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Studying the Mix Design and Investigating the Photocatalytic Performance of Pervious Concrete Containing TiO2-Soaked Recycled Aggregates

· The research used recycled aggregates (RAs) in pervious concrete for air purification purpose. 

· RAs could absorb more nano photocatalysts.

· The study identified the optimized mix design to achieve highest pervious concrete strength.

· The optimized concentration of TiO2 solution was identified at 0.3% in order to achieve the highest NO degradation rate at 70% for pervious concrete. 

· Previous concrete showed a more durable photocatalytic performance after rain wash.
Abstract

Demolished concrete, as one main form of construction and demolition wastes, has been widely studied of being utilized as recycled aggregates (RAs) in new concrete production. However, existing studies of applying RAs have been limited to the mechanical and durability issues of cementitious composites containing RAs. There has not been sufficient research of adopting RAs in cementitious products to also address the environmental sustainability. On the other hand, existing research utilizing cementitious products (e.g., concrete pavement) for air purification purpose have not adequately considered RA usage. Aiming to address the two sustainable objectives (i.e., waste diversion and air purification) simultaneously in concrete mix, this research adopted a two-step approach. Firstly, we studied and identified the optimal mix design of pervious concrete containing TiO2-soaked recycled coarse aggregates (RCAs) in order to achieve the higher compressive strength; secondly, we investigated the photocatalytic performance of pervious concrete containing RCAs coated with TiO2 photocatalysts. The photocatalytic performance of pervious concrete was also tested by applying a 10-min heavy rainwater wash. Experimental test results revealed that the internal voids of adhered mortar enabled RCAs to absorb more TiO2 particles. The NO degradation rate of TiO2-soaked RCAs increased from 71.4% to 80.6% when RCAs’ size decreased from 15-20 mm to 5-10 mm. The orthogonal experimental investigation indicated that water-to-binder ratio had the most significant effect on concrete compressive strength, followed by ratio of RCAs to binder, and replacement ratio of RCAs to natural aggregates. The optimized mix design for pervious concrete containing RCAs was identified to achieve highest strength (i.e., water-to-binder ratio at 0.35, coarse aggregate-to-binder ratio of 3 by mass, fly ash replacement rate to Portland cement at 5%, and  50% replacement ratio of RCAs to NCAs, ). The concentration of TiO2 solution at 0.3% was identified as the optimal ratio to achieve the highest NO degradation rate at 70% before rainwater wash. The NO degradation rates of pervious concrete still reached nearly 50% after 10-min heavy rainwater wash, indicating that pervious concrete using RCAs coated with TiO2 could largely maintain its photocatalytic capacity. This study addresses two main social and environmental issues in developing countries (e.g., China), namely overwhelming amount of construction & demolition wastes being generated, and air pollution. It leads to the cleaner production in concrete pavement construction by achieving the optimization between waste reuse, air purification, and engineering properties of porous concrete.     
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1. Introduction

Concrete is the most widely consumed building material, and the production of concrete is causing wide sustainability concern due to its consumption of natural resources (Mobasher, 2008). Concrete itself accounts for 50% to 70% of construction and demolition (C&D) wastes worldwide (Kim and Kim, 2007; Tam, 2008). Developing countries such as China is generating more C&D wastes due to its infrastructure development and urbanization (Jin et al., 2018a; Shi et al., 2016). The urgency of reducing the landfill demand in developing economies like China asks the sustainable treatment of C&D wastes (Jin et al., 2017). The possibility of recycling construction wastes, particularly concrete, has become a major issue worldwide (Xiao et al., 2015). Recycling old concrete as aggregates for new concrete production (i.e., recycled aggregate concrete) is one of the effective approaches to achieve sustainable concrete (Xiao et al., 2015). Numerous studies have investigated how the recycled aggregate (RA) affected the properties of concrete containing recycled ingredients (e.g., RA), including mechanical properties (Koenders et al., 2014; Xiao et al., 2005) and durability (Beauchemin et al., 2018; Levy and Helene, 2004). However, there has not been sufficient research focusing on utilizing RAs in concrete for further sustainable applications, such as exploring using RAC in air purification purpose by adopting the “passive strategy” within RAC (Xu et al., 2018). 

