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ABSTRACT
Porous asphalt pavements have been used as an effective technique to overcome road runoff challenges, and to improve
efficiency of rainwater utilisation in urban areas. Using porous asphalt pavements with reservoir storage and harvesting
facilities is an important consideration for the future. This study monitored changes in water quality indicators, such as pH,
conductivity, and concentrations of lead and zinc, for water stored in porous asphalt pavement models with basalt-, limestone- and ‘basalt+limestone’-filled reservoir structures. The research discusses findings over a 696-h storage period following artificial rainfall. Total lead and zinc concentrations were remarkably reduced throughout the initial flush, showing, on
average, reductions of 90% and 80.5%, respectively. This pattern was consistent throughout the storage period, producing
average reductions in lead and zinc of 99.98% and 79%, respectively, over 696 h. Conductivity and pH levels increased in all
pavement models after the 696-h storage. The results obtained confirmed the potential of using porous asphalt pavements
with reservoir structures to remove heavy metals from road runoff. This can be applied to future research on the removal
mechanisms of porous asphalt pavements in relation to heavy metals in road runoff.
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pavements is often regarded as an important source of pollution, particularly as such pavement areas in urban spaces
are said to occupy twice the land area occupied by buildings
(Ferguson, 2005). With respect to the receiving water environment (Murakami et al., 2009), treatment to remove heavy metals from road runoff is of high importance, and applicable to
many countries around the world, both for stormwater mitigation, and water harvesting and reuse potential.
Porous asphalt pavements have been successfully installed
in many countries as an effective method to overcome road
runoff challenges, with their innovative design boasting benefits above those of conventional asphalt pavements (Zhao et
al., 2012). Designed with built-in networks of void spaces, water
and air can pass through the surface, base course and reservoir
structures, finally entering the receiving environment (Legret
et al., 1999; Roseen et al., 2012; Ferguson, 2005). As a result of
this design, porous asphalt pavements are not only of benefit to
the physical hydrology, reducing runoff peak and peak velocities during rainfall events, but also a beneficial way to improve
the water quality of runoff. Some field studies have shown that
porous asphalt pavements can provide benefits such as the
removal of heavy metals from road runoff, in the long term.
Early in 1987, Hogland et al. reported water quality improvement performance of several porous asphalt sites receiving
snowmelt over a 1-year period. They found that a reduction
of zinc by 17% was achieved by the porous asphalt pavement.
Legret et al. (1996) reported heavy metal ion adsorption for
a porous asphalt pavement with reservoir structure in Rezé,
France, during a 4-year survey that showed a reduction of lead
and zinc by 79% and 67%, respectively. Similarly, Baladès et
al. (1995) reported that, over a period of 3 years, a reduction
of lead by 93% was obtained from 3 sites in Bordeaux, France.
Briggs (2006) reported a reduction of zinc by 96% over 1 year
from a porous asphalt site in Durham, New Hampshire; in
addition, Roseen et al. (2012) reported zinc removal of 95%,
