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ABSTRACT

Runoff (re)mobilises solids and their associated pollutants from streets and transports them via gully pots to
the drainage system. As the solids negatively impact the performance of the drainage systems, knowledge on
the solids loading in terms of mass and composition is essential. However, monitoring data on the solids
loading, in particular, covering all seasons and a number of sites, is scarce. This article presents the results of
a monitoring campaign on the solids loading to a drainage system via 52 gully pots over a period of 2 years at
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a sampling rate of once per 3—-4 weeks. The loading shows a maximum during the tree phases ‘leaf growth’
and ‘full capacity’ and is correlated with the rain intensity during these phases. The organic fraction and D5, of
the solids are correlated with leaf abscission. The settling velocity of the particles <1800 pum is strongly

correlated with their organic fraction.

1 Introduction
1.1. Solids and drainage systems

Urban drainage systems are meant to convey runoff from
urban-built areas to prevent urban flooding. Runoff (re)mobi-
lises solids present in these areas and transports them to the
drainage system. The solids can accumulate in the drainage
system and reduce its hydraulic capacity (e.g. Crabtree 1989;
Ashley et al. 1992), which increases the occurrence of flooding,
and subsequently the potential exposure of the public to
microbial health threats (De Man 2014; Van Bijnen et al. 2018).

Besides, the solids (and the fine solids in particular) carry
pollutants (e.g. Sartor and Boyd 1972; Herngren 2005; Deletic
and Orr 2005), which should be removed before they are dis-
charged to receiving waterbodies. Combined sewer systems con-
vey runoff to wastewater treatment plants, which reduce the
pollutant load and the negative environmental impact. However,
during heavy storms, combined sewer overflows (CSOs) may
occur, and untreated water is discharged into waterbodies.
Separated sewer systems discharge runoff and its suspended
solids directly into waterbodies via separate system overflows
(SSOs). Both CSOs and SSOs are known to affect the quality of
receiving waterbodies (Ellis and Hvitved-Jacobsen 1996).

Given the negative impact of solids on the performance of
drainage systems, it is essential to be able to characterise the solids
and quantify their loading to the drainage system. To this end,
a range of build-up and wash-off models (e.g. Sartor and Boyd
1972; Pitt 1979; Egodawatta, Thomas, and Goonetilleke 2007;
Muthusamy et al. 2018) has been proposed. At the same time,
monitoring data on the solids loading to drainage systems
for model validation, in particular, covering all seasons and

a number of sites/a large surface area, is scarce (e.g. Pratt and
Adams 1984 monitored 5 drainage inlets for 9-12 months, Ellis
and Harrop 1984 monitored 2 drainage inlets during spring and
summer; Saget, Chebbo, and Bertrand-Krajewski 1996 monitored
14 sewer basins for 14-17 months, Sansalone et al. 1998 monitored
13 rain events spread over 2 years at 1 drainage inlet, McKenzie
and Young 2013 monitored 4 drainage streams for 1 season, Hong
et al. 2016 monitored 1 drainage inlet for 6 months; Bonhomme
and Petrucci 2017 monitored 1 drainage outlet for 40 days).

1.2. Sources and sinks

The composition of solids present and available for wash-off in
urban areas depends on the characteristics of the area and local
conditions (Xanthopoulos and Augustin 1992; Rietveld, Clemens,
and Langeveld 2020a), and they originate from various sources,
such as: traffic, atmosphere, construction activities, weathering
of buildings, animal wastes, trash, de-icing materials and vegeta-
tion. Many of these sources have a seasonal character, in parti-
cular, the effect of vegetation (Pratt and Adams 1984; Ellis and
Harrop 1984; Rietveld, Clemens, and Langeveld 2020a) and de-
icing (Simperler, Keckeis, and Ertl 2019). Street sweeping is gen-
erally regarded as a sink for solids present on streets (Sartor and
Boyd 1972; Amato et al. 2010; Hixon and Dymond 2018).