The increased usages of motor vehicles in countries such as China is causing the issue of deteriorating air quality. Heavy traffic causes high concentration of hazardous pollutants such as NOx, further leading to problems in environmental deterioration and public health (Ballari et al., 2011; Hassan et al., 2010). The traditional pavement materials could not degrade air pollutants. There is a practical need to develop pavement or road materials that could purify the air. Since Fujishima and Honda (1972) who applied Titanium Dioxide (TiO2) for photocatalytic decomposition of water, there have been several studies (Chen and Poon, 2009; Faraldos et al., 2016; MacPhee and Folli, 2016; Poon and Cheung, 2007; Yang, et al., 2017) applying TiO2 in cementitious materials to test the photocatalytic performance. TiO2 photocatalysis can be used in products for air purification purpose (Nakata and Fujishima, 2012) by degrading air pollution particles (e.g., NOx). Various methods of applying TiO2 in cementitious materials have also been described in existing studies. For example, Guo et al. (2017) applied the nano- TiO2 in concrete surface layers using two different methods, namely intermixing and spray-coating. The mix design in the study of Guo et al. (2017) was 0.75:0.25:3.0:0.3 for Portland cement, fly ash, recycled coarse aggregates (RCAs), and water by mass. TiO2 content on the concrete surface was 2.8% by weight, and was reduced to 2.0% after abrasion. Shen et al. (2015a, b) developed the photocatalytic self-cleaning concrete with its surface covered by C-S-H gel and TiO2 layer. It was revealed that the surface of the self-cleaning concrete was covered by C-S-H and TiO2 nano particles around tens of nm. Mahy et al. (2019) applied TiO2 for the photocatalytic purpose on roads. It was found that the photocatalytic activity of TiO2 reached the maximum NO degradation at 53% when the TiO2 was coated to the concrete substrates (e.g., pavement blocks) at the loading rate between 10 and 12 g/m2.
Pervious concrete has been utilized in various existing studies to address environmental issues, such as flooding (Kia et al., 2019), heat island effect (Liu et al., 2018), and air purification by applying TiO2 as the photocatalytic agent (Asadi et al., 2014). A review of these previous studies applying TiO2 in cementitious materials for air purification purpose reveals that: 1) most of these existing studies applied TiO2 in conventional cementitious products (Hunger et al., 2010; Shen et al., 2015b) without utilizing RAs. However, Xu et al. (2018) found that RAs, due to their internal porosities,  could absorb more TiO2-based catalysts compared to natural aggregates; 2) limited studies have applied RAs in pervious concrete for air purification tests, although there have been existing standards (China Architecture & Building Press, 2016) adopting RAs in the mix design of pervious concrete; and further 3) practically, conventional concrete coated with TiO2 may have limited durability of its photocatalytic function after being exposed to rainfalls, because TiO2 coated to the surface of conventional concrete could easily be washed away by rainwater There have been limited studies focusing on how the photocatalytic performance of concrete pavement products could last longer, such as by introducing RAs. Extending the research of Xu et al. (2018), one of the novelties of this study is to utilize the features of RAs due to their internal voids which could absorb TiO2 nano particles. The current study contributes to developing the technical approach of enhancing both the photocatalytic performance and the durability of pervious concrete containing RCAs.

This study aims to address the two main aforementioned issues in China (i.e., overwhelming amount of C&D wastes and air pollution). The objectives of this research include: 1) comparing the photocatalytic performance of RCAs and natural aggregates in different sizes when they are applied with nano-TiO2 catalysts; 2) investigating the effects of mix design parameters on pervious concrete strength and further identifying the optimized mix design in order to achieve the highest compressive strength in pervious concrete containing RCAs; 3)  identifying the optimized concentration of TiO2 solution in terms of achieving the highest air pollutant degradation rate; and 4) exploring the photocatalytic efficiency change of pervious concrete containing TiO2-coated RA after 10-min heavy rain wash.

2. Materials and methods

2.1. Concrete materials 

Ordinary Portland cement of C42.5 Grade was used for the mixture of pervious concrete. Class II fly ash supplied by Beilun Power Plant in Ningbo China was adopted as the supplementary cementitious material. Coarse aggregates sized between 5mm and 10mm were adopted for both RCAs and natural coarse aggregates (NCAs) in this research. The selection of coarse aggregate size met the requirements of Technical Specification for Application of Pervious Recycled Aggregate Concrete (China Architecture & Building Press, 2016).The properties of coarse aggregates are listed in Table 1.

Table 1.Properties of coarse aggregate

	Aggregates type
	Apparent density (kg/m3)
	Bulk density (kg/m3)
	Surface dry water absorption rate (%)

	RCA
	1766
	1115
	6.4

	NCA
	2820
	1453
	0.4


Polycarboxylic acid superplasticizer with water reduction rate at 25% was applied. TiO2 was used as the photocatalyst in this study. The 25% water reduction rate for the superplasticizer was chosen because of the high cohesiveness of recycled aggregate concrete which generally had lower slump. It was recommended to have the water reduction rate over 20%. The superplasticizer used in this study was polycarboxylate, which was convenient for the mix design of pervious concrete containing RCAs. Table 2 displays the physical properties of TiO2.  

Table 2. Properties of TiO2
	Appearance
	White powder

	Crystal structure
	Mischcrystal TiO2 (approximately 75% of Anatase and 25% of Rutile)

	TiO2 Content
	>96

	Photocatalytic efficiency
	≥68


2.2. Preparation of TiO2-based photocatalysts
 The TiO2 concentration at 0.3% was adopted by Yang et al. (2017) for the photocatalytic depollution test. However, the ideal or optimized TiO2 concentration was not identified. As a step forward from the study of Yang et al. (2017), the TiO2 solution with concentration up to 0.6% was prepared by ultrasonically dispersing TiO2 powders into distilled water. RCAs were soaked in the solution for 24 hours and then removed to be dried under the controlled temperature of 105℃. Fig. 1 shows the TiO2 solution and recycled coarse aggregates (RCAs) soaked with TiO2.
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(a) TiO2 solution with concentration at 0.6%   (b) RCAs soaked with TiO2

Fig. 1. Preparation of RCAs soaked with TiO2

After obtaining RCAs soaked with TiO2, the method of aggregates coated with cement pastes described by Ping and Beaudoin (1992) was followed to produce pervious concrete containing TiO2-soaked RCAs. Fig. 2 describes the detailed steps of pervious concrete preparation.  
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Fig.2. Workflow of preparing pervious concrete containing TiO2-soaked RCAs

According to Fig. 2 and following the mix design procedure, RCAs were initially immersed in theTiO2 solution to obtain the TiO2-soaked RCAs for later concrete mixing. Then the natural aggregates, 50% of the mixture water, and TiO2-coated RCAs were added into the mixer. The mixing time was 30s in order to have the aggregates uniformly wetted. Then the cementitious materials were added to the mixer for another 60s’ mixing in order to have the binder materials wrapping the aggregate surface. Finally, the remaining 50% of the mixture water and the superplasticizer were added to the mixer for another two minutes’ mixing. 