also over 1 year.
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Urbanisation has resulted in a rapid growth of impermeable
surfaces over the past decades, such as roofs, squares, car parks
and roads. Due to the decreasing space available for water
penetration, this change has significantly influenced the hydrologic characteristics of stormwater runoff, by increasing runoff
peak flow rates and peak velocities, and decreasing lag time
and water quality (Field et al., 1982). Over time, several principal problems have emerged, including city flooding, lowering
groundwater levels, and surface water pollution.
Large amounts of pollutants, including sediment (e.g.,
total suspended sediments (TSS)), nutrients (e.g., total Kjeldahl
nitrogen (TKN)), oil and toxic chemicals from automobiles
(e.g., total petroleum hydrocarbons (TPHs)), and heavy metals
(e.g., lead, copper and zinc), are carried by stormwater runoff
from impermeable surfaces during rainfall events (Singhal et
al., 2008; Lee et al., 2011; Shinya et al., 2000; Helmreich et al.,
2010), and are thus discharged into nearby water ecosystems
without any treatment (Ukabiala Chinwe et al., 2010; Lee et
al., 2011). Among many other pollutants, heavy metals are
highly hazardous due to their toxicity, non-biodegradation, and
mass accumulation (Zuo et al., 2012; Zhang et al., 2012; Singh
et al., 2011; Nie et al., 2008; Fuerhacker et al., 2011). Heavy
metal accumulation in receiving waters can have a significant
impact on aquatic organisms by absorption and bioaccumulation, potentially contaminating the local marine ecosystem
(Vardanyan et al., 2006). Once heavy metals enter the food
chain, they may accumulate to dangerous levels and be harmful to human life and other organisms (Zhang et al., 2012; Ip
et al., 2005). As a result, stormwater runoff from impermeable
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In addition to these benefits, the use of porous asphalt pavements with reservoir structures for harvesting and storage is
an important consideration, particularly with ‘fit for purpose’
reuse in mind. There are few studies examining the effect of
porous asphalt pavements with different reservoir structures
on heavy metal removal over periods longer than what might
be deemed ‘temporary’ storage, though several studies have
focused on pollutant removal from road runoff with rainfall
events, rather than storage time. In 2007 and 2011, Myers et
al. investigated the influence of residence time on stored water
quality, for a period up to 144 h. Results showed that both total
zinc and total lead were reduced by 99% after 144 h storage in
dolomite- and calcite-filled reservoir structures.
Building on the above research, this paper reports the
influence of porous asphalt pavements with 3 different reservoir
structures on heavy metal (lead and zinc) removal from road
runoff over a long storage period, incorporating simulated
rainfall events. Several water quality parameters were observed
in the effluent samples from 3 porous asphalt pavements
with basalt, limestone or ‘basalt+limestone’ filled reservoir
structures, over a 696-h period. The potential of using porous
asphalt pavements is discussed with respect to road runoff for
water irrigation and reuse in China. Results of this study can be
used to assess the suitability of adopting porous asphalt pavements as a mechanism for water harvesting, storage and reuse
management in the long term, particularly noting applicable
material for reservoir structures.

