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Abstract: Waste produced by the construction sector is a problem that has grown over the last few years. 

Construction and demolition waste makes up about 50% by mass of the total solid waste produced in 

Brazil. One alternative by which to reduce this volume is recycling this material in the form of aggregates. 

However, it is necessary to analyze the environmental risk that the use of recycled aggregates can entail 

for adjacent soil and the water table. The purpose of this work was to evaluate pervious concrete samples 

that contained recycled aggregates and to subject them to leaching tests. The results were compared with 

the limits established by the Italian methodology. Aggregates with 10, 25, 50, and 100% ceramic were 

used, as well as a recycled concrete aggregate and a natural aggregate. With the exception of the 25% 

ceramic trial, all the treatments introduced chromium to the water in which they were immersed, with 

accumulated concentrations varying from 0.009 to 0.099 mg L-1. Cadmium was found in higher quantities, 

with cumulated concentrations between 0.104 and 0.417 mg L-1. Sulfate concentrations were higher after 

24 h of immersion, with a maximum release of 71.7 mg L-1. The concrete made with 100% ceramic 

aggregate leached more chromium and sulfate than the other aggregates. 

Keywords: pervious pavement; CDW; porous concrete; ceramic content; water pollution.  

INTRODUCTION 

Civil construction is a sector that produces a significant amount of waste, accounting for a large part of 

total solid waste generation worldwide. In particular, construction and demolition waste (CDW) makes up 

more than 30% by mass of all solid waste generated in Europe [1]. In Brazil, CDW accounts for about 50% 

by mass of all solid waste produced, totaling 45 million tons per year [2]. 

HIGHLIGHTS 
 

 Recycled aggregates were used to produce pervious concrete. 

 Chromium and cadmium leached in recycled aggregate concretes. 

 Cr and sulfates leaching was higher in concrete produced with ceramic aggregate. 
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CDW production has become an issue in many countries, leading them to require the allocation of 

areas for the deposition of these materials. For example, construction waste in Brazil is taken to specific 

landfills where it is recycled and stored until it can be used [3]. For this reason, the use of CDW as a 

recycled aggregate is being studied [4]. In addition, this would avoid the extraction and grinding process of 

natural aggregates, resulting in decreased consumption of energy and lower CO2 emissions [5]. 

The high availability and low cost of natural aggregates often impede the search for alternative 

materials [6]. However, the increasing use of natural resources causes local shortages, leading to the need 

for the materials to be transported and for a corresponding increase in price. With time, CDW could 

become a more viable option for recycled aggregate production. 

Countries like Denmark, Estonia, Germany, and England recycle up to 75% by mass of all CDW 

produced [7]. Even though Brazil has an installed capacity to recycle up to 46% of the volume of CDW 

generated, it is estimated that only 21% is used in aggregate production [8]. 

CDW consists of waste generated from construction, demolition, and renovation activities. The vast 

majority of CDW comes from building demolitions. However, new construction also generates waste [5]. 

This waste is mainly composed of concrete fragments, brick, and ceramic materials; however, depending 

on the type of activity that is being performed and the materials used, different kinds of waste, including 

wood, glass, plastic, metals, and soils, can be found [9, 10]. 

CDW can also be used as a recycled aggregate for pervious concrete production. Pervious concrete is 

a material that has a pore volume of about 15 to 35%, which allows water to drain through its interior [11, 

12]. Tennis, Leming and Akers [13] affirms that because of this property, pervious concrete is an alternative 

for urban drainage systems. Reduction of runoff, groundwater recharge, and ambient temperature balance 

are some of the advantages of using this material [13].  

The aggregate used in pervious concrete usually has a uniform particle size distribution, as this 

property yields a higher pore volume and ensures greater concrete permeability [14, 15]. The grain size of 

the aggregate can vary. Nonetheless, aggregates with uniformed larger dimensions provide this material 

with higher permeability [15, 16]. The most commonly used aggregates are those with dimensions between 

1.18 and 19 mm, as determined using standardized sieves over a range of mesh sizes [13]. Results 

obtained by Ramezanianpour and Joshaghani [15] show that aggregates with dimensions from 9.5 to 12.5 

mm can provide concrete with good permeability and compressive strength.  