2.3. Orthogonal arrays and Taguchi method 

The orthogonal array design adopting the Taguchi method (ReliaSoft, 2012) was adopted as the statistical approach to identify the optimal mix design of pervious concrete according to the compressive strength. Taguchi method, also known as orthogonal array design method, is a broadly accepted method in design of experiment, which has proven in producing high-quality outputs at subsequently low cost (Davis and John, 2018). The Taguchi Orthogonal Array is a highly fractional orthogonal design based on a design matrix and allows the selection of subset of combinations of multiple factors at multiple levels (ReliaSoft, 2012),  for example, replacement ratio of fly ash to Portland cement (FA%), the replacement ratio of RCAs to NCAs (RCA%), and water-to-binder (w/b) ratio in this study. The experiments required to complete this statistical test is relatively small, such as nine experimental groups in this study. The Taguichi Orthogonal Array method, generally based on uniformly distributed datasets, can be combined with range analysis and analysis of variance (ANOVA) to evaluate the significance of the effect of each independent variable on the dependent variable. More detailed descriptions and steps to conduct the Taguchi method can be found in Koschan and Antony (2006). 

Following the Technical Specification for Application of Pervious Recycled Aggregate Concrete (China Architecture & Building Press, 2016), the compressive strength of pervious concrete should not be lower than 20 MPa. The compressive strength of pervious concrete should be considered of fundamental importance before conducting further photocatalytic environmental tests. In this study, the orthogonal array design was only applied in determining the optimal mix design to achieve the required compressive strength before conducting the further photocatalytic tests.

The key to orthogonal design is the selection of the orthogonal table. The orthogonal table is denoted as Ln(ap), where L represents an orthogonal table; n denotes the number of rows in the table, which is also the number of experimental sets; p is the number of columns in the orthogonal table, which is also the maximum number of factors that can be arranged in the table; a indicates the number of levels taken by each factor. In this study, the orthogonal table consisting of four factors and three levels denoted as L9 (34) was defined. The four factors of w/b ratio, coarse aggregate-to-binder ratio, FA%, and RCA% were selected. These three levels and four factors are shown in Table 5.

2.4. Test facilities 
The  compressive strength of concrete specimen in this study was tested following Standard for Test Method of Mechanical Properties on Ordinary Concrete (2002). The cubes with dimensions of 100 mm ×100 mm×100 mm were prepared for the compressive strength test, with the loading rate at 0.4 MPa/s.  The permeability coefficient of pervious concrete was tested following Technical Specification for Pervious Cement Concrete Pavement (2009). The detailed test procedure is described in the following steps: (1) placing the concrete specimen in the vacuum barrel, evacuating it to reach the pressure of (90±1) kPa, and keeping it for 30 minutes; (2) adding water to the vacuum barrel to make the water level higher than the specimen by 100 mm; and (3) stopping vacuuming for 20 minutes and removing the sample from the vacuuming barrel. Afterwards, following the schematic diagram illustrated in Fig. 3, the test specimen (denoted as 5 in Fig. 3) is placed in the cylinder (i.e., 8). The frame denoted as 4 in Fig. 3 is placed in the overflow water tank (i.e., 3). Then the water inlet (i.e., 1) is opened. The water flows through the cylinder (i.e., 8) and passes through the pervious concrete specimen (i.e., 5) into the overflow flume (i.e., 3) until water in the cylinder (i.e., 8) starts being discharged through the overflow pipe (i.e., 2). The water inflow amount is then adjusted to balance the water inlet (i.e., 1) and the overflow pipe (i.e., 2), Finally, the water amount (denoted as Q) in the graduated cylinder (i.e., 6) and the water-head difference (denoted as h) in the steady period are recorded. The temperature (denoted as T) at the same time is also recorded.
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Fig.3. Schematic diagram for the test of permeability coefficient of pervious concrete

The water permeability coefficient is then calculated according to Equation (1),
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                                                                     Equation (1)

where KT means the water permeability coefficient at water temperature of T; Q1 denotes the water amount flowing through the pervious concrete specimen by the time interval of t; L is the thickness of the permeable concrete specimen; and A is the cross-sectional area of the specimen.

The microstructure of pervious concrete was observed using Phenom Pro as the desktop SEM (i.e., scanning electron microscope).

The schematic diagram of the laboratory setup to measure NO degradation by applying the TiO2-coated pervious concrete is demonstrated in Fig.4.
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1: Gas supply source; 2: Reactor; 3: UV light source; 4: Exhaust analyzer; 5: Rubber ring; 6: Screws; 7: Airway; 8: Air inlet; 9: Air outlet; 10: Transparent gate; 11: Valve; 12: Reflective sheltering; 13: specimen

Fig.4. Schematic diagram of experimental test facility to measure NO degradation

Following Test Method of Photocatalytic Materials for Air Purification (2009), the test facility for the experimental measurements of NO degradation was prepared as shown in Fig.5. The photocatalytic tests of degrading NO were performed following Measurement Method for Photolysis Performance Index of Photocatalytic Nano-Materials (2013).
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Fig.5. Experimental tests of applying pervious concrete specimen containing TiO2-coated RCAs to degrade NO
The test facility shown in Fig.5 mainly consists of NO cylinder, reactor, UV light source, the iron-made cubic box, and exhaust gas analyzer using the FGA-4100 mode.. The parameters of the exhaust gas analyzer is displayed in Table 3.

