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Abstract: Permeable pavement is a highly effective technology in Low-Impact Development (LID)
for managing stormwater runoff, which helps mitigate environmental impacts. Filters are essential
components of permeable pavement systems as they prevent permeability reduction, remove pol-
lutants, and enhance the system’s overall efficiency. This research paper focuses on exploring the
influence of three factors, including total suspended solids (TSS) particle size, TSS concentration, and
hydraulic gradient, on the permeability degradation and TSS removal efficiency of sand filters. A
series of tests were conducted using different values of these factors. The results demonstrate that
these factors have an influence on permeability degradation and TSS removal efficiency (TRE). A
larger TSS particle size results in higher permeability degradation and TRE than a smaller particle
size. Higher TSS concentrations lead to higher permeability degradation and lower TRE. Additionally,
smaller hydraulic gradients are associated with higher permeability degradation and TRE. However,
the influence of TSS concentration and hydraulic gradient seems less significant than that of TSS
particle size for the values of the factors considered in the tests. In summary, this study provides
valuable insights into the effectiveness of sand filters in permeable pavement and identifies the main
factors that influence permeability degradation and TRE.

Keywords: permeable pavement; TSS; TSS particle size; TSS concentration; hydraulic gradient;
permeability degradation; TSS removal efficiency

1. Introduction

Increased infrastructure and development have led to a reduction in natural surface
cover, altering the water cycle and causing severe flooding in urban areas [1]. In addition,
runoff from urban areas contributes to the majority of pollutants transported to various
water bodies [2]. Therefore, it is necessary to provide strategies to mitigate the disad-
vantages of imperviousness in modern cities [3]. One of the technological developments
associated with Low-Impact Development (LID) is the permeable pavement system, which
has been shown to be an effective tool in addressing runoff-related problems [4]. Permeable
pavement can be an excellent alternative to impervious surfaces such as roads, parking lots,
and walkways [5,6]. Permeable paving materials are specifically designed to facilitate the
infiltration and storage of rainwater [7,8]. There are several types of permeable pavement,
such as permeable interlocking concrete pavement (PICP), porous asphalt pavement (PAP),
and pervious concrete pavement (PCP).

For example, in the PICP system, rainwater infiltrates through the joints between
the pavers, into the bedding layer, and then into the sand filter [9,10]. Figure 1 shows a
typical cross-section of the PICP system [11]. As rainwater passes through the sand filter,
pollutants such as sediment and hydrocarbons are removed. The filtered water can then
infiltrate into the natural groundwater, where it can recharge the groundwater reservoir.
The sand filter can be an effective way to improve the quality of rainwater runoff.
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Figure 1. Cross-section of a permeable interlocking concrete pavement [11].

A study was conducted by Niu et al. [12] to evaluate the rainwater infiltration and
runoff pollution reduction performance of permeable pavements, including permeable
interlocking blocks, bedding layers (thickness = 2, 3.5, and 5 cm), and open-graded layers
(thicknesses = 15, 20, 25, and 30 cm). The results indicated that permeable pavement layer
thickness was an important factor influencing the infiltration and pollution removal rates
of the permeable pavement. In addition, Ghisi [13] evaluated the filtration performance of
the PAP and the quality of rainwater filtered by filter layers. The results showed that the
PAP is able to filter pollutants from rainwater.

For permeability, Arafa et al. [14] conducted an investigation of the permeability of
permeable geopolymer concrete (PGC) to determine the rainwater runoff reduction of PGC.
The results showed that the PGC was an effective means for reducing runoff. In addition,
Pratico and Moro [15] carried out a study with a theoretical and experimental analysis of
the percolation phenomena of water in porous asphalt concrete (PAC). It was concluded
that effective porosity was a very important factor when analyzing permeability.

Permeable pavements are susceptible to clogging, which occurs when sediment fills
the voids in the aggregate layers, reducing the system’s effectiveness in managing rainwater
runoff. A study by Lucke and Beecham [8] investigated the clogging behavior of permeable
pavement, which is designed to reduce rainwater runoff and improve water quality by
allowing rainwater to infiltrate into the ground. Their experimental tests showed that
clogging occurred at the interface between blocks and bedding aggregates, reducing infil-
tration capacity over time. Ghisi et al. [11] evaluated the ability of PICP to filter rainwater
for non-potable uses in buildings and found that a sand filter layer effectively reduced
pollutant levels. In addition, Marcaida et al. [16] conducted laboratory experiments to
investigate factors contributing to particle-related clogging in pervious concrete and found
that mixes with high proportions of fine particles clogged more quickly than those with
more coarse particles.