EXPERIMENTAL
Porous asphalt pavement models were installed in 3 test-rigs,
where synthetic stormwater was applied through an artificial
rainfall simulator. Effluent samples were then collected from
the sampling pipe to investigate the effects of porous asphalt
pavement with basalt, limestone and ‘basalt+limestone’ filled
reservoir structures on total lead and zinc removal from stored
water, within the storage time.
Pavement models
Three laboratory-scale porous asphalt pavement models were
installed. The test-rig was made of stainless steel with a dia
meter of 15 cm (with a cross-sectional area of 0.018 m2) and a
height of 70 cm. As shown in Fig. 1, the structure of the porous
asphalt pavement model consists of:
• Sub-base: a woven geotextile
• Reservoir structure: 35 cm layer of 13.2 mm crushed stones
• Processed course: 12 cm layer of porous asphalt stabilised
graded aggregates
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•

Figure 1
Comparison of
different porous
asphalt pavement
structures

Surface course: 9 cm layer of porous asphalt

The porous asphalt pavement structure followed the type
‘Gravel’ (Ferguson, 2005), which had been successfully used
at Walden Pond State Reservation in Concord, Massachusetts,
USA, comprising a relatively thin layer of processed material above the reservoir structure, and immediately under the
surface layer. In this study, a woven geotextile was added under
the reservoir structure for water quality improvement; this is
also a mechanism to separate the structure from the underlying
soil while allowing water to infiltrate the subgrade. Moreover,
this pavement model design is in accordance with the technical specifications for permeable asphalt pavements in China
(CMHURD, 2012).
The surface layer was designed with an open-graded porous
asphalt mixture: 20% designed air void and a 5.5% asphaltaggregate ratio; the processed layer was built with an 18%
designed air void and a 5.0% asphalt-aggregate ratio; and the
reservoir structures were filled with different materials (basalt
and limestone were chosen as they are commonly used as pavement materials in the field in Jiangsu Province, China):
• ‘Basalt+limestone’-filled: 50% basalt crushed gravel (13.2
mm) mixed with 50% limestone crushed gravel (13.2 mm)
• Basalt-filled: 100% basalt crushed gravel of 13.2 mm
• Limestone-filled: 100% limestone crushed gravel of
13.2 mm
• Pavement models were placed in a well-ventilated room that
provided consistent environmental conditions throughout the experimental period, removing the potential for
additional light and subsequent increased temperature to
increase the internal temperature and thus affect the physical and chemical processes that were being monitored.
Porous asphalt mixture
High viscosity modified asphalt supplied by Jiangsu Baoli
Asphalt Co. Ltd, a professional manufacturer of asphalt materials in China, was used in this study. Table 1 shows the requirements for high viscosity asphalt, as specified in the current
Chinese standards (CMC, 2006; CMC, 2011; CMHURD,
2012), and the test results for the asphalt used in this study.
The gradations for surface layers and processed layers adopted
were developed based on the theory of aggregate packing.
The detailed procedure used was an extension of methods
presented in the technical specification for permeable asphalt
pavement (CMHURD, 2012). From this procedure, the optimal
asphalt content was determined through binder drainage and
Cantabro tests. Figure 2 shows the aggregate gradations used in
this investigation. In order to inhibit asphalt drain-down, and
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TABLE 1
Comparison between requirements for high-viscosity asphalt and test results
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Cumulative passing (%)

90
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70

Tests

Unit

Requirement

Test results

Test method

Penetration (25°C, 100 g, 5 s)
Softening point (R&B)
Ductility
(15°C)
(5°C)
RIFOT
Mass loss
Residue
Retained penetration
Toughness (25°C)
Tenacity (25°C)
Viscosity (60°C)
Flash point
Separation
Softening point difference

1/10 mm
°C
cm
cm
%
%
Nm
Nm
Pa s
°C
°C

≥40
≥80
≥50
≥20
≤0.6
≥65
≥20
≥15
≥20 000
≥260
≤2.5

56
90
60
40
0.01
85
40
22
126 300
300
0.2

T 0604-2011
T 0606-2011
T 0605-2011

50
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10
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Figure 2
Gradations of surface course and base course for porous
asphalt pavement models

Following preparation of pavement models, an artificial rainfall
simulator consisting of a sprinkler with injection needles, a
control system, and a storage tank, was installed (as shown in
Fig. 3). The necessary spray volume for an equivalent simulated
year was calculated following the method reported by Brown
et al. (2009). The following formula was used to calculate the
necessary applied volume:
V = dA(I/P +1)

prolong bonding, each gradation incorporated a 0.3% catkin
form cellulose fibres (Kuennen, 2003; CMHURD, 2012).
A vibrating method was used for preparing porous asphalt
mixtures, due to its greater efficiency over the Marshall
Method, when the asphalt mixture is designed with more than
60% coarse aggregates (Xie et al., 2009).
Synthetic stormwater
To ensure accuracy of the investigation, a synthetic stormwater was prepared, based on the methods reported by Davis et
al. (2003) and Myers et al. (2007; 2011), using ultrapure water
to provide consistent water quality. The target pollutants and
concentrations in synthetic stormwater were determined based
on a report of road runoff quality in Nanjing, China (Yu et al.,
2008); however, for this study the concentration of lead was
multiplied by 100 providing a ‘worst case scenario’ to quantify
severe impacts on plants, animals and humans. Table 2 presents
the pollutant levels of synthetic stormwater used in this study.
Natural organic matter present in stormwater was simulated by adding aqueous extract of dried leaf material, prepared
as reported by Myers et al. (2007). Although synthetic stormwater contained organics, this paper presents and discusses only
the results for lead and zinc.