Table 3. Parameters of FGA-4100 mode exhaust gas analyzer

	Gas for test
	HC
	CO
	CO2 (%)
	O2 (%)
	NOx(ppm)

	Test method
	Spectrophotometric Infrared Absorption Method 
	Principle of electrochemistry

	Measuring range
	0-12000
	0-10
	0-20
	0-25
	0-400

	Resolution ratio
	1
	0.01
	0.1
	0.1
	1

	Drift range /h
	±4
	±0.02
	±0.2
	±0.2
	


  The iron-made cubic box  was manufactured as the sheltering device to prevent natural lighting coming into the reactor. The exhaust gas analyzer was used to test the NO degradation. The NO degradation rate was calculated using Equation (2):
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The experimental procedure based on Fig. 5 and schematic diagram shown in Fig.4 is described in the following six steps: (1) placing the concrete specimen in the reactor, tightening the sealing screw, and checking the air tightness; (2) opening the outlet value and the intake valve in the reactor, opening the air pump of exhaust gas analyzer, and discharging the gas in the reactor, the intake pipe, and the outlet pipe; (3) closing the air pump when the gas concentration becomes constant in the exhaust gas analyzer; (4) opening the valve of the NO cylinder, adjusting the size of the cylinder valve, observing the change of NO concentration on the exhaust gas analyzer and waiting for the NO concentration to stay unchanged, recording the initial concentration value, and then turning on the UV light source at the top of the iron-made cubic box; (5) recording the NO concentration change on the exhaust gas analyzer once every three minutes until the NO concentration remains unchanged within nine minutes; and (6) recording the final concentration value, turning off the light source, and closing the NO cylinder value. 

It should be noticed from Fig.4 and Fig.5 that the pervious concrete specimens under tests were with the four sides unsealed. Several previous studies on the photocatalytic performance of concrete specimens (e.g., Lee et al., 2014; Wang et al., 2015; and Xu et al., 2018) were also found without the four sides of concrete specimens sealed to eliminate the effects from side surfaces which could also be exposed to lighting.  The experimental procedure was designed with four sides of concrete specimens unsealed so as to allow the comparison between this study and these prior studies in terms of the photocatalytic performance. As seen in Fig.4 and Fig.5, the confined space with an inside UV light source could allow mainly the top surface of the concrete specimen exposed to UV light, whilst the four sides of surfaces would have significantly lower exposure to UV light. Recognizing the limitation regarding the four sides of specimens unsealed, future work could test the side effects by also sealing the four sides of pervious concrete specimens for photocatalytic experiments.   
2.5.  Experimental study of pervious concrete exposed to rain wash

It is known that the pavement’s photocatalytic performance will be diminished when exposed to outdoor adverse conditions such as rainwater wash. The TiO2 particles attached to the surface of aggregates can easily move to the concrete surface. Under adverse outdoor weather condition (e.g., heavy rain), these TiO2 nano particles could be washed away by rain, causing the loss or reduced photocatalytic effect of concrete products. The experimental work was designed in this study to investigate the photocatalytic performance reduction of pervious concrete containing TiO2-coated RCAs. Fig. 6 and Fig. 7 display the schematic diagram and the facility of applying rainwater to wash pervious concrete. 
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1: Sprinkler; 2: Rainwater flow; 3: Rainwater gauge; 4: Funnel; 5: Volumetric cylinder; 6: Permeable mesh; 7: Concrete specimen
Fig.6. Schematic diagram of rainwater wash facility for the test of pervious concrete
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(a) Rain gauge                       (b) Facility for rain wash

Fig.7. Rain wash facility for the experimental study of pervious concrete

The rain gauge (Model No. J16022) is a tool for measuring the rainfall. It consists of rain inlet, a funnel, a water storage tank, and the specialized measuring cup. It was placed in the rainfall experimental test site. The rainwater fell into the rain inlet and was collected by the storage tank through the funnel. After the rainfall stopped, the water in the storage tank was measured in the measuring cup. The experimental precipitation was set at 25 cm per day or equivalent to 10.4 mm/hour, which is considered heavy storm according to United States Geological Survey (2018). The pervious concrete specimens, with surface area dimension of  300mm by 300mm and thickness of 50 mm, received the precipitation of 6 cm3 in 10 minutes during the experiment. Adopting this precipitation rate, the NO degradation rates before and after rainwater wash were obtained to measure the deterioration of photocatalytic performance of pervious concrete. The simulation of heavy storm rainfall for each test specimen was controlled at 10 min to ensure that all tests were under the same rainfall conditions. The 10-min period is considered reasonable in simulating the real-life heavy storm, which is generally with high intensity of rainfall but in a short period. Actually, the real-life heavy storm may be with a non-uniform pattern and unrealistic for comparative studies of different concrete specimens. Therefore, the current experimental setup for the rainfall test is considered realistic for studying the photocatalytic performance change of pervious concrete with different concentrations of TiO2.  

