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)e removal of particulate matter (PM) by filter media during filtration process can mitigate the pavement runoff pollution
effectively. However, this process also makes the filter media prone to clogging. To better understand the size ranges of PM
captured by filter media and the subsequent impact on the clogging process, filtration test and clogging test were conducted on five
types of filter media. )e effect of layer thickness and grain size of different filter media on particle removal efficiency was
evaluated, based on the results of PM removal rate and the particle size distribution. )e subsequent long-term clogging
characteristics of different filter media were also investigated. )e results showed that filter media presented different capabilities
to capture PM, which could be enhanced by less layer thickness or finer grain size. Normally, PMwith the size range of over 49 μm
could be captured effectively if proper layer thickness and grain size of filter media were selected. Besides, PM removal rate was not
related to the clogging resistance of filter media. )ough it can capture a larger amount of PM, Vesuvianite still maintained
remarkable clogging resistance.)e results will be beneficial to filter media selection and system design optimization for pavement
runoff treatment.

1. Introduction

Pavement runoff has been considered as a major pollution
source to adjacent receiving watershed [1–3]. )e pollutants
in pavement runoff mainly consist of particulate matter
(normally characterized by total suspended solids, TSS),
chemical oxygen demand (COD), nutrients (normally
characterized by total nitrogen, TN, and total phosphorus,
TP) and heavy metals [4], which commonly have highly
polluted concentrations [5, 6]. Filtration and infiltration
systems are effective in mitigating the pavement runoff
pollution [7–11], although the systems were developed
initially to control the runoff volumes.

Unfortunately, those systems are prone to clogging,
leading to deterioration in (in)filtration capability [7, 12].
Filtration and infiltration systems are normally filled with

specified filter media (Figure 1), such as Zeolite, Diatomite,
expanded vermiculite, Ceramsite, Vesuvianite, furnace/steel
Slag [13], and granular activated carbon [14], along with
conventional filter media such as soil, sand, and gravel. )e
pore structures of filter media will be blocked gradually as
the suspended PM is captured [15–18]. )erefore, the sus-
pended PM in runoff has been considered as a dominant
contributor to clogging [19, 20].

)e PM in pavement runoff originates from road-de-
posited sediments accumulated on the pavement surfaces,
which will be washed off during rainy days [13]. )e con-
centration and the particle size distribution (PSD) of PM are
highly related to the clogging phenomenon. Research has
been conducted to characterize the PM in pavement runoff.
In addition to the widely used gravimetric concentration
indices of TSS and turbidity, PSD of PM has also been
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determined. Charters [21] investigated PSD in the untreated
runoff collected from pavement, concrete roof, copper roof,
etc., in New Zealand, and the results showed that pavement
runoff contained much higher TSS concentration, while the
peak particle size range was between 60 and 100 μm. Shen
et al. [22] characterized PSD in pavement and roof runoff in
Beijing and found out that particles with the size ranges of
38–74 μm and 125–300 μm accounted for the majority of the
PM in pavement runoff. Winston’s research [23] revealed
that median particle size of PM varied from 31 to 144 μm
according to 43 road runoff events in North Carolina. Li
et al. [24] monitored three highways in west Los Angeles for
three rainfall events, and the results showed that more than
97% of the particles had a size of less than 30 μm. Jartun et al.
[25] investigated 21 runoff samples in Norway and reported
that the particle size varied from 13 μm to 646 μm. In
general, the PM in untreated pavement runoff has normally
a size range of 0–1000 μm.

Due to the differences in angularity, texture, chemical
compositions, etc., different types of filter media are sup-
posed to possess various pore structures [26, 27] and ca-
pabilities to capture particulate matter. Furthermore, the
PSD changes of PM in runoff treated by filter media can not
only reflect the capability of filter media to capture PM, but
also infer the size ranges of captured PM which will cause
clogging. However, current research focused on the PSD
analysis of untreated pavement runoff. Few studies have
been performed to evaluate the PSD changes in treated
runoff. )erefore, it is still not well understood which size
ranges of PM could be captured by filter media and the
subsequent impact on the clogging process.