						

(1)

where:
V is the equivalent volume of annual precipitation (m3)
d is the average annual depth of precipitation in Nanjing
(m)
A is the permeable pavement area (m2)
I/P is the ratio of impervious area to pervious area
(dimensionless).
For the pavement models, the total surface area was 0.018
m2, the average annual precipitation in Nanjing was 1.1252 m
(2001–2010), and an I/P of 4 was assumed. Therefore, 10.125 ℓ
water was required to simulate 1 year of stormwater runoff for
each laboratory pavement model.
Pavement models all had an applied flow rate of 0.0026 ℓ/s
(equal to 52.5 mm/h), pumped from the storage tank continuously, and fed through a sprinkler. The rainfall intensity was
measured and recorded by a rain gauge; 1-year’s rainfall (totalling 30.375 ℓ) was simulated for all pavement models. Following
the application of artificial rainfall, the sampling pipes (as
shown in Fig. 3) were immediately closed, thus allowing storage
of the synthetic stormwater runoff.
For effluent sampling, the plastic bottles were soaked in
nitric acid solution (volume ratio, 1:500) over 24 h and washed
by ultra-pure water before use. The concentrations of lead
and zinc, conductivity and pH of the synthetic stormwater
were measured before artificial rainfall. To analyse the initial

TABLE 2
Target chemical makeup of synthetic stormwater
Item

Concentration
range in literature

Chemical

Target
concentration

Organics
Zinc
Lead

189 mg/ℓ
0.18–1.92 mg/ℓ
20–170 μg/ℓ

Aqueous extract of dried leaves
Zn(NO3)2 (1 000 mg/ℓ)
Pb(NO3)2 (1 000 mg/ℓ)

0.51 mg/ℓ
21.24 mg/ℓ
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flow meter

Figure 3
Setting of laboratory-scale
test-rigs with artificial rainfall
simulator

control unit

sample
pH and conductivity
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effects on lead and zinc removal, a 2 ℓ effluent sample was taken
immediately from the sampling pipe when the initial flush
occurred. Unlike first flush, which occurs on road surfaces at
the beginning of rainfall, initial flush in this study refers to the
initial outlet water from porous asphalt pavement models, after
the artificial rainfall experiment.
Subsequent effluent samples were then collected at predetermined sampling times (the sampling time was selected to
extend up to 696 h due to the observed levels of change in most
parameters between 552 and 696 h).
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Figure 4
Changes in pH over the storage period of 696 h

Sample analysis
At each sampling event, the values of pH and conductivity were
measured directly by pH meter (PHSJ-5, China) and conductivity meter (EC214, Italy). Water samples were digested using
a microwave oven (WX-3000, China) and then analysed for
total lead and zinc, using inductively coupled plasma atomic
emission spectrometry (4300DV, America). Both sampling and
analysis strictly followed standard methods (EPAC, 1987).

RESULTS AND DISCUSSION
pH and conductivity
Changes in pH and conductivity of effluents from the porous
asphalt pavement models are presented in Figs. 4 and 5,
respectively. After 1 h, the pH levels of effluents from the
‘basalt+limestone’-, basalt-, and limestone-filled reservoir
structures dropped to 5.9, 6.1 and 6.0 in the first 48 h, after
initially rising by 0.2, 0.3 and 0.3, respectively. By contrast, the
pH levels of effluents from both basalt- and limestone-filled
reservoirs showed little change in the final 417 h, whereas
the curve of pH from the ‘basalt+limestone’ reservoir was
concave in these final hours. The overall pH levels from the
‘basalt+limestone’ reservoir were lower than the basalt reservoir and limestone reservoir, for all sampling events, with
exceptions between 72 and 192 h.
Conductivity levels in effluents from the ‘basalt+limestone’,
basalt, and limestone reservoirs varied in the first 48 h; several
obvious fluctuations in the ‘basalt+limestone’ reservoir were
observed, meanwhile, gradual increases occurred in the basalt
and limestone reservoirs. However, following the first 48 h,
conductivity levels in effluents from all three pavement models
showed a similar trend of a gradual, increase. The conductivity
increase was higher in porous asphalt pavement with basalt reservoir, than in porous asphalt pavement with ‘basalt+limestone’
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Figure 5
Changes in conductivity over the storage period of 696 h

