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The Potential Pollution Risk of Groundwater by a Ceramic
Permeable Brick Paving System

Zi-Zeng Lin & Hui-Ming Chen & Hai Yang

Abstract To investigate the potential pollution risk of
permeable brick paving systems in areas with high
groundwater levels, a system was constructed by using
ceramic permeable bricks as the surface and a Chinese
character “well”-shaped frame as the base on the top of a
1.0 m clay layer. The concentrations of total suspended
solids (TSS), total phosphorus (TP), ammonia nitrogen
(NH4

+-N), total nitrogen (TN), chemical oxygen de-
mand (COD), and heavy metals (Zn, Cu, and Pb) at
different underground depths were measured, the poten-
tial pollution of the groundwater was assessed, and the
effectiveness of the fillers inside the frame for improv-
ing the quality of the groundwater was discussed. The
results showed that NH4

+-N and COD concentrations
detected at the depth of 0.6 m were higher than that of
the national standard for groundwater (GBT14848-
2017), these two pollutants had the potential pollution
risk. The pollution risk by heavy metals was compara-
tively low because most of the heavy metals were likely
retained in the surface soil by adsorption, complexation,
and precipitation, while the pollution risk by TSS and
TP was negligible due to the good purification ability in

the clay layer. The results suggest that the removal rates
of TSS, TP, TN, COD, and heavy metals can be im-
proved by appropriate fillers’ adjustment, such as iron
filings, coal slag, or volcanic rocks. This research offers
a new perspective on the potential risk of pollution and
the governance of groundwater.

Keywords Pollution risk . Groundwater . Infiltrated
water . Permeable brick pavement

1 Introduction

In recent years, permeable pavements have become one
of the most frequently used low-impact development
(LID) techniques (Dreelin et al. 2006; Ahiablame et al.
2012; Khan et al. 2012). This infiltration-based technol-
ogy is composed of structural layers with a relatively
high porosity to allow rainwater to pass through the
surface and underlying layers (Chu and Fwa 2019),
including a permeable pavement surface, aggregate sub-
bases, geotextiles, and underdrains. The rainwater even-
tually infiltrates into the natural soil or is discharged into
a drainage system (Drake et al. 2014).

The permeable brick paving system (PPS) was found
to possess excellent hydrological properties and contrib-
ute to a reduction of rainwater pollution (Roseen et al.
2009; Jiang et al. 2015; Eck et al. 2015). The most
significant environmental target of the PPS is to reduce
the volume of rainwater runoff and to recharge the
groundwater (Collins et al. 2008; Brown and Borst
2014). Naturally, it is ideal that the groundwater is
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directly recharged after the rainwater has been purified
to acceptable standards by permeable brick paving, but
the removal of pollutants in the rainwater runoff was not
sufficient for a safe recharging of groundwater (Jin et al.
2017; Scholz 2013). However, the amount of water
infiltration and the load intensity of pollution are large
due to the serious non-point source pollution of urban
rainwater runoff (Revitt et al. 2014), whichmay increase
the amount of groundwater and pollutants at the same
time, leading to a potential risk for contamination (Jin
et al. 2017; Lin et al. 2020). Thus, the risk of ground-
water contamination has become an emerging concern
since the permeable brick paving system is not mainly
designed for pollutants’ retention. For instance, in a
study on the effect of permeable pavements on ground-
water quality, it was found the effluent water quality of
three permeable pavements was worse than that of the in
situ groundwater level, resulting in a risk of groundwa-
ter pollution, especially by the heavy metals Cr and Pb
(Jin et al. 2017).

The distance between the top surface of the soil and
the groundwater level in China should be greater than
1.0 m in accordance with the standard of the technical
specifications for water permeable brick pavements
(CJJ/T 188-2012) (Ministry of Housing and Urban-
Rural Development of the People’s Republic of China
2012); otherwise, extra pavement drainage facilities
should be added, and this will obviously increase the
cost of the PPS (Jin et al. 2017).

