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Abstract

Purpose — The aim of this paper is to investigate the sedinand pollution profiling and
particle size distribution with depth within pernda&paving structures both with and without
a geotextile.

Design/methodology/approach — Test rigs set up in an earlier pilot study weased for four
separate but linked studies. Street dust was apfaieigs C and D to determine the retention
of sediments. Heavy metals together with street wese applied to rig A and B (previously
control rigs) to determine the effect of sedimenttioe pollution removal capabilities of the
test rigs. Following the application of sedimemgsrA and B were carefully taken apart to
determine pollution profiles and particle size dlBitions.

Findings — The findings reveal that sediment does have feetteon the metal removal
capabilities of permeable paving systems, but thexe minimal difference between the rigs
with a geotextile and without. Pollution profilingithin the test rigs identified that the
greatest concentration of metals was in the surfsmiment and that both rigs removed
similar percentages but the concentrations of metare distributed differently. It was also
found that between 10 and 15 years of sedimenticapipin paving rigs began to ‘block’
causing reduced infiltration rates. Unfortunatelys difficult to explain the variations of
particle size distributions found with depth in tha&ving structure. It had been expected to
find progressively higher proportions of finer m&ewith depth. However, the reverse was
true, with a higher proportion of fines in the sednt applied to the surface and a progressive
increase in the proportion of coarse material wepth

Practical implications — The conclusions confirm the effects of sedinweitiiin a permeable
paving structure and indicate the loading at whicé infiltration rates become affected.
These results may help to determine a maintenaragrgmme however this would require
further research.

Originality/value —The paper provides a comparative study on polutnd sediment
profiling within a permeable paving structure buetith and without the inclusion of an upper
geotextile. It provides valuable insight into themaunt of sediment on paving before it
becomes blocked. The methodology and results teghan this research could be used for
further studies to provide more evidence as to drethe inclusion of an upper geotextile is
beneficial.

Keywords — Permeable Paving SUDS, Geotextile, Pollutant ®e Car Park, Clogging,
Pollution Profiling, Particle Size Distribution.

Paper type — Research paper

1. Introduction

Urban runoff is one of the major causes of pollutiooming mainly from micropollutants
deposited on roads and parking areas. The managehstormwater is vital in reducing
these pollutants and in reducing or delaying theme of water discharging to the sewer or
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receiving water body. Many water management systarhich come under the generic title
of sustainable urban drainage (SUDS), are diffitultetrofit and implement on a large scale
due to space and cost constraints. As a consequpromeable pavement systems have
become a popular solution worldwide in reducing bleeden of increased runoff on urban
waterways by restoring the infiltration and hydraufunctions of natural systems.
Maintenance has emerged as a major issue in tbg sfisustainable urban drainage systems
(SUDS). Clogging is of concern for permeable pavsigce it is perceived that the
hydrological performance will worsen and weed gtowtill give increasing problems for
permeable pavements if they are not maintainedeplppAs a result, different manufacturers
have entered the market and there is a need tastadd performance in a wide range of
circumstances.

Woods-Ballard et al (2007) state that “geotextitethe upper layers can adversely affect the
infiltration rate if they become blinded with firg#lt”. This is a mean-worded statement for

the principal design and operational guidance enUkK, since it is not usable information and

shows that better maintenance guidance and statitae effect of maintenance on behaviour
are needed.

Geotextile membranes are generally placed at orevoflevels within permeable paving
structures; at the upper level separating the Ingddiyer and sub base; and at the lower level
separating the sub base from the sub grade. Claaws been made, implicitly or explicitly,
that a geotextile is needed to achieve good enwiemtal performance (e.g. Puehmier &
Newman (2008), Scholz and Graboweiki (2007)). Whilkere may be good structural reasons
for incorporating a geotextile membrane, the wetality benefits are questionable.

A recent literature review by two of the authorewhd that a large number of studies have
been undertaken concerning the pollutant removapeaties of permeable pavements, their
hydraulic functions and the effects of clogging.ilbért & Clausen (2006) compared the
runoff quality from asphalt, crushed stone and palreveways in Connecticut. A study by
Dierkes et al (2005) evaluated the pollution retentapacity of a paving area of lead, zinc,
cadmium and copper. In the latter study five latmsarigs, each containing different joint
fillers, showed high retention abilities of all theetals. It was found that the overall efficiency
for cadmium and lead was over 99% and for copp®&s @&h zinc slightly greater than 94%.