and limestone reservoirs. By contrast, the conductivity of
effluents in the porous asphalt pavement with limestone reservoir was steady, showing no siginficant increase or decrease
after 48 h.
Changes in the pH and conductivity of effluents from all
models with reservoir structures may be attributable to the dissolution process of the aggregate constituents. Similar changes
in the pH of water in basalt reservoirs and limestone reservoirs
has been found in previous studies. In acidic solutions, the
hydrogen ions are exchanged with the monovalent, bivalent and
trivalent ions on the surface of the basalt aggregate, resulting
in a soluble activated complex that could increase the solution
pH, and finally make it neutral. The concentrations of dissolved
silicon, calcium, magnesium and potassium from basalt in the
solution increased with reaction time until equilibrium was
reached (Dang et al., 1995). In the case of limestone, which is
primarily composed of lime carbonate, the process appeared
much slower than the basalt, and ‘basalt+limestone’ reservoirs.
Due to dissolution of minor fractions, the pH and chemistry of
the solution were also affected, resulting in an increasing pH
finally reading 7.0 (Xu et al., 2008). Unfortunately, conductivity
was not measured in the studies referred to above.
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TABLE 3
Water quality analysis of initial flush
Materials for reservoir structure

‘Basalt+limestone’

Basalt

Limestone

Heavy metals

Lead

Zinc

Lead

Zinc

Lead

Zinc

Concentrations of synthetic stormwater (mg/ℓ)
Concentrations of initial flush (mg/ℓ)
Deduction of initial flush* (%)
Limits for irrigation water (mg/ℓ)
Limits for reclaimed water (mg/ℓ)
(1) For groundwater recharge
(2) For planting, rangeland, farm and aquaculture

21.24
2.357
88.90
0.2

0.51
0.191
62.55
2.0

21.24
2.609
87.72
0.2

0.51
0.141
72.35
2.0

21.24
1.704
91.98
0.2

0.51
ND
99.90
2.0

0.01
0.1

-

0.01
0.1

-

0.01
0.1

-

In this study, pH levels did not exceed the limited range
of 5.5–8.8 for irrigation water quality (CGAQIQ and CNSMC,
2005); however, during the first 192 h levels exceeded the range
of 6.5–9.0 recommended for reclaimed water (CWM, 2006).
Based on the above results, it is recommended that the water
drained immediately from porous asphalt pavement with
basalt- or limestone-filled reservoir structures should not be
used as reclaimed water.

Lead concentration (mg/ℓ)

ND, below detection limit (detection limits for lead and zinc were 3.8 and 0.5 µg/ℓ, respectively)
*Calculated as the detection limit when the concentration is below detection limit