)erefore, the primary objective of this study was to
evaluate the capability to capture PM and the corresponding
clogging characteristics of different types of filter media. To
achieve the objective, synthetic runoff was prepared
according to in situ pavement runoff. )en, the PM removal
rate of five types of filter media, with different layer thickness
and grain size, was investigated by laboratory filtration test.
Moreover, the PSD changes in the untreated and treated
runoff were determined by a laser particle analyzer, and the
PM capture capability of the filter media was comprehen-
sively analyzed. Eventually, long-term clogging simulation

tests were conducted so as to evaluate the clogging char-
acteristics of the five filter media.

)e methodology of this research is depicted in Figure 2.

2. Materials and Experimental Methods

2.1. Synthetic Runoff Preparation. Considering that a large
amount of runoff with stable and consistent characteristics
was required for the laboratory test, synthetic runoff was
prepared as an alternative, according to the previous in-
vestigation results of the in situ pavement runoff [13].
Synthetic runoff was prepared by dissolving pavement de-
posited dust and chemical compounds into deionized water.
)e target concentrations and selected chemical compounds
are listed in Table 1.

As shown in Table 1, the heavy metal elements of Zn and
Pb, which mainly originate from vehicle tires and fuels,
respectively, were selected for analysis, since they are the
dominant ones in pavement runoff.)e PSD of the synthetic
runoff, which was close to that of in situ pavement runoff,
had d50 and d90 of 193.6 μm and 400.7 μm, respectively.

2.2. Filter Media. Five typical types of filter media used in
filtration systems were chosen for this study, which were
Zeolite, Ceramsite, Slag, Diatomite, and Vesuvianite. )ey
possess various porous structures and compositions (Fig-
ure 3) and can capture particulate matter by retention and/or
absorption, along with some other physical and chemical
interactions [13]. Besides, three different grain sizes of
1–3mm, 3–6mm, and 6–8mm, which are widely applied in
engineering projects, were also prepared for each filter
medium.

Air-void fraction of every filter medium with each grain
size was investigated in accordance with Chinese standard
CJ/T 299. )e loose filled bulk density and apparent density
of filter media were tested. )e air-void fraction can be
calculated by

v � 1 −
ρb

ρap

  × 100, (1)

where v is the air-void faction, %; ρb is the loose filled bulk
density, g/cm3; and ρap is the apparent density, g/cm3.

2.3. Filtration Test. Filtration test was performed to evaluate
the capability of filter media to capture particulate matter by
self-developed equipment, as shown in Figure 4. )is
equipment mainly contained three parts: a storage bucket, a
pump, and a column. )e bucket with a blender was used to
supply homogeneous pavement runoff. )e pump was
equipped with a flowmeter so as to control the flow rate.)e
column was 14 cm in diameter and 50 cm in height, re-
spectively. Four overflow valves were designed vertically on
the column with an interval of 10 cm.

In order to investigate the effect of layer thickness and
grain size of filter media on the removal efficiency of PM,
three layer thickness levels of 10 cm, 20 cm, and 30 cm and
three grain size levels of 1–3mm, 3–6mm, and 6–8mmwere

Pavement
Runoff

Filter media

Infiltration tube

Figure 1: Illustration of an infiltration gutter system.
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selected for each filter medium. In terms of each filtration
test, the filter medium was poured into the column to a
desired thickness. )e constant hydraulic head of 10 cm was
maintained throughout the test by opening the overflow
valve which was 10 cm above the top surface of the media. In
order to eliminate its effect on the filtration process, flow rate
was controlled at the constant level of 4 L/min in this study,
according to the moderate daily rainfall in Yangzhou city
[13]. Effluent from the outlet of each test was collected to
analyze the TSS concentration, so that the index of removal
rate can be calculated by (2) for different filter media. )ree
replicates were conducted for each test and the average
values were used for analysis.

η �
C0 − C1

C0
× 100, (2)

where C0 is the TSS concentration of influent, mg/L, and C1
is the TSS concentration of effluent, mg/L.

2.4. Particle Size Distribution Test. )e laser particle analyzer
of Bettersize 2000 with a detection range of 0.01–800μm was
employed to conduct the particle size distribution test. Effluent
from each filtration test was collected, and the PSD of the PM
was analyzed.)ree replicates were carried out for each testing
sample. Volume distribution curve was employed to describe
the PSD of the PM.)e typical diameter indices, referred to as
d10, d50, and d90, were chosen to determine the particle size of
the PM. )e d50 index represents the median diameter, while
d10 and d90 mean the tenth and ninetieth percentile diameter,
respectively. Furthermore, the particle size range was divided
into six intervals, namely, 0–1μm, 1–9μm, 9–49μm,
49–161μm, 161–417μm, and 417–800μm, to determine the
PSD changes in greater detail, according to the PSD result of
the PM in each sample.

