregate was cast into the mixer and then the assessed absorbed water was sprinkled on the aggregate for 1 min to wet the surface of the aggregate. Cement was also added into the mixer with the wet aggregate for another 1 min. Finally, the quantity of the water that was required for the anticipated w/c ratio was put into the mixer.



The fresh mixtures were poured into a slender wooden mold with a size of 150 × 150 × 860 mm3. All mixtures were layered and inserted layer by layer to ensure the uniformity of the specimens and produce good continuous pores. Without any vibratory compaction, the mixture in the mold was leveled with a scraper. All samples were de-molded after 48 h and then cured in a standard room at 20 °C and with a relative humidity of more than 95%. To avoid the impact of vibration inhomogeneity, cylinders with a diameter of 100 mm and a height of 100 mm were drilled from the pervious samples after they had cured for 28 days using a core drilling machine and 25 mm was cut off the top and bottom surfaces of the cylinder samples for treatment. Every cured block was drilled for six cores with a diameter of Φ100 mm × 100 mm (Figure 1).



The debris was removed from the samples using vacuum cleaning. Then fundamental tests, such as porosity and density, were performed on these samples. The open porosity of the pervious concrete φ was calculated using Equation (1):


  φ = 1 −   (  m 2  −  m 1  )   ρ V    



(1)




in which m1 is the weight of the sample with underwater buoyancy (kg), m2 is the weight of the dried sample (kg), ρ is the water density (1.0 g/cm3) and V is the sample volume (m3).




2.2. Water Permeability Test


The water permeability of the pervious concrete was tested using the constant water head method. The device is schematically shown in Figure 2a. A faucet supplied sufficient water at the inlet to maintain a constant water head difference across the sample, while the surplus water was drained from an open slot at the inlet. This difference could be regulated by lifting or dropping the inlet’s water head to the desired level. Under this pressure gradient, water flowed through the sample and drained from the outlet.



In order to make sure that the inner pores were sufficiently wet, the specimens were put in a container with stirred water for 24 h. They were then combined in the apparatus (Figure 1b). To prevent water leaking through the sides of the samples, catalyst silicone rubber was used to seal the samples. The test was stopped if any water percolated along the side walls or leaked from the pipe.



The test only began when there were no air bubbles left in the samples. Air bubbles were taken out repeatedly from the outlet of the water head. A rod with a diameter that was smaller than the inner diameter of the outlet pipe was injected into the outlet to drain the water; then, the rod was dragged out suddenly to change the pressure difference. This sudden variation in the pressure gradient helped embedded air bubbles to evacuate from the samples. This process was continued until no apparent air bubbles were present in the top surface of the samples.



When the test began, a container was put under the setup to collect the water draining from the outlet. Supposing that a volume of drained water Ql (m3) was collected during the time interval ∆t, the permeability coefficient kl (m2) of the pervious concrete could be calculated using Equation (2):


   k l  =  μ l   Q l  L /   ρ g h A Δ t    



(2)




where μl is the water viscosity (Pa.s), ρ is the water density (kg/m3), g is the gravitational force (m/s2), h is the difference between the water head inlet and outlet (h = 0.1 m), L is the sample length (m) and A is the cross-sectional area of the pervious concrete sample (m2).




2.3. Gas Permeability Test


2.3.1. Gas Permeameter for Normal Concrete


The gas permeability of normal concrete is usually determined by measuring a steady gas flow through a concrete specimen [18,19,20]. A constant gradient is applied across the sample while the resulting flux is measured. This steady flow method typically adopts an experimental schematic layout as shown in Figure 3. A pressure gauge and a pressure cell are used to regulate a stable pressure on the inlet side, while the outlet may be open to the atmospheric pressure. At the outlet, a soap bubble volumetric gas flowmeter is installed to collect the air seeping through the sample. Collecting a measurable volume of gas at the outlet requires hours and even days because gas flows slowly through normal concrete samples. Considering that a volume of gas Qg (m3/s) is collected during the time interval t (s), the apparent gas permeability kg (m2) of pervious concrete is calculated using:


   k g  =    Q g    A t     2  μ g  L  P o    (  P i 2  −  P o 2  )    



(3)




where μg represents the dynamic viscosity of the gas (Pa.s), Pi represents the gas pressure at the inlet (Pa) and P0 represents the gas pressure at the outlet, which is normally set as the atmospheric pressure (1.03 × 10−5 Pa).