To date, gravel or cement concrete blocks have
mainly been used as the base layer for PPSs (Jiang
et al. 2015; Eck et al. 2015; Niu et al. 2016; Chu
and Fwa 2019; Liu et al. 2019). Some researchers
found that the base layer accounted for approxi-
mately 2/3 of the volume of the permeable pave-
ment, but its contribution to runoff pollutant remov-
al was only 10–25% (Sannudo-Fontaneda et al.
2014). This poor mitigation effectiveness indicated
that the base layer had not been fully utilized.
Therefore, it was essential to improve the base
layer, mainly because it had an important influence
on the removal rate of pollutants. To increase the
removal rate by this layer and further improve ef-
fluent quality, a frame base layer with a Chinese
character “well” shape was introduced into the per-
meable brick paving system, inside which different
fillers was used to improve the permeable brick
paving system. There are three main advantages to
adopt this strategy: the first is to reduce the use of

cement concrete and its negative impacts on water
quality; the second is to adjust the flow rate by
changing the diameter of the filler; and the third is
to remove the contaminants by the filtration, reten-
tion, and adsorption of the fillers.

In the south of Jiangsu province, China, the
groundwater level is relatively high, resulting in a
shorter distance between the bottom of the PPS and
the groundwater. The absence of extra drainage fa-
cilities for the PPS and the impact of the rainfall in
the rainy season could aggravate the groundwater
pollution problem in this region. In this study, a
permeable brick paving system was constructed
using ceramic permeable bricks as the surface and
a Chinese character “well”-shaped frame as the base
on the top of a 1.0 m clay layer. The effluent quality
in the clay layers at different underground depths
was measured, and the role the fillers played in
improving the groundwater quality and its effective-
ness were further discussed. The objectives and
novelties of this research are to explore potential
groundwater pollutants, which is a prerequisite for
improving the effectiveness of the PPS, and to in-
vestigate the effectiveness of specific fillers in the
removal of these characteristic pollutants.

2 Materials and Methods

2.1 Experimental Setup

The test device for the PPS is shown in Fig. 1. The
dimensions of the device were 0.8 m × 0.8 m × 1.5 m. A
total of 16 permeable bricks measuring 20 cm × 20 cm ×
5.0 cm were placed on the 0.8 m × 0.8 m cross section
of the device. A total of six 10 mm-diameter outlet pipes
were set, from the top to the bottom, at depths of 0 cm,
20 cm, 40 cm, 60 cm, 80 cm, and 100 cm in the clay
layer. An overflow pipe with a diameter of 10 mm was
set at the top of the device.

The prepared rainwater was lifted by a water pump
and evenly distributed by a rotating water distributor.
The rainwater was sampled after passing through the
ceramic permeable brick and the paving system. Sam-
ples were taken every 10 min for a total of 2 h, while the
outlet pipe of the pavement had a stable outflow. The
water samples were collected using a 500 mL polyeth-
ylene sampling bottle, and all samples were measured
within 48 h.



Fig. 1 Schematic of the device
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2.2 Used Materials

2.2.1 Permeable Brick

The ceramic permeable bricks measured 20 cm ×
20 cm × 5.5 cm and were purchased from Youbang
(Yixing, China) Building Materials Co., Ltd. The main
properties of the ceramic bricks (Table 1), such as the
splitting tensile strength, permeability coefficient, frost
resistance, slip resistance, and porosity, all met the re-
quirements of the Chinese national standard for perme-
able paving bricks and permeable paving flags (GB/T
25993-2010).

As shown in Fig. 2, the ceramic permeable bricks, in
cross section, had a higher proportion of pores in the
0.5–1.5 mm size than impervious bricks, while the
ceramic permeable bricks and impervious bricks had
porosities of 24.82% and 9.75%, respectively. The per-
meability coefficient of the ceramic permeable bricks
was 3.1 × 10−2 cm/s, which was higher than the national
standard of 2.0 × 10−2 cm/s.

Besides, according to the Chinese Technical code for
rainwater management and utilization of building and
sub-district (GB 50400-2016), coarse sand with diame-
ter 0.5–1.0 mm was used for the leveling layer which

was 2.0-cm thick and gravel with diameter 15–20 mm
for the cushion layer which was 15-cm thick.