Permeable pavements are designed to reduce rainwater runoff and improve water
quality, but the accumulation of TSS in pavement voids can cause clogging and reduce
infiltration rates. TSS refers to the concentration of solid particles that are suspended in
water and can be measured as a water quality parameter [17,18]. These TSS and pollutants
from rainwater runoff are directly filtered by permeable pavements during rainfall events.
Over time, TSS gradually accumulates in the pavement layers, and the infiltration capacity
is reduced [19,20].

The filter layer in the permeable pavement is a crucial factor to consider for preventing
permeability degradation and enhancing TSS removal efficiency. Thus, the aim of this study
is to investigate three factors that impact the permeability degradation and TRE of the
sand filter in the permeable pavement: TSS particle size, TSS concentration, and hydraulic
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gradient. Eight tests were conducted using varying values of these factors to accomplish
the goal.

2. Materials and Methods

The permeability degradation and TSS removal efficiency were investigated based on
two sets of laboratory experiments. In the first set of experiments, the permeability of the
sand filter before clogging was investigated. In the second set of experiments, the water
mixed with TSS was applied to the sand filter, and both permeability degradation and TSS
removal efficiency were evaluated in parallel.

2.1. Sand Filter and TSS Materials

In this study, silica sand was selected as a filter material, which is a typical application
for permeable pavement systems. The particle size distribution curve of the silica sand
is shown in Figure 2. The average particle size of the sand is 1.8 mm. The gradation is
uniform with the coefficients of uniformity (1.46) and curvature (0.97).
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Figure 2. Sand filter particle size distribution curve.

The 0.035-mm and 0.060-mm granular particles were used as TSS. In this study, per-
meability degradation and TSS removal efficiency are evaluated in parallel for a single
sand filter sample, and therefore TSS and clogging particles represent the same material.
Figure 3 shows the gradation curves of the TSS materials analyzed using an off-line image
analyzer, QICPIC, and software WINDOX 5.9.0.0 [21].
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Figure 3. Distribution of TSS particle sizes. (a) Particle size distribution of 0.035 mm; (b) particle size
distribution of 0.060 mm.

2.2. Evaluation of Permeability

The test equipment developed by Ahn et al. [22] was employed to evaluate the per-
meability. Figure 4 shows an overview of the equipment. This equipment can be operated
under constant head differences during the test. The head difference can be varied by
raising or lowering the level of the outlet vessel. It should be noted that for some porous
materials, particularly those with large pores, the flow rate and hydraulic gradient do not
necessarily have a linear relationship. From the volume of water recorded over time in the
measuring tank, the flow rate of the water passing through the system can be calculated.
An example of the silica sand in the sample mold of the apparatus is shown in Figure 5.

Height range
of buffer tank

by
i
Specimen mold———

l+——Outflow tank

Measuring tank

8

+———Pressure sensor

Figure 5. A specimen in the sample mold.
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According to Darcy’s law, the relationship between the discharge velocity (v) and the
hydraulic gradient (i) can be presented as:

v =ki, 1)

where k is the permeability and the slope of the velocity-hydraulic gradient plot. For some
permeable pavement materials, Darcy’s law does not apply, but a non-linear relationship
between discharge velocity and the hydraulic gradient is more reliable [23,24]:

v = ki", )

where n is an exponent to account for non-linearity. For laminar flow, the variablenis 1,
while for turbulent flow, the variable n is 0.5 [25,26]. Four different hydraulic gradients (0.5,
1.0, 1.5, and 2.0) were used in this study.

2.3. Evaluation of Permeability Degradation and TSS Removal Efficiency

In order to evaluate the degradation of the permeability of the sand filter and the
removal of TSS in parallel, the equipment shown in Figure 6 is selected and used. The
water contaminated with TSS (0.035 mm or 0.060 mm) is prepared in an agitation tank.
Based on Memon et al., two different concentrations of TSS, 100 mg/L and 300 mg/L, were
targeted in this study [27]. The mixed water is discharged through an outlet pipe into the
infiltration cell, where the sand specimen is placed.
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Figure 6. Permeability degradation and TSS removal equipment [28].