Supposing that a normal concrete sample has an apparent permeability of 10−18 m2, a length of 10 cm, a diameter of 10 cm and an assumed gas pressure at the inlet of 2 Patm (~0.2 Mpa) [21], collecting 10 cm3 of gas would require 15,420 s (4.3 h). In reality, more time is required to complete a testing cycle because the test cannot commence until a steady flow is attained. The testing time could range from 5–7 days [22]. If a sample is to be tested under different pressure gradients, it would require several months. Precautions must be taken to prevent evaporation losses from the soap bubble volumetric gas flowmeter during these long testing times.



Here, we attempted to adapt this apparatus to test the gas permeability of pervious concrete. The relative pressure Pi − Patm needed to be set as low as possible because the gas flow rate through pervious concrete is orders of magnitude faster than that through normal concrete. The minimum difference was set as 100 Pa because digital pressure gauges have an accuracy of 100 Pa. Assuming the same sample geometry and a gas permeability of 10−10 m2, the gas collected by the gas flowmeter would have been 42 cm3/s. This rate would be too fast to be recorded correctly by the soap bubble volumetric gas flowmeter. Actual gas flow rates tend to be higher than this value (42 cm3/s) because greater relative pressures (>100 Pa) are expected during the test and gas permeability tends to be greater than 10−10 m2. Therefore, the steady flow method indicated in Figure 3 is widely used to calculate the permeability of normal concrete but is unsuitable to measure the permeability of pervious concrete.




2.3.2. A Novel Device for Testing the Gas Permeability of Pervious Concrete


As shown in Figure 4, an air permeameter was designed to test the gas permeability of pervious concrete. It consisted of three sections: a pressure gradient indicator, a sample section and a venturi tube for estimating the associated gas flux. It did not require any permeability cells, pressure regulators or pressure gauges, but a gas pressure gradient was required to force air inside the sample using a vacuum pump. Before creating the vacuum, the air flow rate was measured using the venturi tube. In the tube (Figure 5), the gas flow obeyed the following equations:


   u 1  =  u 2   A 2  /  A 1   



(4)






   P 1  −  P 2  =  ρ g     u 2 2  −  u 1 2    / 2  



(5)







Solving for u1 and noting that P1 − P2 = ρl g∆h, we obtained:


   u 1  =  C D      2  ρ l  g ∆ h    ρ g           A 1     A 2       2  − 1        



(6)




where ρl and ρg are the densities of water and gas (kg/m3), respectively, ∆h is the head difference read from the venturi tube (m), A1 and A2 are the cross-sectional areas of the larger and smaller sections of the venturi tube (m2), respectively, and CD is the coefficient of the longitudinal friction loss that was induced by the gas compressing in the tube’s narrow section [23].



As shown in Figure 4, the air that flowed through the samples was quite identical to the air that passed through the venturi tube and the gas flow rate inside the samples was:


   u g  =  u 1   A 1  / A  



(7)







Since the difference in the applied pressure was considerably small and, therefore, the gas compressible components were negligent, the apparent gas permeability kg (m2) could be computed as:


   k g  =    μ g  L    ρ l  g h    u g   



(8)




where h is the water head reading from the capillary tube (m). Note that in Equations (2) and (8), the water head difference h could be different but it signified the pressure gradient across the samples, so the same variable h was used.