3. Results

3.1. Photocatalytic performance of RCAs coated with TiO2
Using the desktop SEM, the nano TiO2 particles attached into the voids of RCAs were observed as shown in Fig. 8.  
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Fig.8. Microstructure of observing TiO2 particles absorbed into the internal voids of RCAs (Scale at 50,000:1). 
Fig.8 captured TiO2 particles attached to RCAs’ voids from different angles and locations within pervious concrete. As can be seen in Fig.8, the porous mortar attached to the surface of RCAs could absorb nano TiO2 particles after soaking RCAs into TiO2 solution and drying them. 

This research started by comparing the photocatalytic performance between RCAs and NCAs. As shown in Fig.9 and Fig.10, NCAs and RCAs with three different sizes (i.e., 15-20 mm, 10-15 mm, and 5-10 mm) were obtained to test their NO degradation performance.
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(a)                        (b)                      (c)

Fig.9. RCA sized at (a)15-20 mm, (b) 10-15 mm, (c) 5-10 mm
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(a)                       (b)                      (c)

Fig.10. NCA sized at (a) 15-20 mm, (b) 10-15 mm, (c) 5-10 mm

Following the procedure described in Section 2.2, these six different types of coarse aggregates were soaked in TiO2 solution with the concentration at 0.6%.  

The photocatalytic experimental facility described in Figs. 5 and 7 was applied to each type of TiO2-soaked aggregate to test the NO degradation rates. Table 4 lists and compares the NO degradation performance between NCAs and RCAs.

 Table 4. Comparison of photocatalytic performance between RCAs and NCAs

	Aggregate size
	5-10 mm
	10-15 mm
	15-20 mm

	RCA
	80.6%
	74.4%
	71.4%

	NCA
	66.6%
	67.7%
	62.3%


It can be seen from Table 4 that both RCAs and NCAs coated with TiO2 could degrade NO. However, RCAs outperformed NCAs in its photocatalytic reaction. The superior performance of RCAs was mainly due to two reasons. Firstly, the internal voids of RCAs could store TiO2 to allow more photocatalytic reactions. Secondly, TiO2 can be more easily loaded into RCAs surface because of mortar attached to its surface as shown in Fig.9. NCAs, in comparison, have a less rough surface and are hence more difficult to have TiO2 attached to them. Further comparing the photocatalytic performance of the same type of aggregate with different sizes reveal more findings. TiO2 could be absorbed either into the internal voids or surface of RCAs. RCAs with smaller sizes would have more internal porosities and higher specific surface area to absorb more TiO2. Therefore, as the size of RCAs increases, the photocatalytic performance would decrease due to the reduced internal porosities and lower specific surface area. Different from RCAs, NCAs have little internal porosity. The TiO2 particles could only be attached to the surface of NCAs, hence the effects of NA size on the photocatalytic performance turned out less significant. As seen in Table 4, the photocatalytic performance for NCAs sized between 5-10mm and 10-15mm was least significant, although there was a minor reduction of photocatalytic performance when the NCA size reached 15-20 mm.   
3.2. Mix design of pervious concrete adopting RCAs 

According to Technical Specification for Application of Pervious Recycled Aggregate Concrete (China Architecture & Building Press, 2016), the replacement ratio of RCAs to NCAs (RCA%) should not be lower than 30%, water-to-binder (w/b) ratio should be between 0.25 and 0.35, and the replacement ratio of fly ash to Portland cement (FA%) should not be higher than 30%. The w/b ratio and coarse aggregate-to-binder ratio (a/b) are considered critical factors affecting the mechanical properties of pervious concrete (Shi et al., 2016). Therefore, the four factors (i.e., RCA%, w/b, FA%, and a/b) were decided. Following the orthogonal table in the form of L9 (34) , three levels were confirmed for the four factors. Further based on the researchers’ own prior trials, the levels for each factor shown in Table 5 were determined by the research team. For example,  should not be lower than 0.27 to maintain the workability of pervious concrete containing RCAs.  

Table 5. Parameters defined in the orthogonal experimental design

	Level
	Independant variables

	
	(A) w/b
	(B) a/b
	(C) FA%
	(D) RCA%

	(a)
	0.27
	3
	5%
	30%

	(b)
	0.3
	3.3
	10%
	50%

	(c)
	0.35
	4
	20%
	70%


Based on the orthogonal design defined in Table 5, nine experimental tests were performed covering different combinations of these four independent variables. The compressive strength and photocatalytic performance measured by NO degradation rates were tested and summarized in Table 6. 

Table 6.Experimental arrangement and range analysis for comprehensive strength of pervious concrete
	Experiment No.
	(A)
	(B)
	(C)
	(D)
	Index
	NO

Degradation rate

	
	w/b
	a/b
	FA%
	RCA%
	Compressive strength (MPa)
	

	1#
	0.27(a)
	3(a)
	5%(a)
	30%(a)
	9.0
	47%

	2#
	0.27(a)
	3.3(b)
	10%(b)
	50%(b)
	6.8
	62%

	3#
	0.27(a)
	4(c)
	20%(c)
	70%(c)
	2.2
	38%

	4#
	0.3(b)
	3(a)
	10%(b)
	70%(c)
	7.1
	14%

	5#
	0.3(b)
	3.3(b)
	20%(c)
	30%(a)
	4.4
	18%

	6#
	0.3(b)
	4(c)
	5%(a)
	50%(b)
	7.4
	52%

	7#
	0.35(c)
	3(a)
	20%(c)
	50%(b)
	19.8
	33%

	8#
	0.35(c)
	3.3(b)
	5%(a)
	70%(c)
	13.8
	10%

	9#
	0.35(c)
	4(c)
	10%(b)
	30%(a)
	9.2
	17%

	Range Analysis
	Index
	Index
	Index
	Index
	---
	---

	KI
	6.000
	11.967
	10.067
	7.533
	
	