≈

≈

Initial flush characteristics
Table 3 shows the concentrations and removal efficiencies for
total lead and zinc in the initial flush from all test models. The
concentrations of total lead and zinc in the initial flush effluent
were much lower than in synthetic stormwater. The removal
efficiencies for total lead in effluents from ‘basalt+limestone’,
basalt, and limestone reservoirs were 88.90%, 87.72% and
91.98%; and for total zinc were 62.55%, 72.35% and 99.90%,
respectively. Different removal efficiencies for lead and zinc
measured in the samples implied that heavy metal ion removal
efficiencies might differ with various reservoir aggregates;
however, the results from this study proved inconclusive.
As mentioned above, heavy metal contaminants in water
produce a huge risk for irrigation due to their toxicity, nonbiodegradation, and potential for mass accumulation (Zuo et
al., 2012; Zhang et al., 2012; Singh et al., 2011; Nie et al., 2008;
Fuerhacker et al., 2011). Table 3 also shows the limits for irrigation water and reclaimed water in urban areas in China. It is
recommended that the water drained immediately from porous
asphalt pavements with basalt, limestone, or ‘basalt+limestone’
filled reservoirs should not be used as irrigation water or
reclaimed water in urban areas (CGAQIQ and CNSMC, 2005;
CWM, 2006), regardless of the high performances for removal
efficiency.
Change in lead concentration
Changes in lead concentration over the storage period of 696
h are depicted in Fig. 6 and Table 4. The concentrations of
total lead measured in effluents from porous asphalt pavement
models with ‘basalt+limestone’, basalt-, and limestone-filled
reservoir structures were significantly lower than in synthetic
stormwater after 1 h, with mean values of 0.639, 0.311 and 0.168
mg/ℓ, respectively, implying, a 96.99%, 98.54% and 99.21% lead
removal rate during the first hour. In the following 143 h, the
removal efficiencies were over 98.55%, although some fluctuations were observed. Overall, the removal of lead in porous
asphalt pavement models with ‘basalt+limestone’, basalt, and
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Figure 6
Changes in lead concentration over the storage period of 696 h

limestone reservoir structures was between 96.99 and 99.98%,
98.54 and 100% and 99.21 and 100%, respectively. In summary,
the results for lead indicate that porous asphalt pavements with
‘basalt+limestone’, basalt-, and limestone-filled reservoirs can
effectively remove lead from road runoff in both short and
longer storage periods. In this case it is important to note that
the removal efficiencies increased with storage time.
The fluctuations in lead concentration are possibly influenced by the dissolution process of the aggregate constituents; however, there is no direct evidence to support this. The
changes in the pH and conductivity only imply that excessive
ions and products appeared in the stored water. Constituents
of basalt are more complex than limestone, releasing more
elements into the solution. Therefore, the fluctuations of lead
concentrations in effluents from the ‘basalt+limestone’ and
basalt reservoirs were more obvious in the first 144 h. Over
time, dissolved silicon and aluminium in the solution, from
basalt, could form a colloidal complex on the surface with the
increasing reaction time (Dang et al., 1995). As a result, there
was no significant change in lead concentration after 144 h. For
limestone reservoirs, dissolved lime carbonate from limestone
increased calcium in the solution, resulting in an increased
surface roughness (Xu et al., 2008). Therefore, the fluctuations
in lead concentration in effluent from the limestone reservoir
were lower than for the effluent from the basalt reservoir during
the initial 144 h, later stabilising.
The removal of lead is likely due to adsorption by the
material (asphalt on pore-walls in upper layers or the aggregate material in reservoir structure), and precipitation with
the products of basalt and limestone. The essential mineral of
limestone is calcite, which has been explored as a sorbent for
heavy metals in previous studies (Al-Degs et al., 2006; Myers
et al., 2007; Xing, 2007), and the mechanism of Pb(II) removal
was mainly ‘precipitation’ by metal carbonate complexes.
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TABLE 4
Effluent performance summary for laboratory experiment
Reservoirs ‘Basalt+limestone’
Sampling
events (h)

1
2
4
16
24
48
72
96
120
144
168
192
216
240
264
288
312
336
360
552
696

Basalt

Concentration
(mg/ℓ)

Reduction*
(%)

Limestone

Concentration
(mg/ℓ)

Reduction*
(%)

Concentration
(mg/ℓ)

Reduction*
(%)

lead

zinc

lead

zinc

lead

zinc

lead

zinc

lead

zinc

lead

zinc

0.639
0.065
0.123
0.308
0.076
0.097
0.023
0.087
0.017
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

0.913
0.644
1.42
6.752
2.423
5.113
3.428
2.824
2.836
1.703
0.282
0.529
0.304
0.623
0.362
0.245
ND
0.061
0.038
ND
0.031

96.99
99.69
99.42
98.55
99.64
99.54
99.89
99.59
99.92
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98