Equation (8) was only applicable in the case when the gas flow through the sample was laminar. In the lab study, the gas flow rate had to be sufficient to maintain a measurable water head in the capillary tube and the water head difference to be readable in the venturi tube. Therefore, turbulent flow was categorized as the air flow inside the samples. The apparent gas permeability and the pressure gradient could be expressed as Equation (9), according to the Forchheimer law:


     ρ l  g h  L  = −    μ g     k g     u g  −  c F     ρ g       k g       u g 2   



(9)




where cF is a drag constant of dimensionless form, which is approximately equal to 0.55 according to Ward’s work [24]. The gas that flowed from the side with a large pressure is signified by the negative sign on the right hand side. In Equation (9), all variables could be measured except the gas permeability kg, which could be solved using the iterative numerical method.





2.4. Testing Information


The cured samples were submitted to gas permeability testing using the assembled apparatus shown in Figure 4. The diameter of the venturi tube was 13.54 mm at the narrow section and 21.16 mm at the wide section. The corresponding frictional loss coefficient (CD = 0.97) was estimated according to [23].



The permeability test was carried out in a room at 29 °C and with an RH of 65~70%. Every sample was dried at 105 °C for 3 h and then left to cool down at room temperature. Afterward, catalyzed silicon rubber was used to seal the circumferential surfaces to prevent gas seeping from the sample walls when the test was being carried out. When the rubber hardened, the samples were collected in the apparatus for gas permeability testing. The test measured gas permeability under different pressures (i.e., different water heads in the capillary tube) in order to observe the correlation between the applied pressure difference and the apparent gas permeability. After that, the samples were disassembled from the gas permeameter and re-assembled at the water permeameter (Figure 2) for the water permeability testing.





3. Results


Figure 6 depicts the relation between the permeability and the applied pressure difference. The range of the apparent water permeability differed from 10−10 to 10−9 m2, which represented the predicted permeability of pervious concrete. Considering that there is seldom water pooling on pervious pavement surfaces, the water head difference across the sample was set to be relatively small. The pressure gradient used during the gas permeability test was set to be relatively large to maintain the measurable head difference in the capillary tube. Although the applied pressures were different, the extrapolation of the gas permeability and water permeability could draw the same conclusion, i.e., the water permeability was several times greater than the gas permeability.



An increase in pressure gradient led to the nonlinear reduction in both water and gas permeability. When the pressure was close to 0 kPa/m, the permeability increased significantly. In the literature [15], for normal concrete, the relationship between the applied pressure and the apparent permeability can be regressed, according to the Klinkenberg effect. According to this phenomenon, the reciprocal mean pressure increases the permeability of porous media linearly but is not dependent on the pressure difference [15].


  k =  k v    1 + b /  p m       



(10)




in which b stands for the Klinkenberg coefficient (Pa), kv represents the inherent permeability of the material (which can be calculated when the applied pressure approaches infinity (m2)) and pm is the average pressure. In these permeability tests, pm was:


   p m  = (  p 0  +  p 0  − ρ g h ) / 2  



(11)




where p0 represents the atmospheric pressure (1.03 × 105 Pa). Substituting Equation (11) into Equation (10) and noting that    ρ gh  / 2 ≪  p 0   , Equation (12) can be obtained:


   k l  =  k v    1 + b  p 0      1 +   ρ g h   2   1 + b  p 0         



(12)







According to Equation (12), the apparent permeability should be linearly related to the applied pressure. This linear relationship was not observed in the calculated permeability (Figure 6), which proved that the permeability of pervious concrete failed to follow the Klinkenberg effect.



Here, in Equation (10), the applied average pressure was substituted by the differential pressure:


  k =  k v    1 +  b  ρ g h        



(13)







The apparent permeability was only linearly related to the reciprocal of the pressure difference when Equation (13) was satisfied. Figure 7 displays the apparent permeability and pressure differences. Table 2 lists the statistical coefficients (kv, b) and compares the porosity and density. The permeability of the pervious concrete samples accorded with Equation (13), as vindicated by Figure 7 and R2 in Table 2. The intrinsic permeability kv was the permeability when the pressure difference reached infinity. Taking into consideration the fact that an infinite mean pressure is identical to an infinite pressure difference (i.e.,    p 1  +  p 0  → ∞   is equal to    p 1  −  p 0  → ∞  ), the permeability kv in Equation (10) had the same meaning and magnitude as the permeability kv in Equation (13); both were the intrinsic permeability.