Recycled concrete aggregates (RCAs) and mixed recycled aggregates can release heavy metals 

because of material leaching when they are used in pavement subbases [17]. The authors found chromium 

and sulfate after water passed through the aggregate, thereby simulating rainwater percolation. Jacob, 

Rocha, Cheriaf and Schaefer [18] also confirmed the presence of chromium, arsenic, zinc, and cadmium in 

leached water from conventional concrete made with recycled aggregates. Studies [19] shows that recycled 

aggregates with higher contents of ceramic tend to release higher quantities of chromium and sulfate. The 

main cause for pollutant release is contact with rainwater, which provokes leaching [20]. Although the 

mechanical performance of concrete containing waste has been studied [21], few studies have evaluated 

its environmental impact. 
In this sense, the purpose of this study was to analyze the quality of water leached from pervious 

concrete made with recycled aggregates containing ceramic material. Multiple incubation times were 
employed to yield as complete a picture as possible. 

 
MATERIAL AND METHODS  

Recycled aggregates 

For this study, five recycled aggregates and one natural aggregate were used to produce pervious 

concrete. The recycled aggregates were produced by mixing crushed ceramic bricks with CDW from a local 

recycling plant. The amount of ceramic material was adjusted to 10, 25, 50, and 100% of the total, 

corresponding to the treatments RA10, RA25, RA50, and RA100, respectively. The remaining treatments 

were characterized by the use of a natural aggregate of basaltic origin (NABO) and an RCA, obtained from 

crushing concrete samples. The aggregates were mechanically sifted to suit a uniform grain distribution 

between 9.5 and 12.5 mm. The chemical composition of the aggregates and cement paste were analyzed 

by X-ray fluorescence (XRF), as displayed in Table 1. 
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Table 1. Chemical composition of the aggregates and cement paste, as determined by XRF 

Material SiO2 Al2O3 Fe2O3 SO3 K2O TiO2 CaO MnO ZnO SrO 

Natural Aggregate 34.25 11.34 28.67 1.00 2.12 4.38 17.62 0.40 0.09 0.12 

Concrete Waste 30.85 8.25 20.79 1.53 1.88 3.37 32.55 0.56 0.06 0.17 

Ceramic Brick Waste 49.23 24.65 16.67 1.73 4.26 2.19 1.01 0.22 0.05 0.00 

CDW 39.97 7.12 8.22 1.83 3.98 1.52 37.11 0.20 0.06 0.00 

Cement Paste 8.98 1.96 6.05 2.06 0.70 0.77 78.90 0.51 0.07 0.00 

Pervious concrete 

The physical properties and leaching characteristics of the pervious concrete were evaluated. Each 

treatment underwent five replications. The concrete was obtained by mixing cement, coarse aggregate, and 

water; sand was not added. The pervious concrete was produced with CPII F-32 Brazilian Portland cement. 

The cement to aggregate ratio by mass was 1:5, and the water to cement ratio was 0.30. The concrete was 

molded into cylindrical samples of 5ϕ × 5 cm, which were compacted with a socket. The samples were left 

outdoors for a curing period of 28 days, after which a leaching test was performed. Wet curing practices 

were not used in order to avoid concrete leaching during this period. 

Leaching test 

The process for leaching analyses was based on methodology established by Italian legislation [22-24]. 

The five concrete replicates were immersed in a Becker glass that contained a volume of ultrapure water 

five times greater than the sample volume (approximately 590 mL). They were also kept in a refrigerated 

incubator at a temperature of 20 ± 5 ºC. Ultrapure water characteristics are displayed in Table 2. 

The immersion water was periodically changed over a total period of 16 days. The liquid was 

completely substituted after 24, 72, 168, and 384 h of incubation. At the end of each sampling period, 

analyses were carried out for each repetition, including pH (4500-H+ B), electrical conductivity (2510 B), 

total alkalinity (2320 B), chemical oxygen demand (COD) (5220 D), total solids (2540 B), and sulfate (4500-

SO4
2- C). The analyses were performed using the methodology established by Standard Methods [25]. 