The infiltration cell, located below the agitator tank, is a three-layer steel column with
a cross-section of 200 x 200 mm and a tapered end, as shown in Figure 7a. The first layer
receives the mixed water from the tank, and the water level is maintained by outlet values.
The second layer contains a specimen, the sand filter (Figure 7b). The sand was washed
and dried prior to installation in order to minimize the fines discharged from the sand
specimen itself. The last layer, the tapered layer, collects the water and conveys it to the
measurement tank, where the flow rate is estimated.
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Figure 7. (a) Schematics of the test bed system; (b) sand filter in the infiltration cell.
The experiments were conducted with two different sizes of TSS particles (0.035 mm
and 0.060 mm), two TSS concentrations (100 mg/L and 300 mg /L), and two hydraulic gradi-

ents (1.1 and 2.0), which makes a total of eight test cases. Table 1 summarizes the test cases
and the corresponding TSS particles, TSS concentrations, and hydraulic gradients selected.

Table 1. Test cases.

No. TSS Particle Size, mm TSS Concentration, mg/L Hydra.uhc

Gradient
Case 1 0.035 100 1.1
Case 2 0.035 100 2.0
Case 3 0.060 100 1.1
Case 4 0.060 100 2.0
Case 5 0.035 300 1.1
Case 6 0.035 300 2.0
Case 7 0.060 300 1.1
Case 8 0.060 300 2.0

Inlet and outlet water samples were taken every 10 min and analyzed according to “
Standard Methods for the Examination of Water and Wastewater” [29]. The TRE can be

calculated as:
_ TSSiy — TSSout o

TSS;,
where TSS;;, is the inflow TSS and TSSg; is the outflow TSS.

TRE (%) 100, ®)

3. Result and Discussion
3.1. Permeability

The measured discharge velocity is plotted against the corresponding hydraulic gradi-
ent in Figure 8. It is well known that Darcy’s Law applies to typical soil materials, which
includes the silica sand tested here. A linear regression analysis was carried out to evaluate
the permeability of the sand filter material. The slope of this relationship is equivalent to
the permeability coefficient of the sand filter. Based on the analysis, the permeability was
estimated to be 2.91 mm/s, with a coefficient of determination of R? = (0.993.
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Figure 8. Relationship between discharge velocity and hydraulic gradient of silica sand.

3.2. Permeability Degradation

This study investigated the effects of TSS particle size, TSS concentration, and hy-
draulic gradient on permeability degradation. Figure 9 displays the volume of outflow over
time, which shows degradation of permeability, for the tests conducted. For 60 min, which
is the test duration, the outflow gradually increases over time. The outflow volume was
measured with a pressure sensor, and the sensitivity of the sensor was reflected in the curve
of flow volume (fluctuation). The attenuation of outflow and, therefore, the degradation
of permeability over time may be influenced by TSS particle size, TSS concentration, and
hydraulic gradient. When the flow rates of pure water are investigated for the target
hydraulic gradients of 1.1 and 2.0, they are not proportional to the target gradients. It
is noted that there is suction developed at the interface of the saturated soil and the air
placed at the bottom of the specimen, which develops larger hydraulic gradients than the
target values.

2000 2000
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[ [ |
3 3
% 1000 ! % 1000
e E
j=] =]
©] @)
500 F 500 |
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Figure 9. Volume of outflow over time. (a)i=1.1; (b)i=2.0.

According to Figure 9, for the test cases analyzed, the application of the 0.060 mm
TSS particles results in more permeability degradation than the 0.035 mm particles. For
example, fori=1.1, Cases 3 and 7 (0.060 mm particles) show a lower outflow than Cases
1 and 5 (0.035 mm particles), regardless of the concentration used (Figure 9a). The same
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trend is also observed for i = 2.0 (Figure 9b). This is because smaller particles (0.035 mm)
can pass through the voids of the filter material better than larger particles (0.060 mm).

