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Abstract Urban stormwater can be treated by infiltra-
tion at the source using systems like permeable paving.
A critical component of such a system is the filtration
media. Laboratory experiments were conducted using
columns and boxes to evaluate the sediment retention
efficiencies of different filtration media—crushed
Greywacke, Greywacke mixed with 10% sand, and
layered Greywacke and sand-Greywacke mix. Sedi-
ments of 0.001–6 mm were applied at concentrations of
460–4,200 mg/l along with water at flow rates of 100–
900 ml/min. All columns showed between 96 and 91%
sediment retention efficiency for single dry sediment
applications, with lowered sediment retentions at higher
flow rates. Decreasing the sediment loading, applying
particles of <38 μm size, and suspending the particles in
inflow as opposed to directly applying sediments to the
column surface gave lower sediment retention efficien-
cies of 55 to 89%. Sediment retention primarily
occurred in the top 20 mm of all columns and the 50th
percentile value of retained sediments was 100–300 μm.
The box tests showed little effect of flow and sediment
loading on particle retention, with the tests showing an

average retention of 93%. Similar to the column tests,
the box tests showed lower sediment retention (84 to
88%) for <38 μm sediments and greater retention
(approximately 95%) for larger sediments.
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1 Introduction

Urbanization has resulted in an increased conversion
of permeable soils to impermeable surfaces due to
construction of new residential, commercial and
industrial complexes, and associated parking and road
surfaces (Elliott and Trowsdale 2007). This trend has
resulted in large amounts of rainfall runoff which
washes over city streets, parking lots, and suburban
lawns, collecting sediments, nutrients, natural and
synthetic organic chemicals (e.g., polyaromatic
hydrocarbons and organochlorine pesticides), heavy
metals (e.g., lead, copper and zinc), pathogenic
organisms, and waste rubbish (Borst and Selvakumar
2003; Dempsey and Swisher 2003; Muthanna et al.
2007; Sorme and Lagerkvist 2002; Smith 2001; Vaze
and Francis 2002). The presence of these pollutants
makes urban stormwater runoff a threat to the
receiving water ecosystems (Bornatici et al. 2004;
Hossain et al. 2005).
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Permeable pavings have emerged as a cost-effective
solution to the stormwater challenge as they allow the
stormwater to infiltrate at source, thereby preserving
the original water balance in the local area. Alterna-
tively, in regions with low permeability soils they can
filter the runoff and allow the infiltrate to be discharged
to the stormwater drainage network. These pavings are
made of materials that are impervious to water, but
allow infiltration to occur through a pattern of voids
created between neighboring pavers, unlike porous
surfacings which allow water to infiltrate across the
entire material surface (Pratt et al. 2002). An example
of the prior system is porous concrete paving, while
an example of the latter system is porous asphalt.
Permeable paving systems consist of three layers—a
top layer of pavers underlain by a sand/aggregate
bedding layer and a gravel bottom sub-base layer,
placed above the native sub-grade soil. Occasionally,
geotextiles may be placed above and below the sub-
base (Casey et al. 2006; Interpave 2003; Pratt et al.
2002).

Many of the stormwater pollutants, including
metals, toxic organics, and pathogens, preferentially
attach to the finer fractions of suspended sediments
(Muthukaruppan et al. 2002; Dempsey et al. 1993;
Sorme and Lagerkvist 2002), highlighting the need to
remove the finer sediments from the waters dis-
charged to receiving environments. The paving joint
material through which the stormwater is allowed to
infiltrate must be selected to meet two conflicting
criteria: be sufficiently conductive to handle the large
variation in flows associated with storm events and be
sufficiently fine to retain the small sediment particles.
The wide range of sediment sizes observed in storm-
water runoff (Fig. 1) shows that the choice of the

paving joint media is critical to achieving optimal
system performance.

This paper presents the findings from a laboratory
investigation to determine the effect of filter media
characteristics, sediment concentration, and particle
size on the entrapment efficiency of model permeable
paving configurations under various flow rates. In
addition, the paper discusses the effect of different
modes of sediment load application on sediment
retention, the region within the permeable paving
where sediment retention occurs, and the relationship
between particle sizes in the influent and effluent.