 

Table 2. Physical and chemical properties of ultrapure water used for immersing the pervious concrete 

Replicate pH 
Electrical 

Conductivity 
(µS.cm-1) 

Total Alkalinity 
(mg CaCO3 L-1) 

COD 
(mg.L-1) 

SO4
2- 

(mg.L-1) 
Total solids 

(mg.L-1) 

1 6.43 1.15 2.0 0.0 0.0 0.0 

2 6.17 1.27 2.0 0.0 0.0 0.0 

3 6.36 1.09 2.0 0.0 0.0 0.0 

4 6.18 1.06 2.0 0.0 0.0 0.0 

5 6.15 1.06 1.0 0.0 0.0 0.0 

Average 6.26 1.13 1.8 0.0 0.0 0.0 

 

Concentrations of chromium, cadmium, copper, lead, and zinc were determined by flame atomic 

absorption. Leaching tests were completed immediately after collecting the sample, except for the heavy 

metals. Three replications were used in order to determine the heavy metal concentrations. These samples 

were stored for a maximum of five months at room temperature, after acidification with nitric acid down to 

pH < 2.0. 

Statistical analysis 

For every time-based sample, the five replications of leachate characterization and three replications of 

metal concentration analysis were submitted for analysis of variance at a significance level of 5%. 

Averages were verified by the Tukey test, at a significance level of 5%.  

RESULTS AND DISCUSSION 

Table 3 shows the average results for the leachate characterization, presented as the average of the 

five samples. There were statistical differences between the different concrete samples. The amount of 
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ceramic in the recycled aggregate interfered with the pH, electrical conductivity, alkalinity, and sulfate 

concentration. There was low variation in COD and total solids between the treatments. 

Concrete composition and leaching 

The aggregate used for the pervious concrete is covered by a layer of cement paste with 

interconnected pores. These are formed by the spaces between the grains in the aggregate. On its first 

contact with water, the cement paste is subject to leaching, which tends to occur more intensely due to the 

greater surface area of the pervious concrete when compared to conventional concrete. 

The hardened cement paste is mainly composed of calcium silicate hydrate (CSH), which is a 

compound that is not very well defined [26]. About 20 to 25% of the volume of the cement paste consists of 

Ca(OH)2 (portlandite), whereas 15 to 20% of the volume is taken up by calcium sulfoaluminates [27]. This is 

consistent with the cement paste composition obtained by XRF (Table 1) where CaO and SiO2 were the 

main compounds detected. 

Concrete leaching happens initially with the dissolution of Ca (OH)2 from the cement paste and the 

release of Ca2+ and hydroxide ions, thereby increasing porosity [28, 29]. Since portlandite is highly soluble 

in pure water, it is the most susceptible to leaching [27]. As a consequence, part of the calcium connected 

to CSH may also leach. However, these alterations are not significant in the nanoporosity of the solid phase 

[30]. Leaching of Ca(OH)2 may justify the changes in the physicochemical properties of the water since the 

first leachate extraction (Table 3). 

 

Table 3. Average results of the physicochemical leachate characterization of the different types of concrete, after 

immersion in ultrapure water for 24, 72, 168, and 384 h 

Treat. NABO RCA RA10 RA25 RA50 RA100 

pH 

24 h 11.59 b 11.53 b 11.92 a 11.91 a 11.37 b 10.93 c 

72 h 11.85 ab 11.74 b 12.07 a 11.98 a 11.26 c 10.96 d 

168 h 11.78 a 11.73 ab 11.95 a 11.84 a 11.46 bc 11.32 c 

384 h 12.11 ab 12.09 a 12.07 ab 11.91 b 11.50 c 11.35 c 

Chemical Oxygen Demand (mg.L-1) 

24 h 8.0 a 3.4 a 0.0 a 4.6 a 1.2 a 1.4 a 

72 h 10.8 a 6.1 a 10.6 a 8.5 a 0.1 a 9.6 a 

168 h 78.9 a 67.0 a 2.4 b 26.5 b 13.3 b 3.3 b 

384 h 0.3 a 16.4 a 7.1 a 16.8 a 3.6 a 6.1 a 

Sulfate (mg.L-1) 