2.2.2 Base Material

The base layer employed a well-shaped frame structure
with a symmetrical shape (Fig. 3), length × breadth ×
height measuring 40 cm × 40 cm × 25 cm with an open
ratio of approximately 40%, which contained the fillers.
Volcanic rock (VC), coal slag (CS), iron filings (IF), and
gravel (G) were selected as fillers to determine their
effect on the reduction of the groundwater contamina-
tion in the test device (Fig. 4). The systems containing
the four fillers are referred to as the VC, CS, IF, and G
facilities, respectively.

2.2.3 Clay Layer

The silty clay was taken from the campus of Nanjing
Forestry University. All the clays retained their original
properties before being filled into the equipment. After
the clays had been added, they were subjected to a
compaction treatment layer by layer to make their per-
meability coefficient consistent with that of the soil. The
permeability coefficient in the sampling test was

Table 1 The main properties of the ceramic permeable bricks

Index Splitting tensile strength (MPa) Permeability
coefficient (cm/s)

Frost resistance (%) BNP Porosity (%)

GB/T25993-2010 Average value ≥ 4.5 Minimum value ≥ 3.4 ≥ 2.0 × 10−2 Strength loss rate ≤ 20 ≥ 65 ≥ 15
Ceramic brick 5.3 4.7 3.1 × 10−2 4 89 24.82

BPN British Pendulum Number



Fig. 2 Chord size distribution of
the ceramic permeable bricks

 

(a) Surface                           (b) Section 
Fig. 3 Base layer with frame structure
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approximately 10−6 cm/s. Furthermore, a blank test was
carried out on the clay layer using clean water to elim-
inate the influence of the soil background on the water
quality. The experiment indicated that up to 3.51 mg/L
of TN was leached from the soil, but other pollutants
were not detected.

2.3 Simulated Rainfall

This test was based on a 2-h rainfall duration and a 20-
year return period of the precipitation in Nanjing as the
experimental rainfall conditions. The rainfall intensity
formula in Nanjing was as follows:

i ¼ 64:300þ 53:800IgP
t þ 32:900ð Þ1:011

where i is the rainfall intensity in mm/min; P is the
return period of the rainfall in years; and t is the rainfall
duration in min.

According to the existing monitoring data, the con-
centrations of the various pollutants in the artificially
prepared rainwater are shown in Table 2.

2.4 Test Methods

According to the Chinese National Standard
Methods (SEPA of China 2002), TSS was



(a) Volcanic rock      (b) Coal slag     (c) Iron filings       (d) Gravel
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determined by the gravimetric method (GB 11901-
89); COD was determined by the fast digestion-
spectrophotometric method (HJ/T 399-2007); con-
centrations of NH3-N, TN, and total phosphorus
(TP) were determined by a spectrophotometric
method using an UV spectrophotometer (L5S, Chi-
na); and concentrations of Zn, Cu, and Pb were
determined by atomic absorption spectrophotometry
using an atomic absorption spectrophotometer
(TAS-990, China). Specific surface area and pore
structures of the fillers were measured using a
surface area and porosimetry analyzer (V-Sorb
2800, China). Scanning electron microscope
(SEM) and the main elemental composition was
determined by an energy-dispersive spectrometer
(FEI Quanta 200, The Netherlands). The water used
in the experiment was ultra-pure water generated by
an ultra-pure water machine (Biosafer-20TAB, Chi-
na). The analyses were carried out three times and
the average value was taken as the test results to
make sure the value was typical.

3 Results and Discussion

3.1 Characterization of the Fillers

SEM micrographs of the fillers are shown in Fig. 5 at
300 times magnification. Based on these micrographs,
the volcanic rock had a homogeneous distribution of
grains and a well-developed porous structure with a
small pore size. The coal slag had a heterogeneous
distribution of grains and a well-developed porous struc-
ture with different pore sizes, where small pores were
attributed to the evaporation of organic matter due to the
combustion of the coal. The iron filings had a flat
surface without any pores, and silicate crystals could
be observed on the surface of the gravel.