	KII
	6.300
	8.333
	7.700
	11.333
	
	

	KIII
	14.267
	6.267
	8.800
	7.700
	
	

	Y
	8.267
	5.700
	2.367
	3.800
	
	


The range analysis of orthogonal test was performed following the procedure described in Xu (2015). In Table 6, Ki denotes the average comprehensive strength for a certain variable at Level i (e.g., I, II, or III). By comparing and evaluating the index values (i.e., compressive strength) at Ki, the optimal level of variables can be confirmed. The parameter Y, as shown in Table 6, is computed following Equation (3),

                                                 Y (MPa)= 
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 The parameter Y shows the effect of variables on the compressive strength. A high Y value of corresponding to a certain variable (e.g, w/b) means that this variable has a relatively strong effect on the compressive strength. The significance of each independent variable on the compressive strength was tested using ANOVA (i.e., analysis of variance) as shown in Table 7. The three different key threshold values (i.e.,  KI, KII, and KIII) linked to the different variables are displayed in Figs.11-13. 
Following the experimental data collected in Table 6, a F-test based on ANOVA  was performed to evaluate the impact of each independent variable on the compressive strength of pervious concrete. As displayed in Table 7, the related F value is a key parameter of ANOVA. The F value was computed following Equation (4),
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where SA denotes the sum of squared deviations of factors; fA  is the degree of freedom of factors; Se is the sum of squared deviations of experimental errors; and fe means the degree of freedom of experimental errors. Using the F-test to evaluate the effects of independent mix design variables on concrete strength can be found in several existing studies (e.g., Jin et al., 2018b). 

The null hypothesis was that the given independent variable did not have a significant effect on pervious concrete strength. The null hypothesis would be declined if the obtained F value is equal to or higher than the critical F value at defined levels of significance (i.e., 0.05, 0.1, and 0.25 in Table 7). A higher F value would indicate that the given independent variable had a more significant impact on the compressive strength of pervious concrete. 

Table 7. ANOVA for comprehensive strength

	Indepen-dent variable
	Sum of squares
	Degrees of freedom
	Variance
	F value
	p value
	F value at defined level of significance
	Evaluation of significance

	w/b
	131.6792
	2
	65.84
	15.74
	0.01
	
	Most significant

	
	
	
	
	
	
	     F0.05(2,4)=6.94
	

	a/b
	49.9832
	2
	24.99
	5.97
	0.06
	
	Significant

	
	
	
	
	
	
	F0.1(2,4)=4.32
	

	RCA%
	27.7152
	2
	13.86
	3.31
	   0.14
	
	Less significant

	
	
	
	
	
	
	F0.25(2,4)=2.00
	

	FA%
	8.3672
	2
	4.184
	1.00
	
	
	Least significant

	    Error
	8.3672
	2
	4.18
	
	
	
	

	Correc- tion Error
	16.7344
	4
	4.18
	
	
	
	

	Total
	226.112
	
	
	
	
	
	


As seen in Table 7, there are three threshold F values corresponding to the three different levels of significance. The three different threshold values define the significance of each independent variable in one of the four different categories (i.e., “most significant” if the F value is higher than 6.94; “significant” if the computed F value is between 4.32 and 6.94; “less significant” if the F value is between 2.00 and 4.32; and “least significant” if the F value is lower than 2.00. It can be seen from Table 7 that w/b (i.e., water-to-binder) ratio has the highest impact on concrete strength, followed by a/b (i.e., aggregate-to-binder ratio), replacement ratio of RCAs, and fly ash percentage. As seen in Fig. 11, the compressive strength of pervious concrete on Day 28 increased with w/b ratio. 
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Note: the definition of Ki in Figs.11-13 is consistent with what has been defined in Table 6. 

Fig. 11. 28-day compressive strength of pervious concrete at different w/b ratios

The trend of compressive strength change with w/b ratio in pervious concrete turned out different compared to that in conventional concrete due to the fact that the strength growth in pervious concrete does not follow Bolomey’s equation (Bolomey, 1927). Instead, pervious concrete is designed to have voids to allow moisture to permeate through it. The higher porosity within pervious concrete causes strength reduction. The strength developed within pervious concrete is based on contact points connected within its internal structure and the bonding strength at connections (Zhong and Wille, 2016). Pervious concrete produced in this research was based on the method of coating aggregates with cement paste (Ping and Beaudoin, 1992). A lower w/b ratio would cause insufficient hydration of cementitious materials, leading to lower bonding strength at connections. RCAs would absorb more moisture than NCAs in this study, causing inadequate hydration of cementitious materials at contact point connections and resulting in lower strength developed.  