24 h 21.3 b 29.6 b 30.0 b 22.5 b 45.6 b 71.7 a 

72 h 11.0 a 13.3 a 18.3 a 9.3 a 6.7 a 11.5 a 

168 h 9.2 a 9.8 a 22.2 a 8.5 a 6.1 a 2.7 a 

384 h 7.9 a 8.8 a 21.6 a 8.8 a 8.3 a 2.4 a 

Total Solids (mg.L-1) 

24 h 320 ab 453 ab 413 a 352 ab 256 b 280 b 

72 h 453 a 400 abc 384 ab 336 bc 304 bc 280 c 

168 h 424 ab 368 bc 488 a 432 ab 320 cd 264 d 

384 h 336 bc 408 ab 488 a 400 ab 288 bc 256 c 

Note: Averages followed by the same letter in a given row did not differ significantly from each other by the Tukey's 

test at 5%. 

pH  

During the first leachate extraction, all the samples presented alkaline character, with pH > 10.93 

(Table 3). The obtained values are consistent with the alkaline character of concrete; the pH of concrete 

pore solution tends to vary from 12.0 to 13.5 [31]. Sani, Fava, Moriconi and Ruello [22] confirmed that for 

conventional concrete, the leachate pH ranges from 10.30 to 11.40 during the first 24 h. pH increases 

rapidly in the first 100 minutes of contact with deionized water at a temperature of 20 ± 2 °C; the alkaline 

character comes from hydroxide and other ions, including Fe2+, Ca2+, Na+, and K+ [32]. This study assumed 
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that the leachate pH rises as a function of portlandite dissolution, increasing hydroxide and Ca2+ 

concentration. 

Concrete samples RA10 and RA25 exhibited the highest pH average (Table 3). There was a decrease 

in these values that was proportional to the higher ceramic content of the concrete. Nonetheless, 

reductions in pH values are likely caused by lower contents of cement paste. All the concrete samples were 

made with the same mass ratio; due to the lower specific mass of the ceramic, there is less cement paste 

per volume of concrete. The pH of the leachate maintained its alkalinity throughout the next round of 

testing. The average pH value tended to minimally increase as a function of the test time.  

It is important to note that in the long term, the leachate pH tends to drop because of the effect of 

carbonation on the concrete. This process occurs as a result of CO2 dissolving into the water in the pores 

most exposed to liquid [33]. Carbonic acid (H2CO3) forms, which, depending on the pH of the water, 

dissociates into bicarbonate (HCO3
-) and carbonate (CO3

2-) ions. The alkaline nature of concrete makes the 

pore solution susceptible to carbonation [34]. Portlandite is consumed in order to balance the pH of the 

concrete pore solution, in line with equation (1). If there is CO2 available, the released calcium will react 

with the carbonate ions, precipitating CaCO3, according to equation (2) [35]. 

 

Ca(OH)2(s) ⟺  Ca      (aq)
2+ + 2OH     (aq)

−  (1) 

Ca        (aq)
2+ + CO3     (aq)

2− = CaCO3(s) (2) 

Concrete carbonation causes the pH in the pore solution to decline. However, that process can 

progress slowly in natural environments [34, 36]. As shown in Table 3, this study did not observe drops in 

pH during the 16 day leaching test period. This might have resulted from the short test time, which would 

not have permitted a considerable carbonation process. Additionally, since the concrete remained 

immersed in water most of the time, it was difficult for CO2 to dissolve in the pore solution. 

Total alkalinity 

Leachate total alkalinity ranged from 99.6 to 273.0 mg of CaCO3 L-1 (Fig. 1), corresponding to the 

values of RA100 and NABO, respectively. The dissolution of Ca(OH)2 in the cement paste is also 

responsible for concrete leachate alkalinity, as confirmed by the lower total alkalinity levels in concrete with 

smaller quantities of cement paste.  

As opposed to the other treatments, the average alkalinity of the leachate for NABO and RCA dropped 

over the 16-day trial.  