2 Materials and Methods

Laboratory experiments were conducted using two
different systems—columns (Fig. 2a) and boxes
(Fig. 2b)—under a variety of hydraulic and sediment
loading rates. The column tests did not include pavers
(i.e., only the joint media was tested), while the box
tests included a top layer of pavers. Tap water was
sprayed on the top layer and sediments were applied
by either periodically spreading particles uniformly
on the surface or by continuously applying sediments
mixed with the inflow. To compare the two loading
modes the sediment load for the former case was
expressed as equivalent sediment concentration in
inflow, obtained by dividing the sediment mass
application rate by the flow rate. The applied sedi-
ments were produced using screens to obtain two
particle size distributions—PSD-1 corresponding to
fine sediments with particles between 0.001 and
0.5 mm with a 50th percentile value of 0.08 mm,
and PSD-2 corresponding to coarser sediments with
particles between 0.03 and 6 mm with a 50th
percentile value of 0.6 mm.

2.1 Column Tests

Four columns were tested, each being 400 mm long
with a cross-sectional area of 0.018 m2. The
following media configurations were tested: (a)
Column 1: 80 mm thick layer of 2.4–4.8 mm crushed
Greywacke (a hard sedimentary rock often used as
aggregate) with no underlying bedding layer; (b)
Column 2: 80 mm thick layer of 90% crushed
Greywacke mixed with 10% 1–2 mm sand and no
underlying bedding layer; (c) Column 3: 80 mm

Fig. 1 Reported distributions for sediment sizes in stormwater
(modified after Walker et al. 1999; Ng et al. 2003)

174 Water Air Soil Pollut (2008) 187:173–180



thick layer of crushed Greywacke with a 20 mm
thick bedding layer of 90% Greywacke mixed with
10% sand; and (d) Column 4: 80 mm thick layer of
crushed Greywacke with a 20 mm thick bedding
layer of 80% Greywacke mixed with 20% sand. A
separate sub-grade layer was not provided in the
column tests. The sand and Greywacke media had
50th percentile values of 3.3 and 1.35 mm, respec-
tively. The bedding layer thickness is consistent with
those used in field systems, which typically range
from 40 to 80 mm. Each column was tested for the
effect of: (1) direct rainfall (hydraulic loading to
simulate precipitation intensities) by applying flows
of 900, 750, 600, 235, 170, and 100 ml/min to
columns receiving 25.2 g/h of PSD-1 sediments
(equivalent to suspended sediments of 463, 556, 700,
1,787, 2,471, and 4,200 mg/l, respectively, although
the majority of the sediments are likely to remain
immobilized on the column surface and not become
suspended in the flow); (2) hydraulic and sediment
loading, by applying flows of 900, 750, 600, 235,
170, and 100 ml/min to columns receiving 37.8,
31.5, 25.2, 49.9, 7.1, and 4.2 g/h, respectively, of
PSD-1 sediments (equivalent to suspended sediments
of 700 mg/l applied to all columns); (3) suspended
sediments, by adding 700 mg/l of suspended sedi-
ments in the inflow at 600 ml/min; and (4) particle
size, by applying 25.2 g/h of sediments in the 0–38,
38–75, and 75–180 μm ranges with an inflow rate of
600 ml/min. In the above tests sediment additions
were done every hour and all tests were conducted
over 5 h. High sediment loading rates were used to
study the long term effects of sediment accumulation
on the performance of the pavement system.

The suspended solids in the effluent were deter-
mined either by gravimetric analysis after filtering
20 ml of the effluent through a 1.2 μm glass fiber
filter paper and then drying at 103–105°C or via
turbidity measurements which were converted to
sediment concentration using a calibration curve.
The linearly interpolated effluent sediment concen-
trations were used to estimate the mass of sediment
eluting from the columns. The particle size distribu-
tion of the eluting sediments was obtained using a
Malvern particle size analyzer. The sediments retained
in the columns were estimated by removing media
from the 0–20, 60–80, and 80–100 mm layers (the
latter applicable only to columns having three layers),
and determining the mass and distribution of particles
finer than those originally present in the joint media.
While this method generally worked satisfactorily, in
some cases, significant overlap between the sediment
and joint media size distributions resulted in under-
estimating the amounts of fine sediments trapped.
Additionally, in such cases some of the particles
observed in the effluent may have resulted from
washing off the base course.

2.2 Box Tests

Rectangular paving blocks of 200×100×80 mm were
placed in four boxes having cross-sectional areas of
0.141 m2. The pavers were separated by 5 mm wide
spacers to create a 5% void space that was filled with
the joint media. In two of the boxes the pavers were
underlain by an intermediate 20 mm thick bedding
layer, while all boxes had a bottom 80 mm thick sub-
base layer of Stevensons PPB-12® media. Although