The specific surface area and pore structure of the
fillers were analyzed based on nitrogen adsorption, as
shown in Table 3. The iron filings exhibited a poor
adsorption of pollutants because of the lack of micro-
pore volume, which plays an important role in the
adsorption process. Moreover, the gravel fillers exhibit-
ed little affinity for surface adsorption because of their
small specific surface area.

The energy-dispersive X-ray spectroscopy (EDS)
analysis results are shown in Table 4. We inferred from
these analyses that the main elements of the volcanic
rock and coal slag were oxygen, aluminum, silicon, and
calcium, and the main elements of the iron filings were
oxygen and iron. The elements of calcium, magnesium,
and aluminum in the fillers mainly existed in the form of
oxides, and the iron existed as elemental iron.

3.2 The Removal of TSS

The concentrations and removal rates of TSS at different
clay depths are shown in Fig. 6. The TSS concentration

Fig. 4 Sample picture of the fillers

Table 2 Concentration of runoff rainwater pollutants

Items Actual runoff
concentration (mg/L)

Raw water
(mg/L)

Reagent

TSS 30–1314 370 Kaolin

TP 0.26–3.73 1.71 Na2HPO4

TN 1.99–21.66 11.4 NaNO3,NH4Cl

COD 23–823 250 Glucose

Ammonia 0.32–9.5 7.41 NH4Cl

Cu 0–0.94 0.4 CuSO4

Zn 0.05–1.33 0.6 ZnSO4

Pb 0–0.75 0.5 Pb(Cl)2



Volcanic rock                    Coal slag  

Iron filings                     Gravel
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in the effluent of the systems with different fillers at the
clay depth of 0 m was low, with a good removal rate
higher than 80%. The TSS concentration was stable

with a removal rate of nearly 100% at the clay depth
of 0.6 m because of the good filtration due to a low
permeability coefficient at this depth. The amount of
TSS in the seepage water at the clay depth of 1.0 m was
negligible and would not cause any damage to the
groundwater quality.

The removal efficiency of TSS by different materials
inside the frame structure was found to follow the order
volcanic rock > iron filings > coal slag > gravel. The
filling of volcanic rock, iron filings, or coal slag into the
frame effectively improved the TSS effluent quality of
the system, which was shown by the reduction in TSS
quality at the clay depth of 0 m. In addition to the
physical interception by the permeable brick at the

Fig. 5 Scanning electron microscope (SEM) photographs of the fillers at 300 times magnification

Table 3 Specific surface area and pore structures of the fillers

Item Specific surface
area (m2/g)

Micropore volume
(× 10−4 cm3/g)

Average pore
size (nm)

Volcanic
rock

8.61 3.05 18.04

Coal Slag 4.15 3.24 30.85

Iron
filings

10.47 0 17.81

Gravel 0.56 1.68 20.56
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surface layer, the fillers inside the frame structure also
had interception and adsorption effects on the TSS (Jin
et al. 2017; Niu et al. 2016; Kamali et al. 2017). The
weak adsorption of the gravel might mainly be respon-
sible for the low removal rate of TSS. In contrast, the
rough and porous surfaces with a higher specific surface
areas of the volcanic rock and coal slag had a good
adsorption effect, while the iron filings were likely
converted to Fe2+ or Fe3+ (Cheng et al. 2007; Reddy
et al. 2014; Statham et al. 2015), which exhibited a
certain adsorption-flocculation activity.

The permeable brick paving system exhibited a good
decontamination performance for the TSS, and the re-
moval of TSS mainly depended on the interception by

the surface permeable brick in the paving system. Re-
search found that the average removal efficiency of TSS
was approximately 90.0% for six common surface ma-
terials (porous asphalt, porous concrete, cement brick,
ceramic brick, sand base brick, and shale brick) due to
physical interception (Li et al. 2017; Roseen et al. 2012;
Zhang et al. 2018). TSS were effectively removed via
straining by the system. Because TSS pose little health
risk, suspended solids are mainly a concern because
they might clog the paving system. The ceramic brick
in our study could be divided into two layers in a
common configuration in terms of the distribution of
the pores, with small pores lying on the top and large
pores being on the bottom (Fig. 2). This made the
surface layer function as a sieve that prevented the
downward movement of particles, which was beneficial
to the removal of TSS and the prevention of blockage.