2.5. Clogging Test. )e particulate matter captured by filter
media leads to deterioration in hydraulic conductivity. As a
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Figure 2: Illustration of research plan.

Table 1: Pollutant characteristics of synthetic pavement runoff.

Types of pollutants TSS COD TN TP Zn Pb
Target concentration (mg/L) 300 250 10 1.5 5.0 2.0
Substance Road-deposited dust C6H12O6 NH4Cl KH2PO4 Zn (NO3)2 Pb (NO3)2
Test methods GB/T 11914 GB/T 11901 HJ 636 GB/T 11893 GB 7475 GB 7475

5mm

20μm

(a) (b) (c) (d) (e)

Figure 3: Surface morphologies and microstructures of the selected filter media. (a) Zeolite. (b) Ceramsite. (c) Slag. (d) Diatomite. (e)
Vesuvianite.
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result, the clogging characteristics of filter media can be
determined by monitoring the changes in hydraulic con-
ductivity as clogging develops.)e hydraulic conductivity of
each filter medium was measured by constant hydraulic
head method using the same equipment as the filtration test
(Figure 4). )e filter medium was firstly poured into the
column to a desired thickness and soaked in deionized water
for one hour to saturated status. )en the valve was opened
and the water kept flowing though the filter medium. When
the hydraulic head and effluent rate were stable, the total
volume of the influent through the filter media was recorded
within a certain period of time. )e hydraulic conductivity
can be calculated by

K �
QL

AΔht
× 10, (3)

where K is the hydraulic conductivity, mm/s; Q is the total
volume of the influent within t seconds, cm3; L is the
thickness of filter media, cm; A is the active cross-sectional
area of filter media, cm2; Δh is the hydraulic head, cm; and t

is the filtration time, s.
)e long-term clogging process was simulated by con-

trolling the gross amount of the particulate matter, which was
calculated based on the annual volume and TSS concentrations
of pavement runoff in Yangzhou city, when the dry season
effect on clogging process was not considered. In this test, one
year was taken as one simulation period, and 8 periods were
conducted, since, at the end of 8 years simulation running, the
hydraulic conductivity of each filter medium has reduced to
less than 40% of the original value, indicating that the filer
media lost the required functions. At the end of each simulation
period (one year), the hydraulic conductivity was measured.
Subsequently, the retained ratio of hydraulic conductivity
(RRHC)was defined to evaluate the clogging degree, whichwas
expressed by (4). Besides, the pollutants’ concentrations in the
effluent were tested, and the resultant removal rate of each
pollutant was calculated according to (2).

φ �
Ksj

Ki

× 100, (4)

where φ is the retained ratio of hydraulic conductivity, %;
Ksj is the hydraulic conductivity at simulation period j,
j� 1,2,3,4,5,6,7,8, mm/s; and Ki is the initial hydraulic
conductivity, mm/s.

3. Results and Discussion

3.1. Particle Removal Efficiency of Different Filter Media

3.1.1. Effect of Layer 3ickness of Filter Media. )ree layer
thickness levels of 10 cm, 20 cm, and 30 cm were prepared
for each filter medium to study the effect of layer thickness
on the particle removal efficiency. )e grain size of 3–6mm
was selected in this test for each filter medium, since this
grain size is the most used one. )e removal rate of TSS and
the particle size distribution were used to evaluate the
particle removal efficiency, so as to assess the size ranges of
the particulate matter captured by the filter media during the
filtration process. )e results of removal rate and PSD from
each filter medium are illustrated in Figure 5.