The presence of an upper geotextile was found tgodméicularly important during oil
retention studies. Pratt et al (1999) conductedh laotaboratory and field study to simulate
crank case leakage. The apparatus contained baipper and lower geotextile, see location
of upper geotextile in Figure 1. It was observarhfrthe experiment that only 2.4% of the oil
applied was not retained within the system and dhsttucture’s efficiency in degrading oil is
dependent on nutrient supply. Newman et al (20049 #ound that permeable paving had
high oil removal with 99.6% removal rate comparedd9.6% within a comparison system
built using asphalt.

Various studies have been undertaken on the eftdctsogging and the rates at which it
occurs. Yong et al (2008) compared the pondingh$eph three permeable paving surfaces
using depths of ponding to indicate levels of ciagg It was found that with some types of
blocks, clogging on the geotextile surface limitediltration and only one type of block
(Permapave) was able to cope with the 100yr st@itbert and Clausen (2006) found that
when comparing asphalt, paved and crushed stowewhys, the infiltration rates were zero,
11.2 and 9 cm/h respectively and the rates for lpathed and crushed stone driveways
declined somewhat over the course of this studys @hcline is likely to be a result of fine
particles clogging the openings in the pavers &edsbil surface at the stone-surface interface
(Gilbert and Clausen, 2006). Pezzaniti et al (2088julated the application of 35 years of
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sediment on a laboratory set up and the resulteresthaeductions of 59-75% in hydraulic
conductivity, with average sediment retention o¥®4These authors reported that there was
no significant difference between blocks which weleaned and to those that were not. Bean
et al (2004) studied the differences in infiltraticates on two different pavers, concrete grid
pavers and permeable interlocking concrete paWi3R), and the effects of maintenance. To
simulate maintenance the top layer of void matefilaB-1.9cm) was removed to mimic
removal by a vacuum truck or street sweeper. Sixtees were constructed with concrete
grid pavers, 14 of which were maintained. Of theintaaned sites 13 had much higher
infiltration rates compared to the unmaintained.eéWlcomparing mean values the maintained
sites had an increased permeability by 66%. Oflthesites with PICP 4 sites had exposed
fine soils nearby e.g. gravel drive, river bed,dbgaonstruction sites. Sites located near areas
with exposed fine soils (fines) were found to haubstantially lower infiltration rates than
areas free from fines. “Infiltration rates of PIG@iked with gravel are not limited by their
surface infiltration capacity provided they arediin areas free of soil disturbances” (Bean et
al, 2004). Average infiltration rates were 20,00ucmivhereas for sites located near exposed
fine soil rates were 61 cm/hr, a decrease of ald0%.

Van Duin et al (2008) carried out a field study daldoratory experiments on the infiltration
capacities and particle size distributions of sedimwithin two types of test rig; porous
asphalt and Eco-stone open joint paving blocks.ufedrom the field study showed that
porous asphalt clogged much quicker then the Emwespavers within the first year of
operation. The laboratory results showed 90-96%ox&inof suspended solids in both test
units. Particle size distribution results showeat ttediment removal occurred throughout the
paving structure but filtration action occurrednparily by the geotextile. Deposited material
below the geotextile was found to be significarfther compared to that above. The results
from both experiments (field and laboratory) coditéed each other. The laboratory results
showed “filtration primarily took place at the sack of the pavement; this may be due to the
influent characteristics and the lack of ‘crusttrf@mtion in the laboratory” (Van Duin et al,
2008).