The effect of a/b ratio on concrete compressive strength is shown in Fig. 12. A negative relationship between a/b ratio and compressive strength can be observed. As indicated in Fig.12, when a/b ratio is higher than 4.0, there would be insufficient cementitious materials covering aggregate surfaces, causing their inadequate hydration which further leads to lower bonding strength at contact points.  
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Fig.12. 28-day compressive strength of pervious concrete at different a/b ratios

The effect of RCA% (i.e., replacement ratio of RCAs to NCAs) on concrete strength is illustrated in Fig. 13. It is seen in Fig. 13 that the compressive strength of pervious concrete would first increase with RA% until it reaches 50%, and then decrease as RA% continues increasing.  
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Fig. 13. 28-day compressive strength of pervious concrete at different replacement ratios of RCAs

Consistent to the earlier study performed by Jin et al. (2018a), Xu and Sun (2011), and Xu et al. (2018), lower replacement ratios of RCAs could increase the concrete strength due to the fact that RAs had their positive effects (e.g., internal curing) in developing concrete strength. This positive effect of RAs on concrete strength was not affected by adding TiO2 particles (Xu and Sun, 2011). However, as the RA replacement ratio increases, the negative effects of RAs would outweigh their positive impacts, due to RA’s lower quality in terms of their physical properties and weak interfacial transition zones identified by earlier studies (Lei et al., 2018; Li et al., 2017; Limbachiya et al., 2000). As a result, a higher percentage (i.e., over 50%) of RCAs replacing NCAs would decrease concrete strength. 

The optimized mix design for pervious concrete containing TiO2-coated RCAs is therefore identified in order to achieve the highest compressive strength. Table 8 lists the optimized mix design.

Table 8. Optimized mix design of pervious concrete in this study

	w/b
	a/b
	FA%
	RCA%
	Compressive strength on Day 28 (MPa)
	 Water permeation coefficient (mm/s)
	NO degradation rate (%)

	0.35
	3
	5%
	50%
	21.6
	12.5
	37.4


3.3. Effects of TiO2 concentration on NO degradation rates of photocatalytic pervious concrete 

The optimized mix design parameters identified in Table 8 were then adopted to produce pervious concrete with RCAs containing nano particles from different concentrations of TiO2 solution. The photocatalytic performance in terms of NO degradation rates were tested and measured both before and after the 10-min heavy rainwater wash adopting the precipitation rate described in Section 2.5. Six different concentrations (i.e., 0%, 0.1%, 0.2%,0.3%, 0.4%, and 0.5%) of TiO2 solution were studied in order to identify the optimized concentration for achieving the highest photocatalytic performance. Data collected from photocatalytic tests are summarized in Table 9.

Table 9. Photocatalytic performance of pervious concrete containing RCAs soaked at different concentrations of TiO2 solution

	Test No.
	TiO2 solution concentration
	NO degradation rate before rainwater wash 
	NO degradation rate after 10-min rainwater wash

	T-0
	0
	0
	0

	T-1
	0.1%
	61.4%
	40%

	T-2
	0.2%
	63.6%
	44.30%

	T-3
	0.3%
	70%
	49.60%

	T-4
	0.4%
	52.2%
	41.50%

	T-5
	0.5%
	42.2%
	31.10%


The highest NO degradation rate was achieved at 70%. Compared to the photocatalytic performance of concrete specimens containing TiO2 nano particles in some previous studies, e.g., NO degradation rate at 17.6% in Xu et al. (2018), 32%-56% in Mahy et al. (2019), and 62% in Yang et al. (2019), this study achieved the highest NO degradation rate by adopting TiO2-soaked RCAs in the mix design of pervious concrete. 

It is also indicated from Table 9 that the photocatalytic performance of pervious concrete containing TiO2-coated RCAs did not always increase with the concentration of TiO2 solution. Instead, there was an optimized TiO2 solution concentration identified at 0.3%. The highest NO degradation rate was achieved at 70% when 0.3% concentration of TiO2 solution was used to soak RCAs. Compared to the photocatalytic performance of ready-mix concrete in the study of Xu et al. (2018) where the NOx degradation rate was below 20%, applying TiO2-coated RCAs could significantly increase the air pollutant degradation rate. The photocatalytic performance of pervious concrete would be decreased when the concentration of TiO2 solution was higher than 0.3%. This could be due to the fact that the TiO2 concentration over 0.3% decreased the permeability of pervious concrete as evidenced by the experimental tests. In this study, following the experimental test procedure illustrated in Fig.3 and Equation (1), the permeability coefficients for pervious concrete specimens with TiO2 concentrations at 0.3%, 0.4%, and 0.5% were 15.45 mm/s, 14.78 mm/s, and 13.36 mm/s respectively. It was indicated that the increased TiO2 concentration reduced the permeability coefficients of pervious concrete specimens, further decreasing the exposure of the photocatalytic nano-materials to UV light. As a result, the photocatalytic performance was lowered. To further validate the effects of TiO2 concentration on pervious concrete’s photocatalytic performance, the micro-structures of pervious concrete with RCAs containing TiO2 particles from the five different concentrations of TiO2 solution are captured in Fig. 14.   
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(a) Concrete microstructure observed with RCAs soaked in 0% concentration of TiO2 solution
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(b) Concrete microstructure observed with RCAs soaked in 0.1% concentration of TiO2 solution

[image: image30.jpg]


[image: image31.jpg]



(c) Concrete microstructure observed with RCAs soaked in 0.2% concentration of TiO2 solution
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(d) Concrete microstructure observed with RCAs soaked in 0.3% concentration of TiO2 solution
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(e) Concrete microstructure observed with RCAs soaked in 0.4% concentration of TiO2 solution
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(f) Concrete microstructure observed with RCAs soaked in 0.5% concentration of TiO2 solution

Fig. 14. Micro-structure of pervious concrete containing TiO2-coated RCAs soaked in different concentrations of TiO2 solution 