3.3 The Removal of TP

The concentrations and removal rates of TP at different
clay depths are shown in Fig. 7. The removal rates of TP
in the permeable brick paving system at the clay depth
of 0 m with different fillers were all above 75%. TP was
easily adsorbed on the suspended particles and could be
removed with the TSS by the filtration of the permeable
brick (Jiang et al. 2015; Eck et al. 2015; Cates et al.
2009). The ranking of the removal efficiency of TP was
volcanic rock > iron filings > coal slag > gravel, and the
reason for this order might be that the TP was removed
along with TSS. Filling volcanic rock, iron filings, or

Table 4 EDS analysis results of the fillers (%)

Element Volcanic rock Coal slag Iron filings Gravel

O 40.62 42.70 23.12 55.85

Mg 4.01 0.85 ND ND

Al 7.94 13.93 0.71 6.11

Si 26.52 25.40 2.51 35.41

K 0.65 1.65 ND 0.29

Ca 7.55 4.25 0.19 0.27

Mn ND 0.60 0.48 ND

Fe 9.43 7.42 70.79 1.80

Na 2.37 ND ND 0.25

C ND 3.2 2.2 ND

Totals 100 100 100.00 100.00

ND not detected
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coal slag instead of gravel into the frame effectively
improved the TP effluent quality of the system, partic-
ularly at a depth of 0 m.

The TP concentration of the effluent in the paving
system at the clay depth of 0 m filled with gravel was
higher than the 0.4 mg/L limit for the V level (0.4 mg/L)
in the Chinese Standard (Environmental Quality Standard
for Surface Water) (GB 3838-2002), which was caused
by the relatively low removal efficiency of TP in this
system. The removal rates of TP for all the systems were
nearly 100% at a clay depth of 0.6 m, which was likely
due to the good purification ability for TP and TSS in the
clay layer (Luk 2013; Jiang et al. 2015; Risto et al. 2001;
Mcdowell and sharpley 2003; Chittoori and puppala
2011). The TP concentrations of all the systems in the
seepage water at a clay depth of 1.0 m were negligible,
indicating that TP will not pollute the groundwater.

Orthophosphate (PO4
3−) is the most common form of

phosphorus occurring in rainwater, and there was basically
no environmental problem in the treatment of orthophos-
phate by the permeable pavement system. First, the system
had a high removal efficiency. Once in the soil media,
PO4

3− could be transferred from rainwater via precipitation
or chemical adsorption to the surface of soil particles, and
easily chemically reacts with a large amount of Ca2+, Fe3+,
and Al3+ ions present in the soil (Muhammetoglu et al.
2002), followed by a conversion of the sorbed phosphorus
into minerals. The downward movement of phosphorus in
different soils was found to be directly related to the
reactivity index measured for each soil (Pitt et al. 1999).

However, the investigated depth in previous studies was
shallow and controllable, and most of the phosphorus
remained within the top 5–7.5 cm of the surface when
phosphate fertilizer was applied (Lauer 1988).

3.4 The Removal of NH4
+-N

The concentrations and removal rates of NH4
+-N at

different clay depths are shown in Fig. 8. The removal
efficiency of NH4

+-N in the paving system was signif-
icantly lower than that of TSS and TP, and the efficiency
of removing NH4

+-N was similar in the four paving
systems. The NH3-N effluent concentrations in four
systems were all higher than 2.0 mg/L, which is the
limit for the V level in the Chinese Environmental
Quality Standard for Surface Water (GB 3838-2002).
The weak adsorption of dissolved ammonia ions by the
permeable bricks was likely responsible for the low
NH4

+-N removal rate.
The concentrations of NH4

+-N in the clay layer
greatly decreased with increasing depth, which indicates
that some of the NH4