The intrinsic permeability kv increased with porosity, which was completely consistent with the research results in the literature [25,26,27]. A linear correlation is shown in Figure 7, which also shows good agreement. However, in this study, the porosity of the pervious concrete samples was limited to a narrow range (25~32%) while the typical permeability of pervious concrete can be around 15~35%, so there was not a good correlation between the intrinsic permeability and porosity. The water permeability of the samples was found to be approximately 4–5 times greater than the gas permeability.



As for the water and gas permeability, the coefficient b decreased with an increase in porosity. This correlation meant that the measured apparent permeability was more strongly dependent on the porosity at a state of lower permeability [15]. The regression coefficient b of the gas permeability seemed to be greater than that of the water permeability (Figure 7), as vindicated in Table 2. This further indicated that the pressure difference influenced the water permeability less than the gas permeability.




4. Discussion


4.1. Difference between Water and Gas Permeability


For the pervious concrete, its water permeability was 4–5 times larger than its gas permeability. This finding was contrary to the findings on the permeability of normal concrete, whose gas permeability is usually larger because of the gas slippage effect. In normal concrete, some internal pores may be larger than the molecular path of water but smaller than the molecular path of gas, i.e., gas can freely pass through these pores while water cannot. This difference results in the gas permeability usually being greater than the water permeability. In addition, for normal concrete, due to the interaction between the water and cement matrix (i.e., the dissolution/precipitation of hydrates and the migration of fine elements), the water permeability decreases significantly over time [28,29,30]. The reacted products change the structure of the pores, thereby reducing the permeability of the concrete.



However, the permeability of pervious concrete basically depends on larger pores, which provide preferential routes for a fluid to seep through. These pores are larger than the molecular paths of both water and gas. While some smaller pores may contribute to the minimal passage of the testing fluid, this contribution is negligible in comparison to the permeability through the larger pores. Therefore, the gas permeability should be the same as or very close to the water permeability; however, this logic was unfortunately not confirmed by our experiments.



A plausible reason could be that the testing fluid reacted chemically and/or physically with the pervious concrete matrix. Under the lab testing conditions, the gas percolating through the matrix might not vary its structure in a notable way and, therefore, was deemed as an unreactive fluid passing through the pervious concrete. However, when water was used as the testing fluid, the percolating water was accompanied by physical and chemical bindings. Water was prone to absorbing on the matrix surface, thereby reducing the local wetting angle. Those wetting surfaces reduced the viscous force and served as preferential routes for water passing through. Because of this wetting effect, the pressure difference influenced the water permeability less than the gas permeability (Figure 7) and because of this, the amount of water perforating through the pervious concrete samples tended to be greater than the amount of gas.




4.2. Standardizing the Permeability Test for Pervious Concrete


Water permeability has been widely measured in pervious concrete using the constant water head method [25,26,31,32]. The water permeability of pervious concrete is usually determined using several water heights, which represent the values that the pavement may encounter in reality. The measured average permeability is representative of pervious concrete. This type of permeability computation leads to different reported permeability values, even for the same sample, because the permeability tends to decrease with the pressure difference. A practical protocol is to test the permeability under a series of water heads and then regress the intrinsic permeability kv and the correlation coefficient b, according to Equation (13) [21,33]. Both of these values can be used as reference parameters to compare the permeability of different pervious concrete samples. The water heads should be kept at low magnitudes, such as < 20 cm. This is because there is very seldom water pooling on in situ pervious concrete surfaces. The purpose of using a low pressure gradient is also to encourage a laminar flow through the sample.