 

Figure 1. Composition of the leachate total alkalinity for the different permeable concretes as a function of test time 

Despite variability in the alkalinity results, Figure 1 shows a tendency toward decreasing alkalinity 

between the RA10 and RA100 treatments. This was attributed to the different quantities of cement per 

volume of concrete. The NABO and RCA treatments presented intermediate values, which may have been 

caused by their different materials, namely natural aggregate and crushed concrete, respectively. On the 
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other hand, the RA10 and RA25 treatments exhibited higher alkalinity than the concrete samples. This is 

due to the presence of old concrete fragments, which were already subject to carbonation.  

Most of the alkalinity in the leachate was the result of the presence of hydroxide (Fig. 1). The amount of 

hydroxide was smaller for the RA50 and RA100 treatments, which can be explained by the smaller 

quantities of cement paste in those samples. NABO and RCA yielded similar physical characteristics, but 

NABO released more hydroxide in all four time intervals. This was likely the result of the greater pore 

volume when compared to the concrete used for RCA, which could have interfered with the leaching of the 

compounds in the cement paste. 

Electrical conductivity 

The average values of electrical conductivity varied from 278.1 to 625.3 µS cm-1 for the first leachate 

extraction. Figure 2 shows that the NABO treatment had higher electrical conductivity than the RCA, RA50, 

and RA100 treatments. The inclusion of recycled aggregates in pervious concrete did not result in a higher 

ion concentration. This can be attributed to cement paste leaching, as the process begins at the surface of 

the material, with dissolved compounds migrating to the exterior [28]. There was a tendency toward 

decreasing electrical conductivity with increasing ceramic material, according to Figure 2. 

 

Figure 2. Variation of electrical conductivity values in the samples after 24, 72, 168, and 384 h, as a function of the 

kind of aggregate used for the pervious concrete 

Electrical conductivity rose after 72, 168, and 384 h, except in the RA25 treatment (Fig. 2). This reveals 

that the leaching process of the concrete is continuous, with a release of compounds in the cement paste 

proportional to the amount of time of contact with water. Mehta and Monteiro [27] affirm that, in theory, the 

leaching of Ca (OH)2 from cement paste would continue until its total elimination, leaving the other 

compounds in the concrete susceptible to leaching. 

The RA10 and RA100 treatments demonstrated the same tendency in all four time intervals, with a 

decline in conductivity proportional to increases in ceramic content (Fig. 2). 
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COD 

COD in the concrete leachate was lower than 8.0 mg L-1 for the first 24 h of leaching (Table 3). The 

obtained results were justified by the lack of organic matter from the concrete and its constituents, except in 

cases where the aggregate was contaminated. There was no direct relation between the kind of aggregate 

used or the amount of ceramic and COD.  

In the same way, no relation was established between COD and the kind of aggregate used to produce 

the concrete samples. Likewise, COD showed no relation to elapsed time. In the extraction after 168 h, 

NABO and RCA treatments showed values significantly higher than the other samples. This could be the 

result of either sample contamination or errors in the experimental procedure. Additionally, the presence of 

ions like Fe2+ could have influenced the results, as described by the Standard Methods for the Examination 

of Water and Wastewater [25]. 

Sulfate 

Concrete RA100 leached 71.7 mg L-1 of sulfate after 24 h of contact with water, which corresponded to 

the highest value among the treatments (Table 3). Nonetheless, this value is under the limit of 250 mg L-1, 

as established by Italian methodology [24]. Concentrations are also below the maximum limit fixed by 

Brazilian standard NBR 10004 [37]. Unlike pH, EC, and alkalinity, the amount of sulfate released was 

dependent on the quantity of ceramic material in the concrete. This was confirmed by studies that verified 

higher concentrations of sulfate in the leachate of waste containing higher quantities of ceramic [38]. 

However, RCA concrete also discharged significant amounts of SO4
2-. Mortar in the fragments of recycled 

aggregate is also responsible for sulfate leaching [19].  

Sulfate concentrations were lower in the 72-h extraction, with a reduction of more than 50% in all 

treatments. Concentrations decreased up until the last extraction, demonstrating that the first contact 

between concrete and water is most critical with respect to SO4
2- leaching. After the second extraction, the 

RA10 treatment showed higher concentrations than the others. This was caused by sample contamination 

with gypsum fragments, which were observed and distinguished by the color of the material in the sample. 