Fig. 2 Paving configurations tested a column and b box
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the sub-base layer is smaller than that used in practice
(typically 200–500 mm) this is not expected to
influence sediment retention as the 3–12 mm PPB-
12 media is much coarser than the joint material and
the bedding layer media. The four boxes contained
the following media configurations with a layout
similar to the corresponding column: (a) Box 1: 2.4–
4.8 mm crushed Greywacke joint media with no
bedding layer; (b) Box 2: 90% crushed Greywacke
mixed with 10% 1–2 mm sand as joint media and no
bedding layer; (c) Box 3: crushed Greywacke joint
media with a bedding layer of 90% Greywacke mixed
with 10% sand; and (d) Box 4: crushed Greywacke
joint media with a bedding layer of 80% Greywacke
mixed with 20% sand. These tests parallel the column
tests, however due to their longer duration and more
involved nature, the number of tests conducted was
reduced and some of the testing conditions slightly
altered. Each of the four configurations was tested for
the effect of: (1) hydraulic loading, by applying flows
of 235, 180 and 100 ml/min to columns loaded with
9.9 g/h of PSD-1 sediments (equivalent to suspended
sediments of 700, 917 and 1,650 mg/l, respectively);
(2) hydraulic and sediment loadings, by applying 235,
180, and 100 ml/min of flow to boxes receiving 9.9,
7.6 and 4.2 g/h of PSD-1 sediments (equivalent to
suspended sediments of 700 mg/l); and (3) particle
size, by applying 9.9 g/h of sediments in the 0–38,
38–75, and 75–180 μm ranges, and those
corresponding to the PSD-1 and PSD-2 distributions,
under a flow of 235 ml/min. These tests were run over
5 h and involved sediment addition at hourly
intervals. The sediments trapped by the media and
the size distribution of particles escaping in the
effluent were determined using the same procedure
as that used for columns.

3 Results and Discussion

3.1 Column Tests

Figure 3 shows the effect of flow rate on sediment
retention under a constant sediment loading rate of
25.2 g/h per column (Fig. 3a) or a constant equivalent
sediment loading rate of 700 mg/l (Fig. 3b). The data
set labeled 900* in Fig. 3b shows the effect of lower
sediment loading (equivalent loading of 78 mg/l). The
figures show that sediment retention is high, above

91%, even for flows of 900 ml/min. The addition of
sand to the joint media (Column 2) and the presence
of the bedding layer (Columns 3 and 4) do not
significantly enhance sediment retention, although the
columns with the bedding layer showed marginally
greater retention than the other columns. Higher flow
rates result in only marginally lowering the sediment
retention by media. However, lowering the equivalent
sediment loading rate from 700 to 78 mg/l for a flow
of 900 ml/min decreased sediment retention from
approximately 92 to 85%. Therefore, a combination
of larger thrust applied on sediments and lower
sediment concentrations have a significant influence
on sediment retention. It is likely that under high
flows and smaller sediment loadings a larger fraction
of the sediments becomes suspended via entrainment
in the influent water, leading to enhanced mobility
and decreased retention by media. Figure 4a reinfor-
ces this observation and shows that the application of
sediments suspended in the inflow can significantly
decrease sediment retention (from approximately 94
to 55% for the dry spread and completely mixed
modes of sediment application, respectively). As a

Fig. 3 Effect of flow rate on sediment retention under sediment
loadings of a 25.2 g/h and b 700 mg/l
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result, particle removal by pavements receiving flows
at high intensities that entrain the sediments will be
significantly lowered. In practice, this means that the
performance of paved areas can vary from one storm
event to another. The efficiency of retention of
differently sized sediments applied to the columns is
presented in Fig. 4b, which shows that the retention of
38–75 and 75–180 μm sediments is approximately
95%, similar to that of PSD-1 sized sediments;
however, the application of 0–38 μm sediments
shows somewhat lower retention, with Columns 1
and 2 showing retention of approximately 82% and

Fig. 4 Sediment retention in columns as influenced by a
sediment application mode and b particle size

Fig. 5 Sediment retention in columns expressed as a size
distribution and b fraction of mass applied

Fig. 6 Mass distribution of particle sizes in effluent for
application of a 0–38 μm, b 38–75 μm, and c 75–180 μm
size sediments
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Columns 3 and 4 showing retentions of approximate-
ly 89%, indicating that the presence of sand in the
bedding layer enhances retention of finer sediment.