+-N had been purified or trans-
formed in the upper soil. Although the soil itself had a
good performance in removing NH4

+-N, the NH4
+-N in

the seepage water at the clay depth of 0.6 m still
exceeded the national standard for groundwater of
1.5 mg/L. For the NH4

+-N concentrations meeting the
national standard, the seepage water needed to reach a
depth of 0.8–1.0 m. Therefore, NH4

+-N had the poten-
tial of polluting the groundwater.
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NH4
+-N was the most toxic form to aquatic life in the

rainwater, but most of the NH4
+-N was adsorbed and

transformed by the upper soil below the permeable
system. The high adsorption rate was likely caused by
the attraction between the positively charged ammonia
ions and the negatively charged clay (Ingvertsen et al.
2012). It is also possible that some of the NH4

+-N had
changed to NO2

−-N or NO3
−-N because there was more

air and enough oxygen in the upper surface soil, which
could promote the nitrification bymicroorganisms in the
soil (Wang et al. 2019).

3.5 The Removal of TN

The concentration and removal rates of TN at different
clay depths are shown in Fig. 9. The concentrations of
TN at different depths all exceeded that of the national
standard. It is important to emphasize that with the
increasing depth, the concentration rate of TN increased
and the removal rate decreased respectively.

There are three main reasons for the decrease in the
TN removal rate with depth in the clay layer. First, the
reduction in NH4

+-N (Fig. 8) might have been mainly
caused by the nitrification of ammonia in the clay layer
(Schipper et al. 2004; Huang et al. 1998), which would
increase the nitrate load. Second, nitrate is more difficult
to adsorb due to its negative charge, which is repelled by
the negative charges of the clay particles (Davis et al.

2001). Third, TN itself was easily leached from the soil
layer that was rinsed with clean water (up to 3.51mg/L).

As shown in Fig. 9, the permeable brick paving
system filled with iron filings had the lowest TN con-
centration with the highest removal efficiency, which
was mainly due to the reduction reaction of Fe with
NO3

−-N (Zhang et al. 2010). These results provide a
feasible technical idea for improving the removal effi-
ciency of TN; that is, the removal efficiency of TN from
rainwater can be further improved by optimizing the
composition of iron filings and the other functional
fillers to remove nitrate and ammonia.

Considering the nitrification and adsorption of the soil,
TN was basically composed of nitrate. A related research
found over a constant 15-year infiltration by wastewater, a
quarter of the NH4

+ in raw sewage would oxidize to NO3
−

while some 60% would be adsorbed by the soil, and the
groundwater would be polluted by NO3

− (Foppen 2002).
The nitrification of ammonia made the nitrates become a
potential risk of groundwater pollution. Nitrates present in
drinking water could pose a health concern to fetuses and
infants. Most studies indicated that nitrate was poorly
retained in infiltration devices due to a high solubility
(Bhatnagar and Sillanpaa 2011). This was the reason
why nitrate was suggested to be one of themost frequently
encountered contaminants in groundwater (Pitt et al. 1995;
Nolan and Weber 2015). The nitrates could travel toward
the groundwater with some being removed by the soil via
processes that involve a complex array of variables. The
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movement of nitrate in the soil was dependent on the rate
and volume of infiltration, horizontal and vertical ground-
water flow, depth to the groundwater table, and preferen-
tial flow paths (Ferguson et al. 1990). Hence, the factors
responsible for the concentration of nitrates in groundwa-
ter and soil need to be further studied in permeable paving
systems.

3.6 The Removal of COD

As shown in Fig. 10, the effluent COD concentrations at
the clay depth of 0 m from the four systems all satisfied

the standard for surface water quality (40 mg/L). More-
over, the systems filled with volcanic rock and coal slag
had better removal rates of COD compared with those
filled with iron filings and gravel, mainly due to the high
content of Fe2O3 in the volcanic rock (Koupai et al.
2016) and coal slag, which has a high affinity of
adsorbing the COD. Thus, the potential pollution risk
by COD could be decreased by filling coal slag or
volcanic rock into the frame structure.