−79.02
−26.27
−178.43
−1 223.92
−375.10
−902.55
−572.16
−453.73
−456.08
−233.92
44.71
−3.73
40.39
−22.16
29.02
51.96
99.90
88.04
92.55
99.90
93.92

0.311
0.268
0.054
0.25
0.183
0.221
0.276
0.195
0.037
0
0.072
0.001
0.025
0.051
0.006
0.01
0.005
0.004
0.007
0.002
ND

5.186
12.27
2.693
9.461
6.073
6.214
4.279
4.346
1.371
0.508
0.471
0.379
0.744
0.614
0.515
0.731
0.631
0.262
0.288
0.277
0.213

98.54
98.74
99.75
98.82
99.14
98.96
98.70
99.08
99.83
100.00
99.66
100.00
99.88
99.76
99.97
99.95
99.98
99.98
99.97
99.99
99.98

−916.86
−2305.88
−428.04
−1755.10
−1090.78
−1118.43
−739.02
−752.16
−168.82
0.39
7.65
25.69
−45.88
−20.39
−0.98
−43.33
−23.73
48.63
43.53
45.69
58.24

0.168
0.152
0.034
0.039
0.005
0.032
0.147
0.137
0.113
0.082
0
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

0.182
1.035
0.372
4.576
1.693
8.087
6.64
6.728
5.51
5.288
1.661
ND
0.962
0.66
0.498
1.347
0.025
0.016
ND
ND
ND

99.21
99.28
99.84
99.82
99.98
99.85
99.31
99.35
99.47
99.61
100.00
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98

64.31
−102.94
27.06
−797.25
−231.96
−1485.69
−1201.96
−1219.22
−980.39
−936.86
−225.69
99.90
−88.63
−29.41
2.35
−164.12
95.10
96.86
99.90
99.90
99.90

ND, below detection limit (detection limits for lead and zinc were 3.8 and 0.5 µg/ℓ, respectively)
* Calculated as the detection limit when the concentration below detection limit

Change in zinc concentration
Changes in total zinc concentration in the effluents over the
storage period are shown in Fig. 7 and Table 4. Unlike the
decrease in total lead concentrations in the first 4 h of storage (Fig. 6), the total zinc concentrations in effluents showed
significant fluctuations in ‘basalt+limestone’, basalt, and
limestone reservoirs (Fig. 7). Particularly worth noting is the
concentration of zinc in the basalt reservoir, which increased
significantly from 0.51 to 12.27 mg/ℓ after 2 h, higher than the
‘basalt+limestone’, and limestone reservoirs during all sampling events within the first 24 h. Remarkable increases in zinc
concentrations in the ‘basalt+limestone’ and limestone reservoirs appeared at 16 h. After this stage, the concentrations of
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Unfortunately, no study has explored the mechanism responsible for removal of heavy metals by basalt.
The levels of lead in effluents from the ‘basalt+limestone’-,
basalt-, and limestone-filled reservoirs did not exceed the
0.2 mg/ℓ limit for irrigation water after 24, 96 or 1 h storage
(CGAQIQ and CNSMC, 2005). Similarly, the levels of lead did
not exceed the 0.1 mg/ℓ limit for reclaimed water in urban areas
after 24, 120 and 144 h storage (CWM, 2006), implying that
selection of the material used for filling reservoir structures
of porous asphalt pavements depends on the intended use of
the outlet water. In this study, the water drained from porous
asphalt pavement models with limestone-filled reservoirs, was
better suited to irrigation water; however, porous asphalt pavement models with ‘basalt+limestone’-filled reservoirs appears
to be better suited for reclaimed water in urban areas.