)e effect of layer thickness of Zeolite on the particle
removal efficiency is shown in Figures 5(a) and 5(b). It can
be seen that the removal rate of TSS increased from 69.4% to
79.0% as the layer thickness increased from 10 cm to 20 cm.
However, the removal rate remained at the same level when
the layer thickness further increased from 20 cm to 30 cm.
Obvious PSD variations could also be observed corre-
spondingly. In terms of the original influent, the particle size
of PM was distributed mainly within the intervals of
49–161 μm, 161–417 μm, and 417–800 μm, which accounted
for 32.2%, 42.8%, and 8.7% of the total particles, respectively.
As for the effluent runoff through Zeolite, 100% of the
particles with the size range of 417–800 μmwere captured by
Zeolite, and only a small proportion (3.3%) of PM with the
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Figure 4: Schematic of filtration test equipment. (a) Diagram of the equipment. (b) Picture view.
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Figure 5: Continued.
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size range of 161–417 μm could be observed when the layer
thickness was 10 cm, while almost none of these size ranges
of particles could be seen when the thickness increased to
20 cm. It means that Zeolite can remove the particulate
matter with the size range of over 161 μm effectively, even
with the layer thickness of 10 cm. In addition, with an in-
creasing layer thickness, the proportions of particles with the
size range of 49–161 μm decreased gradually. Considering
the similar removal efficiency between the thickness of 20 cm
and 30 cm, the thickness of 20 cm is suitable enough for
Zeolite to remove PM.

)e effect of layer thickness of Ceramsite on the
particle removal efficiency is illustrated in Figures 5(c)
and 5(d). It can be seen that the removal rate of TSS

increased from 73.6% to 85.8% when the layer thickness
increased from 10 cm to 20 cm, and it further increased to
92.7% with the layer thickness of 30 cm. As for the effluent
runoff through the Ceramsite, 3.9% of PM with the size
range of 417–800 μm and a big proportion (28.8%) of PM
with the size range of 161–417 μm could be observed when
the layer thickness was 10 cm. )e 161–417 μm fraction of
PM reduced sharply to 2.9% only when the thickness
increased to 20 cm, along with the 49–161 μm fraction of
PM decreasing significantly from 41.1% to 20.7%. It means
that 10 cm thickness of Ceramsite presents inferior ca-
pability to remove the PM with the size range of over
161 μm, and 20 cm thickness of Ceramsite shows satis-
factory capability to capture the particles.
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Figure 5: Effect of layer thickness on particle removal efficiency of different filter media. (a) TSS removal rate (Zeolite). (b) PSD based on
subdivided intervals (Zeolite). (c) TSS removal rate (Ceramsite). (d) PSD based on subdivided intervals (Ceramsite). (e) TSS removal rate
(Slag). (f ) PSD based on subdivided intervals (Slag). (g). TSS removal rate (Diatomite). (h) PSD based on subdivided intervals (Diatomite).
(i). TSS removal rate (Vesuvianite). (j) PSD based on subdivided intervals (Vesuvianite).
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)e effect of layer thickness of Slag on the particle re-
moval efficiency is shown in Figures 5(e) and 5(f). Com-
paratively, Slag presented particle removal characteristics
similar to those of Zeolite. )e removal rate of TSS for the
Slag with each layer thickness was close. As for the effluent
runoff through Slag, the 161–417 μm fraction and 49–161 μm
fraction of PM decreased significantly as the layer thickness
increased from 10 cm to 30 cm. However, Slag showed in-
ferior capability to capture the PM with the range over
161 μm, compared to Zeolite.

)e effect of layer thickness of Diatomite on the particle
removal efficiency is presented in Figures 5(g) and 5(h). It
can be seen that the removal rate of TSS was as insufficient as
52.8% when the layer thickness was 10 cm. )e removal rate
of TSS increased to 72.8% and 82.6%, which was comparable
to that of Zeolite and Slag, when the layer thickness in-
creased to 20 cm and 30 cm. As for the effluent runoff
through the Diatomite, none of the PMwith the size range of
417–800 μm and a tiny proportion (2.2%) of PMwith the size
range of 161–417 μm could be observed when the layer
thickness was 10 cm, despite the low removal rate. Un-
doubtedly, the 49–161 μm fraction of PM also decreased
greatly as the layer thickness increased from 10 cm to 30 cm.
)is indicates that Diatomite possesses unique capability to
capture the PM with the size range of over 161 μm.

)e effect of layer thickness of Vesuvianite on the
particle removal efficiency is illustrated in Figures 5(i) and
5(j). It can be seen that the removal rate of TSS increased
greatly from 64.5% to 84.5% as the layer thickness increased
from 10 cm to 20 cm. However, the removal rate remained at
the same level when the layer thickness increased from 20 to
30 cm. As for the effluent runoff through the Vesuvianite, the
PSD presented similar trends to that of Diatomite. When the
layer thickness was 10 cm, none of the PM with fraction of
417–800 μm and a tiny proportion (2.4%) of PMwith the size
range of 161–417 μm could be observed. Moreover, all of the
49–161 μm fractions of PM were captured by Vesuvianite
when the layer thickness reached 30 cm.