Figures 5a and b present the particle size distribution
and mass fraction of sediments retained, respectively,
in the 0–20, 60–80, and 80–100 mm (only in columns
with the bedding layer) depth intervals of the columns.
The addition of sand to Greywacke increases sediment
filtration, demonstrated by greater retention in Column
2 and the retention of fine sediments in the 80–100 mm
depth interval of Columns 3 and 4. Figures 6a, b and c,
respectively present the mass distribution of sediments
in the effluent from columns 1 to 4 for applications of
0–38, 38–75, and 75–180 μm size sediments. The
figures reiterate the earlier observation that addition of
sand to Greywacke results in decreasing the size of
sediments escaping entrapment by the columns. Of the
126 g of the 0–38, 38–75 and 75–180 μm size
sediments applied to the columns, the respective
masses of the sediments escaping in the effluent were
approximately 25, 6–8, and 4–5.5 g in Columns 1 and
2 and 15, 5, and 4 g in Columns 3 and 4. For the 0–
38 μm sediments these values correspond to 20% of
the applied mass escaping entrapment in Columns 1
and 2 and 12% of the applied mass escaping

entrapment in Columns 3 and 4. For the 38–75 and
75–180 μm size sediments the fraction of applied
sediment mass escaping entrapment ranged from 3 to
6% for all columns.

3.2 Box Tests

These tests more closely approximate real systems
due to the inclusion of pavers, which force the flow to
occur only through the joint media between adjacent
pavers. Figure 7 shows the effect of flow rate on

Fig. 7 Effect of flow rate on sediment retention for sediment
loadings of a 9.9 g/h and b 700 mg/l

Fig. 8 Influence of a particle size and b system configuration
on sediment retention

Fig. 9 Particle size distribution of particles suspended in
outflow resulting from the application of PSD-1 sized
sediments
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sediment retention under a constant sediment loading
rate of 9.9 g/h per box (Fig. 7a) or constant equivalent
sediment loading rate of 700 mg/l (Fig. 7b). The
column labeled 235* in Fig. 7b shows sediment
retained when the sediments applied corresponded to
the larger sized PSD-2 distribution. Similar to the
column tests, increasing the flow rate leads to a slight
reduction in the amount of sediment retained by the
boxes, with retention values very similar for the two
sediment application modes (i.e. sediment suspended
in influent or applied directly to column surface) for
the corresponding flow rates. Figure 8a shows
retention by the boxes upon application of 0–38,
38–75, 75–180 μm, PSD-1, and PSD-2 sized sedi-
ments. Retention of particles larger than 38 μm is
approximately 95%, and the retention of 0–38 μm
sediments ranges between 84 and 88%, with the
boxes containing a bedding layer showing greater
retention. As expected, retention of the larger PSD-2
sized sediments is greater than that for smaller PSD-1
sized sediments. A comparison of sediment retention
by the columns and boxes for the corresponding four
configurations tested is presented in Fig. 8b. In the
absence of the bedding layer the boxes show larger
retention than the corresponding columns, possibly
due to lower mobilization of dry sediments from the
impermeable surfaces under the applied flows—a
behavior that was observed when suspending the
sediments in inflow showed lower sediment retention
compared to the spreading of sediments on the top
surface of columns (see Fig. 4a). In the presence of a
bedding layer the column and box configurations
gave similar levels of sediment retention.

Figure 9 presents the particle size distribution of the
eluting sediments from the boxes for the case where
sediments corresponding to PSD-1 were applied to the
boxes. Box 1 with a crushed Greywacke layer shows
the maximum amount of sediments, 4.2 g of the
applied sediment load, escaping the system. The
addition of 10% sand to Greywacke media in Box 2
slightly decreased the sediments escaping to 3.8 g.
Boxes with a bedding layer show smaller sediment
mass (2.9–3.2 g) escaping, with the box containing
20% sand in the bedding layer showing larger sediment
retention than the box with 10% sand mixed in the
bedding layer. However, all systems removed the
majority of applied sediments, with the amounts
escaping ranging from only 6 to 8% of the mass
applied.

4 Conclusions

Sediment retention in filtration systems is a function of
sediment size and loading, filtration media particle size,
and hydraulic loading. The presence of finer sediments
and lower loading rates led to reductions in particle
entrapment efficiency. The use of finer filtration media
can result in increased removal of <38 μm sediments,
however, the removal of larger particles was similar in
all systems. As pollutants preferentially attach to fine
sediments, such systems can more effectively remove
contaminants from the infiltrating water. Increased flow
rates did not directly result in decreased sediment
retention; nevertheless higher flows may have a
significant indirect effect by entraining the immobile
particles on the filter surface, resulting in a significant
decrease in the sediment retained. Only 55% of the
sediments in suspension were retained by the filters
compared to 94% of the sediments retained when
directly applied to the columns. In practice the size of
filtration media particles is likely to have a smaller effect
on sediment retention compared to the effect of flow rate
and suspended sediment concentration. Overall, the
column and box configuration performed similarly and
either configuration may be used to test the performance
of filtration systems in the laboratory.
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