Gypsum is also responsible for the presence of sulfate in CDW [19, 38].  

Total solids 

Total solids concentrations were between 280 and 453 mg L-1 for the first leachate extraction (Table 3). 

Between 67.6 and 80.8% of total solids consisted of fixed solids, which resulted from the dissolution of 

inorganic compounds in the concrete. Once again, total solids tended to decrease with increasing ceramic 

material.  

More generally, leachate total solids concentrations tended to increase. This occurred because of 

constant leaching of the compounds in the cement paste.  

Heavy metals 

Of the heavy metals that were analyzed, only chromium and cadmium were identified (Fig. 3A). There 

was variation in the release of metals as a function of both test time and ceramic content in the aggregate. 
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Figure 3. Average cumulative concentrations of (a) chromium and (b) cadmium in pervious concrete leachate as a 

function of the type of aggregate used, over the course of the 16-day leaching test period 

Chromium was found in all the leachate treatments with the exception of RA25 (Fig. 3A). RA100 gave 

the highest concentration of Cr, with about 0.083 mg L-1 in the extraction after 24 hours. Concrete produced 

with natural aggregates also leached chromium, but in smaller quantities. The higher chromium 

concentration in the RA100 treatment can be explained by the presence of the element in ceramic material. 

Cr leaching of up to 4.266 mg kg-1 was already observed in ceramic materials [19]. However, cement is 

partly responsible for this effect [17]. Milanez, Fernandes and Porto [39] indicated that metals such as 

chromium can be present in the clinker during cement manufacturing due to impurities in the raw materials 

and fuels used.  

After 72 h, there was very little increase in Cr concentrations, with the exception of RA100, which 

continued releasing larger amounts. After 168 and 384 h, cumulative Cr concentrations leveled out. 

Chromium leaching was more notable in the first 24 h after contact with water. According to Italian 

methodology [24], only the RA100 treatment exceeded the Cr limit of 0.050 mg L-1. 

A rapid release of cadmium was observed in the first 24 h of testing. All the treatments, including 

concrete that contained natural aggregate, exceeded the limit of 0.005 mg L-1 established by Italian 

methodology [24]. Unlike with chromium, cadmium leaching was not defined by ceramic content. This was 

confirmed by the more limited leaching of the element in the RA100 treatment. There were higher 

concentrations in the samples containing greater amounts of CDW and crushed concrete, suggesting that 

cement paste and recycled aggregates play a major role.  

The release of cadmium was still observed in extractions after 72, 168, and 384 h, increasing 

accumulated concentrations to a high of 0.485 mg L-1 for the RA25 sample. This concentration is high, so 

much so that it is up to 100 times greater than the limit of the methodology. Given the circumstances, it is 

expected that cadmium leaching would continue, resulting in even higher concentrations. Figure 3B shows 

cadmium concentrations increasing over time. This can be the result of cadmium being encapsulated in the 

cement matrix, allowing it to be released during the leaching of the portlandite [26]. 

Copper, lead, and zinc were not found in the leachate. This can be explained by the leachate pH; with 

pH levels of 10 to 12, the leaching of these elements is minimal [40]. They could be detected with pH levels 

lower than 6. 

CONCLUSION 

Recycled aggregates can be used to produce pervious concrete on a limited scale. The substitution of 

natural aggregates with RCA did not cause significant changes in the physicochemical properties of the 

water. However, cadmium release from concrete containing concrete waste was 56% higher.  

Concrete containing mixed recycled aggregates presented decreased specific mass with increasing 

ceramic material content. As a consequence, pH, electrical conductivity, alkalinity, and total solids in the 

leachate declined as ceramic content rose. 

Sulfate and chromium release were highest in the concrete containing 100% ceramic aggregate. 

Nonetheless, cadmium release for this material was minimal.  

The presence of chromium and cadmium in the leachate will limit the extent to which CDW can be 

used as an aggregate, since the detected concentrations of these metals exceeded the limit set by the 

methodology. Sulfate concentration did not exceed the limit established by Brazilian standards. 

This study verified that conventional pervious concrete alters water quality and that the replacement of 

the aggregates with CDW has an even greater impact. 
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