Besides, the typical diameter indices of all the effluent
runoff are summarized in Table 2. It can be seen that,
compared with the particles in the influent runoff, all the
three diameter indices decreased sharply. )is implies that
all the filter media can capture coarse particles to some
extent. In terms of each filter medium, the three diameter
indices decreased with an increasing layer thickness. It is
noticeable that when the layer thickness was 10 cm, the d50
and d90 of effluent from Ceramsite and Slag were much
bigger than those of the other three filter media, but the
diameter indices became comparable when the layer
thickness increased to 20 cm. Effluent from Vesuvianite
presented the smallest diameter indices, indicating that it
possesses superior capability to capture particles.

Overall, different filter media showed great differences in
particle removal characteristics, also impacted significantly
by the layer thickness. When the layer thickness was 10 cm,
Ceramsite presented a higher removal rate but the fraction
over 161 μm of PM could not be captured effectively, while
Diatomite and Vesuvianite presented the opposite trends.
)is indicates that both of the particle capture capability and

the removal rate should be considered for filter media se-
lection. When the layer thickness reached 20 cm, all the five
filter media showed satisfactory particle removal efficiency,
and Vesuvianite presented the highest removal rate and the
best capability to capture coarse particles.

3.1.2. Effect of Grain Size of Filter Media. )ree grain size
levels of 1–3mm, 3–6mm, and 6–8mm were prepared for
each filter medium to investigate the effect of grain size on
the particle removal efficiency. According to the layer
thickness test results, 20 cm was selected for each filter
medium in this test. Similarly, the removal rate of TSS and
the particle size distribution were used to evaluate the
particle removal efficiency. )e results of TSS removal rate
and PSD from each filter medium are illustrated in Figure 6.

)e effect of grain size of Zeolite on the particle removal
efficiency is shown in Figures 6(a) and 6(b). It can be seen
that the grain size had a considerable impact on the removal
rate. )e removal rate of TSS decreased from 89.1% to 79.0%
as the grain size increased from 1–3mm to 3–6mm, and it
further reduced to 69.4% as the grain size increased to
6–8mm. Meanwhile, PSD variations could also be observed.
As for the effluent runoff through Zeolite, almost none of the
PM with the size range of over 161 μm was observed.
However, the 49–161 μm fraction of PM presented a re-
markable increase as the grain size increased from 1–3mm
to 3–6mm or 6–8mm. )is means that all grain sizes of
Zeolite can capture the particles with the size range of over
161 μm effectively, but Zeolite with the grain size of 1–3mm
possesses superior particle removal capability.

)e effect of grain size of Ceramsite on the particle
removal efficiency is illustrated in Figures 6(c) and 6(d). It
can be seen that the removal rate of TSS remained at the
same level for Ceramsite with the grain size of 1–3mm and
3–6mm. However, a big drop in the removal rate could be
observed when Ceramsite with the grain size of 6–8mm was
used. As for the effluent runoff through Ceramsite, none of
the 161–800 μm fractions of PM could be observed when
Ceramsite with grain size of 1–3mmwas used. Nevertheless,
there was no big difference in the PSD for Ceramsite with
grain size of 3–6mm or 6–8mm. )e 49–161 μm fraction of
PM increased greatly, and the 161–417 μm fraction of PM
could be observed, when Ceramsite with the grain size of
3–6mm and 6–8mmwas used.)is indicates that Ceramsite
with the grain size of 1–3mm has superior capability to
remove coarse particles.

)e effect of grain size of Slag on the particle removal
efficiency is shown in Figures 6(e) and 6(f). It can be seen
that the grain size did impact the removal rate greatly. )e
removal rate of TSS reached as high as 97.7% when the grain
size of 1–3mm was used. )en it reduced sharply to 79.8%
and 62.7% as the grain size increased to 3–6mm and
6–8mm. PSD variations also changed subsequently. As for
the effluent runoff through Slag, when the grain size of
1–3mm was used, the 1–9 μm and 9–49 μm fractions of PM
accounted for 89.5% of the total particles. When the grain
size of 3–6mm or 6–8mm was used, a small proportion of
161–417 μm fraction of PM could be observed, while the
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49–161 μm fraction of PM grew to 19.9% and 22.0%, re-
spectively. )is implies that Slag grain sizes of 3–6mm and
6–8mm have equivalent capability to capture particles.