Basalt+limestone
Basalt
Limestone
Limit for irrigation water

12
10
8
6
4
2
0
0

1

2

4

16

24

48

72

96

120 144 168 192 216 240 264 288 312 336 360 552 696

Storage time (h)

Figure 7
Changes in zinc concentration over the storage period of 696 h

zinc in effluents from the limestone reservoir were substantially
higher than the ‘basalt+limestone’ and basalt reservoirs at each
sampling event between 48 and 168 h. There were no significant fluctuations in zinc concentrations in all three reservoirs
after 168 h. The result implies that porous asphalt pavements
with ‘basalt+limestone’-, basalt-, and limestone-filled reservoir
structures may affect the concentration of zinc in storage water;
and the aggregate used in reservoir structures may have significant impacts on the removal of zinc.
The removal rates for zinc from the porous asphalt pavement models with ‘basalt+limestone’, basalt, and limestone
reservoir structures after 696 h storage were 93.92%, 58.24%
and 99.90%, respectively (as shown in Table 4). However, before
264 h in the ‘basalt+limestone’, 336 h in the basalt, and 312 h
in the limestone reservoirs, the removal of zinc was not only
ineffective but counterproductive. The results show that porous
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asphalt pavements with ‘basalt+limestone’-, basalt-, and limestone-filled reservoir structures cannot effectively remove zinc
from road runoff in the short term.
Aggregate material was not cleaned prior to being used in
the reservoirs in order to better simulate conditions in field. The
increase in zinc levels may be attributed to the dissolution process of the reservoir aggregate constituents, or other fine materials from the original aggregate material. The increase of pH and
conductivity in effluents from the ‘basalt+limestone’, basalt, and
limestone reservoirs implies excessive ions and products appearing in the stored water. However, there is no direct evidence that
excessive zinc in effluent was related to aggregate dissolution. In
addition, previous studies have explored the use of limestone as a
sorbent for heavy metal pollutants from solution (Liu et al., 2010).
Al-Degs et al. (2006) found removal of Zn(II) ions from solution
via ion-exchange mechanisms. Further research is required to
investigate the removal of zinc from stored water using porous
asphalt pavements with clean reservoir aggregates under the
same storage conditions.
The levels of zinc in effluents from the ‘basalt+limestone’-,
basalt-, and limestone-filled reservoirs did not exceed the 2.0
mg/ℓ limit for irrigation water after 144, 120 and 168 h storage
(CGAQIQ and CNSMC, 2005), suggesting water extracted from
the ‘basalt+limestone’, basalt, and limestone reservoirs can be
used for irrigation after 144, 120 and 168 h. However, using
the water extracted from porous asphalt pavements with the
abovementioned reservoirs, as reclaimed water in urban areas,
should be carefully considered due to a lack of corresponding
standards and guidelines in China.
The results indicate that there is potential for porous
asphalt pavements with reservoir structures to be used as a suitable technology with respect to road runoff reuse and irrigation in urban areas. Further research is required to explore the
attenuation of heavy metals (or other pollutants) in a shorter
storage time by using appropriate structures and materials of
porous asphalt pavements with reservoir structures.

CONCLUSIONS
This research demonstrates that porous asphalt pavement
models with ‘basalt+limestone’-, basalt-, and limestone-filled
reservoir structures have the ability to remove lead and zinc
from road runoff over a long storage period; all three pavement
models showed increasing pH and conductivity of stored water.
The concentrations of lead and zinc in the initial flush were
reduced significantly, by over 87.72% and 62.55%, respectively,
for all pavement models. Significant overall reductions in the
concentrations of lead and zinc were notable, even following
the remarkable increases in the levels of zinc during the first
16 h. The change in lead and zinc levels indicates that caution
must be taken when using water for irrigation on crops before
168 h storage. The concentrations of lead below the limits for
reclaimed water, with longer storage time (from 168 to 312 h),
suggest that stored water used as reclaimed water in urban
areas should be carefully considered, and further treatment
may be required. Further research is needed to improve the
removal capacity of porous asphalt pavements with applicable
material in reservoir structures, with respect to heavy metals
such as lead and zinc, particularly over a shorter storage time.
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