The COD in the seepage water at the different clay
depths exceeded the national standard for groundwater
quality, which is 10 mg/L, although the clay layer was
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capable of degrading a portion of the COD. Still, it had
the potential of polluting the groundwater.

The removal rate between the volcanic rocks and
gravel differed by 25.58%, indicating that the adsorption
properties of the materials played a key role in COD
removal. The addition of fillers with good adsorption
properties, such as volcanic rock and coal slag, was
shown to help remove dissolved organic matter, which
was a composition part of COD.

The COD represented the amount of reductive sub-
stances in the rainwater, which were great differences in
the composition of organic compounds from different
environments. A research found most organics were
removed by adsorption, degradation, and decomposition
during the soil percolation (Jensen et al. 2017; Newman
et al. 2014). A considerable amount of organic pollutants
in groundwater would be previously degraded in the soil,
thus, improving the quality of the groundwater. Several
organic compounds found in runoff were retained in the
soil, with only one priority pollutant being detected in the
aquifer (German 1989). Therefore, it is necessary to
discuss the degradation of specific organic pollutants in
the clay layer according to the different applications of
the permeable pavement system. For example, emerging
organic contaminants (EOCs) detected in groundwater
have a potential threat on human health and aquatic
ecosystem, making the contamination of groundwater
by EOCs a growing concern (Lapworth et al. 2012);
therefore, it is meaningful to study the pollution of EOCs
in the permeable brick system.

3.7 The Removal of Heavy Metals

The concentrations and removal rates of heavy metals
(Zn, Cu, and Pb) at different clay depths are shown in
Fig. 11. In general, the concentrations of heavy metals in
the effluent from the four systems basically met the V-
type surface water standard, except for Pb. Heavymetals
are present in rainwater in dissolved phases, but a large
fraction of most metals is usually bound to suspended
solids (Davis and McCuen 2005). The high removal
rates in the present study are attributed to the easy
attachment of Zn, Cu, and Pb to suspended particles in
rainwater (Jiang et al. 2015; Zuo et al. 2011; Nie et al.
2008). The quality of the seepage water at different
depths in the clay was higher than that of the ground-
water of type V because most of the heavy metals were
likely retained in the surface soil by adsorption, com-
plexation, and precipitation once the heavy metals

entered the soil (Nikonov et al. 2001; Soon 1994;
Rodriguez-Rubio et al. 2010; Banerjee et al. 2017). As
a result, the risk of groundwater contamination by heavy
metals was relatively low.

The concentration of Zn in the effluent from all the
systems met the surface water standard of type V, and
some concentrations were even lower than the 0.05 mg/
L level of type I, which meant that the water could be
applicable as source water and in national nature re-
serves. The Zn concentrations in the groundwater below
the depth of 0.4 m were also lower than the 0.05 mg/L
level of the groundwater standard of type I, indicating
that the groundwater could be used for various purposes.

For the heavy metal Cu, the concentrations in the
effluent from all systems were lower than the 1.0 mg/L
level of the surface water standard of type II, and the
water could be applicable to primary protection areas of
surface source water. The concentration of Zn in the
groundwater below the depth of 0.4 m was lower than
the 0.5 mg/L level of the groundwater standard of type
II, indicating that the groundwater could be used for
various purposes as well.

For the heavy metal Pb, the concentration in the
effluent from all systems, except for the gravel filler,
was lower than the 0.1 mg/L level of the surface water
standard of type V, and the water could be applied in
agriculture and landscape implementations. The Pb con-
centration in the groundwater below the depth of 0.2 m
was lower than the 0.1 mg/L level of the groundwater
standard of type IV, indicating that the groundwater
could be used in agriculture and industrial applications.