Pratt et al (2002) carried out a laboratory stuiyhe infiltration performance of permeable
pavement surface blocks with and without silt addit The test rigs all had an upper
geotextile. The procedure was first carried outhwib silt addition, and then two different
silts were separately applied manually to the spdatween the blocks; manufactured and
sampled. Results from the study again indicatetittigtration rates were much lower in rigs
where sediment had been applied. “However when eomyp the two sets of results where
different silts are compacted in the same way igvglent that infiltration performance is
much lower with the sampled silt that the manufeexdusilt” (Pratt et al, 2002).Where 50% of
the mass of silts had been removed after initiahgaction there was a significant increase in
infiltration, suggesting that mechanical cleansiemoving silt could enhance the pavements
performance and prevent if becoming heavily blocked

The review highlighted that none produced directynparable results of paving construction
with and without an upper geotextile layer. Thisams that there is no experimental evidence
which supports the importance of an upper geotextildelivering enhanced outflow water
quality and improved system hydraulics. From atighstudy by Mullaney et al (2011) to
determine the performance of block paving with anthout a geotextile in the sub-base, it
was evident that more research was needed in ithé &his paper reports on a number of
further short term studies which have followed oonf the initial study: change in flow
behavior, removal of metals when applied with segtimdistribution of pollutants within the
paving structure and particle size distributionthwdepth.
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2. Methods
2.1 Test Rigs

The test rigs used in the previous research pr@fegtre 1) were used again. The two control
panels (Rigs A & B), which only had water applieéres loaded with metals and sediment.
Rigs C and D had sediment only applied to the sarta test the retention of sediment. All
test rigs were situated at the test site near Deiddgort and were 1m x 1m in plan with a
total depth of 0.5m.

Figure 1. Completed test rig Figure 2. Monitoring set up

The rigs were constructed in plywood with an acrivindow’. Rainfall was simulated using
the same branch sprinkler system used in the pus\pooject (Mullaney et al, 2011). The UK
annual average rainfall is 1200mm (Met Office, 20XRBerefore 1200 litres was applied to
the paving rig by gravity. During the tests allviidrom the paving rig was measured using a
v-notch weir; the depth over the weir being measwsng a pressure transducer to enable a
flow rate and volume to be calculated. Samples welected every two minutes using Epic
automatic samplers. Samples were consolidated laeed tomposite samples were used for
analysis. The monitoring set up is shown in Figuend the different test regimes in Table 1.

Rig Number Construction Test
A No geotextile (NG) Sediment and pollution prafdi
B Geotextile (G) Sediment and pollution profiling
C No geotextile (NG) Sediment retention
D Geotextile (G) Sediment retention

Table 1. Test Rig Details
2.2 Experimental Procedure
Sediment retention

The retention of sediment was tested by adding kneslumes of sediment before a rainfall
event (Figure 3). A total of 20 years of sedimeasvapplied to Rigs C and D, 220g (pe) m

being chosen to represent the equivalent of one gleaediment, the study by Brown et al
(2009) also simulated the application of a totaRP0Ofyears runoff and sediment application.
The sediment was sprinkled onto the paving suréawe watered in using 15 litres of water

A

Figure 3. Sediment application Figure 4. Watering in
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prior to rainfall simulation (Figure 4). Sedimentasvapplied in batches of 3, 3, 4, 5 and 5
years with the equivalent of one year of rainfaibleed after each sediment application. Flow
volume and time was recorded throughout the appmicaf the simulated rainfall.

Removal of contaminants

Sediment and metals were applied to Rigs A andh®. 8arlier sediment retention experiment
results were used as guidance for the number o$ ydasediment which caused a decrease in
the infiltration rate. This load was then appliedthe test rigs in batches of 3, 3 and 4 years.
Water samples were taken during the final rairgdatiulation run to establish a background

concentration of contaminants and metals.

The same metals applied in the initial study (coppadmium, lead, nickel and zinc) were
bought in solution at the required concentratiomd a ‘cocktail’ of metals was added to the
water tank in soluble form. The water in the tanksvthen mixed before the solution was
spread on the paving area using the sprinkler sysidie equivalent of ten years of metals
was applied in batches of 1, 2 and 7 years. Samn@es taken during the last run, after a total
of 10 years of metals.

Pollution and sediment profiling

All samples were taken from the centre of the tigsat the locations shown in Figure 5. Any
sediment remaining on the surface of the test Iigwas collected and then the rig was
carefully taken apart. Sediment which had gathéretsveen the blocks was dusted off the
blocks and collected (2); samples were also tak@n the lower 20mm of the upper sub base
(3) and from the surface of the geotextile (4). Bl were dried, weighed and analyzed
either for pollutant concentration or particle siZée sample locations were similar to those
used in the study by Brown et al (2009); samplaagoeaken from the top 25mm of joint
filler, bottom 55mm of joint filler, bedding courstop of the geotextile and three samples
from within the base course.