)e effect of grain size of Diatomite on the particle
removal efficiency is presented in Figures 6(g) and 6(h). It
can be seen that the removal rate of TSS remained at the
same level of around 72.8%–75.4% for Diatomite with the
grain size of 1–3mm and 3–6mm. However, the removal
rate reduced to 57.3% when Diatomite with the grain size of
6–8mm was used. Meanwhile, PSD results did not show
obvious variations. As for the effluent runoff through Di-
atomite, none of the PM with the size range of over 161 μm
could be seen. )e 1–9 μm, 9–49 μm, and 49–161 μm frac-
tions of PM were close for Diatomite with all the three grain
sizes. )is indicates that Diatomite possesses excellent ca-
pability to capture the particles with the size range of over
161 μm, despite the differences in grain size.

)e effect of grain size of Vesuvianite on the particle
removal efficiency is illustrated in Figures 6(i) and 6(j). It can
be seen that the grain size had a remarkable influence on the
removal rate.)e removal rate of TSS reduced from 97.2% to
84.5% as the grain size increased from 1–3mm to 3–6mm,
and it further reduced to 72.8% as the grain size increased to
6–8mm. As for the effluent runoff through Vesuvianite,
there was no big difference in the PSD for the filter medium
with grain size of 1–3mm or 3–6mm. However, the
49–161 μm fraction of PM increased significantly from 8% to
46.3%, when the grain size of 6–8mm was used. )is in-
dicates that Vesuvianite with the grain size of 6–8mm has
inferior capability to remove the 49–161 μm fraction of PM.

Besides, the typical diameter indices of all the effluent
runoff are summarized in Table 3. It can be seen that,
compared with the particles in the influent runoff, all the
three diameter indices decreased dramatically. )is implies
that all the filter media can capture coarse particles to some
extent. In terms of each filter medium, the three diameter
indices grew with an increasing grain size. It is noticeable
that when the grain size of 6–8mm was used, the d50 of
effluent from Vesuvianite was much bigger than those from
other filter media. Meanwhile, the d90 of effluent from
Ceramsite and Slag was much bigger than those of other
filter media. All the three diameter indices would not be-
come comparable only when the grain size of 1–3mm was
used for each filter medium.

Overall, the grain size of filter media did impact the
particle removal efficiency significantly. Generally, the finer
the grain size is, the higher the removal efficiency will be,
although Diatomite with each grain size could capture the
coarse particles effectively. All the filter media with the grain
size of 1-3mm presented comparably superior capability to

capture particles, but only Slag and Vesuvianite showed
removal rate as high as over 90%. When the grain size of
3–6mm was used, accepted removal efficiency could be
achieved for each filter medium, and Vesuvianite also
presented both the highest removal rate and the best ca-
pability to capture coarse particles. When the grain size of
6–8mm was used, Ceramsite and Slag showed inferior re-
moval efficiency of PM with the size range of over 161 μm.

3.2. Clogging Resistance of Different Filter Media

3.2.1. Initial Hydraulic Conductivity of Filter Media. )e air-
void fractions and initial hydraulic conductivity of the five
types of filter media with three grain size levels were tested,
and the results are illustrated in Figure 7.

It can be seen from Figure 7 that the grain size presented
limited impact on the air-void fractions for each filter
medium, though a small increase could be observed with the
increase in grain size. )e air-void fractions of Diatomite
and Vesuvianite reached relatively high values of 62% and
60%, respectively, while air-void fractions of Zeolite,
Ceramsite, and Slag remained at the levels of 45%–50%. As
for the initial hydraulic conductivity, just a slight growth
could be observed as the grain size increased. Ceramsite
presented much higher hydraulic conductivity of around
6.3mm/s, while hydraulic conductivity was around 4.5mm/s
for Zeolite and Diatomite, and around 5.0mm/s for Slag and
Vesuvianite. )is indicates that hydraulic conductivity may
depend on not only the air-void fractions, but also the mi-
crostructure of filter media. Ceramsite possesses some parts of
smooth surface in micro texture (Figure 3(b)), which can
accelerate the flow rate, leading to the high hydraulic
conductivity.