Although the gas permeability of normal concrete has been widely studied [25,31,34], there have been limited reports on the gas permeability of pervious concrete in the literature. This may be because the available experimental devices for measuring the gas permeability of normal concrete are not adapted for testing the permeability of pervious concrete. The gas permeability of pervious concrete can be measured reasonably when the gas flowing through the sample is gauged precisely. Since the gas permeability of pervious concrete nonlinearly decreases with an increase in the pressure gradient, it needs to be measured under a series of pressure gradients. The specific gas permeability at a given pressure difference can be estimated by either inter- or extrapolating the reported dataset.





5. Conclusions


Traditional gas permeameters are designed for normal concrete and are not suitable for pervious concrete. In this study, we introduced a simple experimental device to measure the gas permeability of pervious concrete under a steady flow. A venturi tube was used to measure the gas flow rate through the tested samples. It was found that the apparent gas permeability of a typical pervious concrete sample ranged from 10−10 to 10−9 m2, depending on the applied pressure. The measured gas permeability was found to be lower than the water permeability. This difference could be due to the wetting of internal pores by water, which reduced the surface tension between the fluid and the medium. Because of this reduction in surface tension, the seeping water needed to overcome lower viscous forces than the percolating gas. This phenomenon was contrary to the observations for normal concrete, for which the gas permeability is greater than the water permeability due to the gas slippage effect.



The measured apparent permeability of the pervious concrete samples decreased with increasing applied pressure and it increased linearly with the reciprocal of the pressure difference, which did not obey the Klinkenberg effect. This correlation helped us to characterize the intrinsic permeability, as well as the dependency of the apparent permeability on the porosity. The apparent permeability of a pervious concrete sample with a low porosity depended on the pressure difference more strongly.



It is necessary to standardize the measurement of the permeability of pervious concrete. Water permeability should be tested under a series of different water heads. The heads should be maintained at low pressures because there is seldom a lot of water pooling on concrete surfaces. Gas permeability should also be tested under different pressure gradients.
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Figure 1. The prepared pervious concrete samples (a) cylindrical sample is drilled from the specimen; (b) Drilled samples. 
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Figure 2. The instrument for measuring the permeability of the pervious concrete samples: (a) schematic outline; (b) laboratory setup. 
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Figure 3. A schematic diagram of the test device for testing the permeability of normal concrete. 
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Figure 4. The developed apparatus to measure the gas permeability of pervious concrete: (a) schematic outline; (b) laboratory setup. 
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Figure 5. A schematic diagram of the venturi tube. 
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Figure 6. The permeability and pressure gradients of the pervious concrete samples. 
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Figure 7. The measured values of the permeability of the pervious concrete samples and the reciprocals of the pressure differences. 
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Table 1. The mixture proportions of the pervious concrete samples (kg/m3).
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	Sample
	Cement
	Water
	Aggregate
	Water Reducer





	w/c = 0.25
	523.16
	130.79
	1509.00
	1.40



	w/c = 0.28
	486.35
	136.18
	1509.00
	1.40
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Table 2. The permeability of the pervious concrete samples and the regressed coefficients.






Table 2. The permeability of the pervious concrete samples and the regressed coefficients.





	
Sample

	
kv (m2)

	
b (KPa)

	
R2

	
Porosity

	
Density




	
Water

	
Gas

	
Water

	
Gas

	
Water

	
Gas

	
(%)

	
(kg/m3)






	
Mix1

	
No.1

	
12.43

	
3.77

	
0.22

	
1.08

	
0.931

	
0.986

	
31.59

	
1731




	
No.2

	
8.06

	
2.00

	
0.25

	
1.98

	
0.916

	
0.997

	
28.19

	
1767




	
Mix2

	
No.1

	
7.56

	
1.74

	
0.31

	
2.56

	
0.930

	
0.956

	
26.59

	
1802




	
No.2

	
4.96

	
1.09

	
0.35

	
3.01

	
0.929

	
0.998

	
25.64

	
1828
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