Heavy metals are generally not an important ground-
water contaminant because the metals were easily re-
moved along with TSS and extra affinity to soils. Pre-
vious studies have demonstrated that metals are retained
in the upper soil layers via adsorption to solid particles
(Robert Pitt et al. 1999). The water quality monitoring
data also showed that the concentrations of Zn, Cu, and
Pb in the effluent decreased with increasing depth, indi-
cating that the heavy metals were effectively retained in
the soil. Research on the prolonged deposition of heavy
metals in infiltration facilities has shown the probable
leaching of heavy metals to the underlying soil (Aryal
et al. 2006). This process may occur due to the finite
sorption capacities of the soil when the accumulation of
heavy metals exceed a certain threshold. Periodic re-
placement of the upper soil layer within paving systems
may be a goodmethod for preventing a possible ground-
water contamination and maintaining low heavy metal
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removal rates of heavy metals at
different clay depths
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concentrations. Our continuous experiments for 1 year
showed that the effluent samples had a lower concen-
tration at the depth of 0.4 m, indicating that the heavy
metals might be retained in the upper 0.4 m. Thus, we
propose that replacing the upper 0.4 m of the clay layer
would be sufficient for environmental safety for the
complete permeable pavement’s life span.

3.8 The Effectiveness of the Fillers

The effectiveness of the fillers inside the frame in im-
proving the water quality can be inferred specifically
from the effluent quality of the system, which can be
reflected by the improvement in the water quality at the
clay depth of 0 m. Although the fillers cannot directly
improve the quality of the groundwater, they can, how-
ever, improve the effluent quality of the PPS system.
Thus, the fillers play an indirect role in improving the
quality of the groundwater by reducing its pollution load.

Filling volcanic rock, iron filings, or coal slag instead
of gravel into the frame effectively reduced the TSS, TP,
and heavy metal loads in the effluent of the system,
particularly at the depth of 0 m. Iron filings were bene-
ficial to the degradation of TN due to the reduction
reaction of Fe with NO3

−-N. The effluent load of COD
can be reduced by filling coal slag or volcanic rock into
the frame structure due to the good adsorption of COD
to the fillers. In addition, filling the synthetic materials
with high adsorption capacity should also be very help-
ful in improving the removal of heavy metals (Samuel
et al. 2018a, 2018b, 2018c, 2018d; Samuel et al. 2019;
Samuel et al. 2020).

The frame structure provides an environmental ben-
efit to the paving system. First, the fillers inside the
frame structure efficiently removed pollutants from the
rainwater. Second, the frame structure is conducive to
the presence of oxygen and is helpful for the reproduc-
tion and survival of denitrifying bacteria, which is ben-
eficial to the degradation of TN. Third, a paving system
using a frame structure will not have a reduced bearing
capacity, and the use of a frame structure has no effect
on the life cycle of the paving system.

4 Conclusions

A permeable brick paving systemwas constructed using
ceramic permeable bricks as the surface layer and a
well-shaped frame as the base layer with a 1.0 m clay

layer at the bottom of the system. The fillers’ effective-
ness in improving the quality of the effluent was studied,
and the effluent quality of clay layers at different below-
ground depths was detected. Based on our results, the
following conclusions could be drawn:

1. TSS and TP were well removed by the permeable
paving systems, and the infiltration water at differ-
ent clay depths met the requirements of the Chinese
groundwater quality standards. TSS and TP had no
potential for polluting the groundwater.

2. The concentrations of NH3 and COD at the depth of
0.6 m exceeded the standard limits for groundwater,
and there was a risk of groundwater pollution, es-
pecially for areas with high groundwater levels.

3. The nitrification of ammonia made the nitrates be-
come a potential risk of groundwater pollution. The
pollution risk by heavy metals was comparatively
low due to their effective retention in the soil; there-
fore, regular replacement of the top soil was a good
way to prevent heavy metal pollution.

4. The removal rates of TSS, TP, TN, COD, and heavy
metals could be increased by appropriately
adjusting the fillers, such as iron filings, volcanic
rock, or other similar functional fillers, in the frame-
work structure, reducing the pollution load and the
potential pollution risk of the groundwater.

5. Optimizing the type and proportion of fillers in the
framework to reduce the potential risk of ground-
water pollution is the focus for further attempts.
Also, changes in underground soil concentrations
under long-term operating conditions should be in-
vestigated to examine the risk of groundwater con-
tamination from the aspects of subsurface soil.
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