3.2.2. Long-Term Clogging Characteristics of Different Filter
Media. According to the results in Section 3.1, the layer
thickness and grain size had significant impact on the
particle removal efficiency. For comparison study, each filter
medium with the same layer thickness of 20 cm and grain
size of 3–6mm was selected for this clogging test. )e
retained ratio of hydraulic conductivity φ and the removal
rates of pollutants are plotted against simulation time in
Figure 8.

It can be seen from Figure 8 that the hydraulic con-
ductivity presented roughly a downward trend over simu-
lation time. For all filter media, retained ratio of hydraulic
conductivity φ decreased rapidly at the first 3-4 years, in-
dicating a fast clogging stage. )en, φ remained stable or
even recovered a little bit for the next 1-2 years, indicating a

Table 2: Typical diameter indices of runoff through filter media with different layer thickness.

Index
(μm)

Influent
runoff

Zeolite Ceramsite Slag Diatomite Vesuvianite
10 cm 20 cm 30 cm 10 cm 20 cm 30 cm 10 cm 20 cm 30 cm 10 cm 20 cm 30 cm 10 cm 20 cm 30 cm

D10 52.3 2.11 1.76 1.55 8.81 2.11 1.97 3.17 2.22 1.77 2.63 1.98 1.86 2.20 1.83 1.45
D50 193.6 15.8 9.52 9.51 106.9 12.9 10.5 44.5 15.8 6.91 19.6 11.1 9.6 16.4 9.02 5.28
D90 400.7 102.8 64.0 53.9 310.5 95.7 51.7 175.2 117.9 47.24 88.9 67.3 52.6 98.5 47.8 18.3

8 Advances in Materials Science and Engineering



Removal rate
Retained rate

69.4

79

89.1

20 40 60 80 1000
Removal rate of TSS (%)

1–3mm

3–6mm

6–8mm

(a)

0-1μm
1–9μm
9–49μm

49–161μm
161–417μm
417–800μm

Influent 1–3mm 3–6mm 6–8mm

V
ol

um
e f

ra
ct

io
n 

(%
)

0

20

40

60

80

100

(b)

Removal rate
Retained rate

72.8

85.8

89.9

20 40 60 80 1000
Removal rate of TSS (%)

1–3mm

3–6mm

6–8mm

(c)

0-1μm
1–9μm
9–49μm

49–161μm
161–417μm
417–800μm

Influent 1–3mm 3–6mm 6–8mm

V
ol

um
e f

ra
ct

io
n 

(%
)

0

20

40

60

80

100

(d)

Removal rate
Retained rate

62.7

79.8

97.7

20 40 60 80 1000
Removal rate of TSS (%)

1–3mm

3–6mm

6–8mm

(e)

0-1μm
1–9μm
9–49μm

49–161μm
161–417μm
417–800μm

Influent 1–3mm 3–6mm 6–8mm

V
ol

um
e f

ra
ct

io
n 

(%
)

0

20

40

60

80

100

(f )

Figure 6: Continued.
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stable clogging stage. Afterwards, φ showed a slow declining
trend for the remaining simulation periods, indicating a
gradual clogging stage. At the end of the 8-year simulation, φ
was only 35%, 26%, 31%, 19%, and 39% for Zeolite,

Ceramsite, Slag, Diatomite, and Vesuvianite, respectively.
)is implies that Vesuvianite possesses superior clogging
resistant property, while Diatomite is more prone to
clogging.

Table 3: Typical diameter indices of runoff through filter media with different layer thickness.