SAMPLES TAKEN @

1=Surfacz
2=Joint 3
3=Upper sub 3

5

4=Gaotextils
3=Upper part
of loweer
base
6=Lower part
gf lowsr
sub bass

og o

Figure 5. Sample point locations

Sediment profiling was carried out to determine thgribution of different particle sizes
within the test rig. The samples were sieved termene the percentage of the different
particle sizes at each sample location. To devalppllution profile of the test rigs a known
amount of dried sediment taken from a sample poditated in Figure 5 was mixed in 1 litre
of distilled water to wash off pollutants. The wasamples were allowed to settle out and a
sample was taken from the supernatant and seahfdysis.

3. Resultsand Discussion
Changein flow behavior

In order to understand fully the data from the entrwork information from the trial runs
reported in Mullaney et al (2011) must be considere
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The sediment applied to the test rigs caused iserkpooling and overflowing of water as the
total sediment mass applied increased (Figures7. &his was a result of lower infiltration
rates into the paving structure caused by the sattilmlocking the gaps within the surface of
the paving. After the equivalent of 10 years ofiseht had been applied, both rigs showed
significantly more pooling during watering in. Frgu8 is an illustration of the simulated
rainfall passing through the paving unit.

Figure 7. Overflowing after 20yrs

Figure 6. Pooling Rig D after 3yrs

Rainfall

Overflow j,

IR
llnfiltration } l
()——’ Volume

recorded

Figure 8. Flow measurement

After 15 and 20 years of sediment application, peegively reduced infiltration rates were
noted from both test rigs (Figures 9 & 10). It gdent from these graphs that rig D (G) had a
much lower infiltration rate than rig C even thoutje duration of flow was similar. Clearly
some of the applied water was lost due to overfhgwof the test rig. This may have been
exacerbated in the rig with a geotextile by sedimaocking the geotextile causing the
reduced infiltration rate. However, since water dat remain on the surface after rainfall, it
can be assumed that neither unit blocked entirely.
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Figure 9. Non-geotextile flow rate (Rig C)

during the pollution and sediment profiling studyorted here.
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Consequently from the earlier work it was decideak t10 years of sediment would be used




Removal of contaminants

In the earlier study by Mullaney et al (2011) thesere minimal differences in the percentage
of metal removal in the test rigs with a geotextileomparison with those without. Figure 11
shows that rig B (G) removed slightly greater petages of metals than rig A; between 1%
and 7% more, which, although insufficient data wgeghered for statistical analysis, is
deemed insignificant. When comparing the metal raahoesults from rigs A and B to the
removal rates found in the earlier study it is ewdthat the sediment had an effect on the
removal rates. Figure 12 shows that the rigs inedndier study where metals and metals and
oils were applied (rigs 1,2,7 & 8) removed greaiercentages than the rigs in the current
study which had metal and sediment applied (rigand B). All six test rigs (both studies)
removed similar percentages of copper and leaghénaentages of cadmium, nickel and zinc
were much lower in rigs A and B compared to thosthe previous study. The behavior of
nickel was different and could not be explained.

100 @ Rig A
= Rig B (G)

@ Rig A metals and sediment

@ Rig B (G) metals and sedimefit

ORig 7 metals and oil

@ Rig 8 (G) metals and oil

" . . Cadmium Copper Lead Nickel Zinc ®Rig 1metals
Cadmium Copper Lead Nickel Zinc

Metal Metal @ Rig 2 (G) metals

Figure 11. % metal removal in rigs A & B Figure 12. Metal removal rates
Sediment profiling

Figure 13 shows the particle size distributionsnfradhe samples taken during the

disassembling of the paving rigs. The cumulativecgeatage represents the amount of
sediment that has passed through that sieve sigeclear that the results for the two rigs are
similar and that a change has taken place betweesurface and the geotextile. A higher
proportion of coarser material was recorded betwberblocks than there was on the surface
and this effect was replicated lower down intoltleeding material.