It can be observed from Fig. 14 that when using RCAs after being soaked into 0% concentration of TiO2 solution, the cement hydration products appeared large but not solid. According to Fig. 14-b) and c), the nano feature of TiO2 particles formed cores during cement hydration, increasing the forming rates of cement crystals and also reducing the size of hydration products(Chandrappa and Biligiri, 2016). When the 0.3% concentration of TiO2 solution was used to soak RCAs, TiO2 not only accelerated the formation of dense hydration layer on cement surfaces, but also formed globular-shaped hydration product (Chen et al., 2011) outside the hydration layer as seen in Fig.14-c). However, as the concentration of TiO2 solution continued increasing from 0.3%, the calcium meteorite (i.e., AFt) increased rapidly and consumed TiO2 particles, and further reducing the photocatalytic effect of concrete.

The effect of the concentration of TiO2 solution on cement hydration displayed in Fig. 14 can be further illustrated in Fig. 15.When the concentration of TiO2 solution was lower than the optimized value (i.e., 0.3%), the hydration layer formed outside the cement surface. The globular hydration products would be formed when the concentration was close to 0.3%. Further increasing the concentration of TiO2 solution would form more TiO2-driven cores, and even create a secondary layer by connecting these cores. The calcium meteorite could also be formed as a result. It can be further seen in Fig. 14-f) and Fig.15-c) that some TiO2-driven whiskers were formed after soaking RCAs in higher concentration of TiO2 solution. These whiskers could be found in both the surface and inner of RCAs. RCAs could provide the internal voids to accommodate whiskers and further enhancing concrete strength growth (Xu et al., 2018).
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(a) Concentration of TiO2 solution lower than 0.3% 
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(b) Concentration of TiO2 solution at the optimized value of 0.3% 
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(c) Concentration of TiO2 solution higher than 0.3% 
Fig. 15. Illustration of cement hydration product formation at different concentrations of TiO2 solution 

The photocatalytic performance of pervious before and after the 10-minute heavy rainwater wash was compared as seen in Fig. 16. 
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Fig. 16. NO degradation rates of pervious concrete specimens before and after 10-min heavy rainwater wash 

According to Fig. 16, the photocatalytic performance of all specimens was reduced after 10-min rainwater wash, with the reduction of degradation rates of NO ranging from 20% to 35%. Rainwater wash reduced the nano TiO2 particles. It was also found that pervious concrete with RCAs soaked in 0.3% TiO2 solution still achieved the highest degradation rate (i.e., 49.6%) after 10-min rainwater wash. 

4. Conclusion

This research focused on applying the TiO2-soaked RCAs in pervious concrete by investigating its impacts on concrete mechanical strength as well as photocatalytic performance. The effects of nano TiO2 particles on cement hydration were investigated through observation of concrete microstructure. Main findings are summarized below:

· Compared to NCAs, the porosity and rough surface of RCAs enabled nano TiO2 particles being attached to them and further improved the photocatalytic effect. Smaller-sized RCAs, due to their higher specific surface area, would have better photocatalytic performance. 

· The optimized mix design of pervious concrete adopting TiO2-soaked RCAs was identified through orthogonal experimental design to achieve the highest compressive strength: water-to-binder ratio at 0.35, aggregate-to-binder ratio at 3, fly ash percentage at 5%, and the replacement ratio of RCAs to NCAs at 50%. 

· RCAs were found with its positive effects on improving pervious concrete strength when its replacement ratio to NCAs were below 50%. 

· Six different concentrations of TiO2 solution were compared of their effects on the photocatalytic effects of pervious concrete. The optimized concentration was identified at 0.3% in order to achieve the highest NO degradation rate at 70%. 

· Microstructure observation revealed that TiO2 particles formed cores and enhanced the formation of globular cement hydration products when pervious concrete was produced from RCAs soaked in 0.3% TiO2 solution. But when the concentration was higher than 0.3%, especially when reaching 0.5%, more TiO2-driven cores and even whiskers would be formed, creating a secondary hydration layer and more calcium meteorites, the latter of which turned out reducing the concrete photocatalytic performance. 

· After a 10-minute heavy rainwater wash, the pervious concrete specimens with RCAs soaked in 0.3% concentration of TiO2 solution still displayed the highest NO degradation rate at nearly 50%, indicating a more durable photocatalytic performance.

This research addressed the gaps in applying concrete wastes for environmental protection by initiating a prototype of photocatalytic pervious concrete. RCAs were found with superior performance in absorbing photocatalysts (i.e., TiO2) for air purification purpose. The study also addressed the issue of durability of photocatalyst concrete under rain wash from the practical perspective, indicating that applying RCAs had multiple potential advantages including reusing wastes as well as improving photocatalytic performance with better durability. The photocatalytic pervious concrete products may require higher initial cost. Preparing RAs coated with photocatalyst nano particles may also ask extra effort in the concrete mixture process. The economical, environmental, and technical aspects of the photocatalytic pervious recycled aggregate concrete need to be considered in a holistic approach. 

Future research would also extend the current research in applying photocatalysts-coated RCAs in self-cleaning concrete for air purification uses. More applications of concrete members can be developed with photocatalytic functions, such as precast concrete components.  It should be noticed that the application of pervious concrete containing photocatalysts-coated RCAs is not limited to air purification, but also water purification. More future studies could investigate the water purification performance of pervious concrete by utilizing RCAs coated with photocatalytic nano materials. 
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