Index (μm) Influent runoff
Zeolite Ceramsite Slag Diatomite Vesuvianite

1–3 3–6 6–8 1–3 3–6 6–8 1–3 3–6 6–8 1–3 3–6 6–8 1–3 3–6 6–8
D10 52.3 1.63 1.76 2.27 1.88 2.11 2.61 1.53 2.22 2.53 1.90 1.98 2.24 1.69 1.83 3.56
D50 193.6 6.66 9.52 12.5 8.37 12.9 22.0 6.4 15.8 16.4 9.54 11.1 14.0 7.73 9.02 45.5
D90 400.7 33.4 64.0 77.5 57.5 95.7 136.0 32.3 117.9 127.2 53.3 67.3 72.5 43.2 47.8 94.0
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Figure 6: Effect of grain size on particle removal efficiency of different filter media. (a) TSS removal rate (Zeolite). (b) PSD based on
subdivided intervals (Zeolite). (c) TSS removal rate (Ceramsite). (d) PSD based on subdivided intervals (Ceramsite). (e) TSS removal rate
(Slag). (f ) PSD based on subdivided intervals (Slag). (g) TSS removal rate (Diatomite). (h) PSD based on subdivided intervals (Diatomite). (i)
TSS removal rate (Vesuvianite). (j) PSD based on subdivided intervals (Vesuvianite).
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Figure 7: Air-void fractions and initial hydraulic conductivity of different filter media.
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In terms of all the detected types of pollutants, the
removal rates increased at the fast clogging stage and then
remained at the same levels as the clogging progress
developed, which was consistence with the results in
[8, 11]. )is shows that the filtration capability of the filter
media to capture the pollutants enhanced at the fast
clogging stage, and then the filtration capability remained
though the clogging phenomena became more and more
severe. )e explanation could be that the retained par-
ticulate matter by filter media can capture more pollutants
due to their relative bigger specific surface areas. Besides,
the flow rate of the runoff could be slowed down due to the
deterioration in hydraulic conductivity caused by clog-
ging, which also could contribute to the higher pollutant
removal rates.

As for the stable clogging stage, the retained ratio of
hydraulic conductivity φ remained stable or even in-
creased slightly. )is is owing to unstable state of the
retained particulate matter within the filter media. )ose
parts of PM could be washed away through interlocking
pore in the filter media, indicating that this clogging stage
could be recovered since no permanent clogging has been
formed. As a result, this can be considered as the optimum
timing to maintain the filter media, so as to recover the air
voids and keep a balance between hydraulic conductivity
and filtration capability. )erefore, according to the
changes in hydraulic conductivity over simulation time, it
was proposed that the best maintenance timing is when φ
reduced to 50% of its initial value. As shown in Figure 8,
marked as dot dash lines, when the retained ratio of
hydraulic conductivity φ reduced to 50%, it took 4.7, 4.3,
3.6, 2.9, and 4.3 years for Zeolite, Ceramsite, Slag, Diat-
omite, and Vesuvianite, respectively. It is worthwhile to
point out that the particle removal rate is not related to the
clogging resistance of filter media. For instance, Diatomite
presented the lowest particle removal rate of 72.8%, which

meant that this medium captured the least amount of
particulate matter. However, it was more prone to clog-
ging and needed maintenance only after 2.9 years of
operation. Ceramsite and Vesuvianite possessed higher
particle removal rate of around 85%, but maintenance
would not be necessary till 4.3 years of operation. )is
phenomenon could be caused by the differences in the
microstructure of filter media.

In addition, it was found that most of the visible par-
ticulate matter was captured within the depth of 3 cm–7 cm
(Figure 9) since the filter media on the top 3 cm were floated
caused by the “washing effect” of the runoff, which was
consistent with the result from [28].
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Figure 8: Long-term clogging test results of different filter media. Variations of hydraulic conductivity and pollutant concentration with
simulation time: (a) Zeolite, (b) Ceramsite, (c) Slag, (d) Diatomite, and (e) Vesuvianite.
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4. Conclusions

)is study focused on evaluating the capability to capture
particulate matter and clogging characteristics of five types
of filter media. Long-term clogging tests were performed for
each filter medium by self-developed equipment. )e con-
clusions can be derived as follows.

(1) Different types of filter media present various ca-
pabilities to capture particulate matter, resulting in
the differences in the TSS removal rate and PSD of
captured PM.

(2) )e capability of different filter media to capture PM
is also layer thickness and grain size dependent.
Generally, a thicker layer and finer grain size would
be more effective in capturing PM.

(3) All the five types of filter media can capture all the
particulate matter with the size range of 161–800 μm
and most of the particles with the size range of
49–161 μm when suitable filter media are used, in-
dicating that the PM with the size of over 49 μm is
dominant in clogging.

(4) )e clogging process of each filter medium develops
rapidly at the first 3-4 years and then presents a slow
decreasing trend. To prevent permanent clogging,
the proposed maintenance timing for Zeolite,
Ceramsite, Slag, Diatomite, and Vesuvianite is after
4.7, 4.3, 3.6, 2.9, and 4.3 years’ operation,
respectively.

(5) Higher TSS removal rate may not result in more
rapid clogging phenomenon. Vesuvianite possesses
both superior capability to capture particulate matter
and clogging resistance.)erefore, both TSS removal
rate and clogging resistance should be taken into
consideration for filter media selection.
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