100 ~

—— Original sediment
—a— Surface Rig A

—m— Surface Rig B

60
---a--- Between blocks Rig A

---=--- Between blocks Rig B

40
------- Upper Sub Base Rig A

Cumulative % Passing

20 Upper Sub base Rig B

N P PR O U W N P O O O O O O O
© A O W o W W R O »M W N B O O
O O o © & O ® ®m® O N O kP O N o

& a0 & N O g

Sieve size (mm)

Figure 13. Particle size distributions in permeable paving
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Figure 14 shows the sediment ridges formed betwieen
blocks and also indicates that this has preventethdr
migration of smaller particles. The sediment hadobee g
trapped within the gaps of the paving blocks and ha F :
remained on the surface of the bedding layer witte | .
passing through. Unfortunately the experimentdhnegue !

did not enable a mass balance of sediment appidukt ’ =
carried out. Figure 14. Sediment ridges

Pollution Profiling

The results from the samples taken at various gepithin the paving structure showed that
the greatest percentage of metals were concentated above the geotextile in the case of
lead, copper and cadmium, shown in Figure 15. Hewesoncentrations of nickel and zinc

were highest in the lower sub-base, particularbuad the outlet pipe and on the geotextile of
rig B (Figure 16). The greatest concentration fhrnaetals was in the surface sediment
usually between 40-60% showing that the majoritynetals are trapped within the top layers
of the paving structure.

Surface sediment ——‘1 ‘ Surface sediment ; E:g 2
Between blocks ORigA Between blocks
Layer  Upper sub-base Upper sub-base

Layer
Geotextile Geotextile
Lower aggragate upper Lower aggragate upper
Lower aggregate around pipe Lower aggregate around pipe
0 20 40 60 80 100 C; 20 40 66 80 100
% Lead % Nickel
Figure 15. Lead concentration distribution Figure 16. Nickel concentration distribution
4. Conclusion

Extremely high loads of street dust were used mukite blocking of the gaps in the
pavement structure and blockages occurred causiadl@ving as would be expected. No
water overflowed from the rigs during loads uphe equivalent of 10 years of sediment but
the effect commenced between 10 and 15 years oaimeatl application. Flow volumes
recorded from the test rigs showed that during yégr6 and 10 volumes were similar,
however in years 15 and 20 the flow decreased @swt of a decline in infiltration rate
which was directly caused by the increased seditoaat The inclusion of a geotextile had
no significant effect on water retention but flolssm the rig with a geotextile were slightly
lower in years 15 and 20 compared to the rig wittogeotextile. This may be a result of
sediment build up on the geotextile reducing irdiion rates. Neither rig became entirely
blocked.

Rigs A and B removed high percentages of metals batween 70 and 90% being removed.
The rig with a geotextile removed between 1 andri®te than the rig without a geotextile

but this difference is insignificant. When comparithe metal removal results to those
compared with an earlier study, it is evident teatliment has had an effect on the metal
removal capabilities by removing much greater paiages.

The results from pollution profiling identified th#he greatest percentage of metals was
concentrated on or above the geotextile in the chbkmad, copper and cadmium. However the
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concentration of nickel and zinc were higher in tbwer sub base particularly around the
outlet pipe compares to other metals (point 6 guFe 5). The greatest concentration for all
metals was in the surface sediment, usually betwi€eand 60%. The rig with a geotextile
had a lower concentration of metals in the uppérisase than in the rig without, indicating
that although both rigs removed similar percentagiesnetals they were removed within
different layers within the paving structure. Téemta point to the important conclusion that
the majority of pollutants (up to 60% are retaimedhe upper layer, i.e. they are associated
with the blocks. This means that in the vast mtyjaf cases, removal of the blocks and
bedding layer will rectify the pollutant removalrfigmance of the system and there is no
need to remove the sub-base layer material. Qientally, this will also significantly
improve the infiltration performance of permeablavipg systems which have become
partially blocked by sediment.

The equivalent of twenty years of sediment wasiegb paving units in batches, each being
watered in with one year’s equivalent rainfall. eTtest rigs were carefully taken apart to
allow particle size distributions at different deptto be determined. Unfortunately it is

difficult to explain the particle size distributisnfound. It had been expected to find
progressively higher proportions of finer matemnath depth in the paving block structure.

However, the reverse was true, with a higher pricgoof fines in the sediment applied to the
surface and a progressive increase in the propooficoarse material with depth.

One observation which was expected was that deygbsiiaterial below the geotextile was
much finer than that above, demonstrating theafiltin role of the geotextile.
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