From Figure 9, it appears the TSS concentration and hydraulic gradient also have
effects on the degradation of permeability. For i = 1.1, Cases 1 and 3 (100 mg/L concen-
tration) result in higher outflow than Cases 5 and 7 (300 mg/L concentration) (Figure 9a).
The same trend is also observed for i = 2.0 (Figure 9b). In addition, the outflow attenuation
of four test cases from pure water with a larger hydraulic gradient (Figure 9b) is greater
than that of those with a smaller hydraulic gradient (Figure 9a). Overall, the effect of TSS
concentration and hydraulic gradient on permeability degradation is not as significant as
the effect of TSS particle size.

3.3. TSS Remouval Efficiency

Two independent sets of experiments were carried out to evaluate the TSS removal
efficiency of the filter specimen. A sample set of the test results is shown in Figure 10,
which shows the inflow concentration, outflow concentration, and TRE estimated from
measurements with intervals.
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Figure 10. TRE results. (a) Case 1: 0.035 mm, i=1.1; 100 mg/L; (b) Case 2: 0.035 mm, i = 2.0; 100 mg/L;
(c) Case 3: 0.060 mm, i = 1.1; 100 mg/L; (d) Case 4: 0.060 mm, i = 2.0; 100 mg/L; (e) Case 5: 0.035 mm,
i=1.1;300 mg/L; (f) Case 6: 0.035 mm, i = 2.0; 300 mg/L; (g) Case 7: 0.060 mm, i = 1.1; 300 mg/L;
(h) Case 8: 0.060 mm, i = 2.0; 300 mg/L.

A total of 16 measurements of TSS removal efficiency were obtained from two sets of
tests. The average TSS removal efficiency of the measurements is summarized in Figure 11.
The graph shows that the TSS particle size is the main factor influencing TRE. Specifically,
the application of 0.060 mm TSS particles (Cases 3, 4, 7, and 8) results in high TRE. This is
because the smaller TSS particles (0.035 mm) can pass through the voids of the filter better
than the larger TSS particles (0.060 mm).
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20
10
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Casel Case2 Case3 Case4 Case5 Case6 Case7 CaseS8

Figure 11. The average TSS removal efficiency.
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The effect of TSS concentrations and hydraulic gradients on TRE was also investigated.
For Cases 1 and 5, the lower TSS concentration (100 mg/L) in Case 1 results in a higher TRE,
while the higher TSS concentration (300 mg/L) in Case 5 leads to a lower TRE. Additionally,
TRE is also investigated for two target hydraulic gradient values of 1.1 and 2.0. For Cases
1 and 2, the smaller hydraulic gradient results in a higher TRE. It appears that a larger
discharge velocity associated with a larger hydraulic gradient makes the TSS particles less
clogged when passing through the filter specimen. Overall, the effect of TSS concentration
and hydraulic gradient on TRE is not as significant as the effect of TSS particle size in the
cases of the experiments conducted. Among the cases with 0.035 mm particles (Cases 1, 2,
5, and 6), only Case 1 with a TSS concentration of 100 mg/L and a target hydraulic gradient
of 1.1 results in a higher TRE than the others.

4. Conclusions

This study aims to investigate the permeability degradation and TSS removal effi-
ciency of sand filters in permeable pavement. By conducting a series of tests, the effect
of three factors—TSS particle size, TSS concentration, and hydraulic gradient—on perme-
ability degradation and TSS removal efficiency was investigated. From the results of the
experiments reported in this study, the following conclusions can be drawn:

e  TSS particle size has a significant effect on permeability degradation. It appears that
larger TSS particles (0.060 mm) can lead to greater permeability degradation than
smaller TSS particles (0.035 mm). This is because smaller particles are more likely to
pass through the filter voids better than larger particles, whereas larger ones are not.

e  The degradation of permeability appears to be influenced by both the TSS concentra-
tion and the hydraulic gradient. Specifically, a higher TSS concentration (300 mg/L)
and a smaller hydraulic gradient (1.1) result in higher permeability degradation. How-
ever, their influence is not as significant as that of TSS particle size.

e  TSS particle size also influences TSS removal efficiency. Specifically, it appears that the
larger TSS particles (0.060 mm) can lead to higher TRE compared to the smaller TSS
particles (0.035 mm), which is consistent with the results of permeability degradation.

e It is observed that TRE generally tends to be higher at a lower TSS concentration
(100 mg/L) and a smaller hydraulic gradient (1.1). TSS concentration and hydraulic
gradient may influence TRE, although their influence may be less significant than that
of TSS particle size.
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