Literature on the effect of these sources and sinks on the
total solids loading to drainage systems can be divided into
three points of interest: the street surface as the source of
solids, the gully pot (also known as catch basin in North
America, according to Ellis et al. 2004) as the first recipient
part of the drainage system, and within the sewer or drainage
system, typically near the SSO.
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1.3. Quantification and characterisation

A wide range of sizes has been reported for solids on streets.
Bertrand-Krajewski, Briat, and Scrivener (1993) found in their litera-
ture review 300< Dsp < 400 pm, Lau and Stenstrom (2005)
200< D5y < 350 um, Droppo et al. (2006) 120< D5, < 660 pm,
Zafra, Temprano, and Tejero (2008) 100< Ds, < 360 um, and
Gelhardt, Huber, and Welker (2017) 200< Dsy < 550 pm. A few
researchers reported the density of street solids. Pitt et al. (2005)
found 1500 < p < 2500 kg/m? in their literature review and
Butler, Thedchanamoorthy, and Payne (1992) found
2100 < p < 2510 kg/m?>.

Vaze and Chiew (2002) vacuum cleaned and manually brushed
street surfaces of 0.5 m2 They concluded that the spatial variation
of the solids load within a street is high, since the correlation
between the solids load on these areas was low. Therefore, large
areas need to be monitored to identify the typical solids load and
composition on a street.

The composition of solids entering the drainage system is
not equal to the composition of solids present on streets, since
the transport of solids by runoff causes grading (e.g. Walker and
Wong 1999; Vaze and Chiew 2002). Pratt and Adams (1984)
found that the magnitude of the solids loading to the drainage
system depends on factors related to the transport, rather than
on factors related to the availability of solids on the street.

Therefore, monitoring of the solids loading is sometimes
performed at the entrance of the drainage system, which is
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usually a gully pot. The inlet of a gully pot is shown in Figure
1(a). These gully pots have a typical depth of 1 m and a lateral
connection with the drainage system. Solids can settle in the
volume of the gully pot below this outlet, which is called the
sand trap. Grottker (1990) reported a Ds, of approximately
400 pm and Pratt and Adams (1984) of 1500 um for samples
from these sand traps. The removal efficiency of solids by the
sand trap depends on the solids characteristics, such as the
density and size of the solids (e.g. Butler and Karunaratne
1995; Rietveld, Clemens, and Langeveld 2020b). Therefore, the
characteristics of the solids transported to the gully pot are not
identical to the characteristics of the solids retained in the
gully pot.

To monitor the solids transported to the gully pot, Pratt and
Adams (1984) and Ellis and Harrop (1984) installed a stack of sieves
in, respectively, five and two gully pots. Pratt and Adams (1984)
found a Ds, of approximately 680 um and Ellis and Harrop (1984)
a range of 600< Dsy < 1000 um for inflowing solids. Sansalone
et al. (1998) redirected the runoff from an area of 300 m? (which is
comparable with the surface area connected to 2-3 gully pots) to
a storage tank of which samples were taken during 13 rainfall
events and reported Ds, values between 350 and 800 um. To be
able to represent the solids loading to the drainage system of
a catchment, regarding the composition and mass inflow, the
number of sampling locations/the monitored surface area needs
to be increased significantly.

Figure 1. (a) Gully pot in the monitored streets. (b) Experimental set-up in the gully pot. (c) Map with rectangle indicating the monitoring area. (d) Street map of
monitoring area in which the big blue dots indicate the selected gully pots and the small white ones gully pots not selected.



A more frequently chosen approach to analyse the solids
loading to drainage systems is sampling at the outfall or in the
sewer pipe. However, collecting representative samples from
a drainage pipe is challenging, since solids are both transported
as bed and suspended load (Pitt et al. 2017). Boogaard et al.
(2014) found 25< D5y < 250 um and Furumai, Balmer, and Boller
(2002) 20< D5y < 80 um in samples of runoff. Solids collected at
the outfall or at least downstream in the drainage pipe, could
have been settled and eroded numerous times in the drainage
pipe before arrival (e.g. Ashley et al. 2003), such a sample
represents an integral over space and time, which smoothens
and masks the dynamics of the wash-off processes on the
street.

A recent lab study by Naves et al. (2019) demonstrated that
wash-off and transport in a drainage system cause grading. An
artificial street with two gully pots and a small pipe system was
built for replication of the wash-off from the street and the
transport in the drainage system. An initial load of sand was
placed on the street surface and consecutively artificial rainfall
events were created for 5 min. Figure 2 shows the effect of
several rainstorm intensities on the particle size distribution
(PSD) in different parts of the drainage system.

Table S1 in the supplementary material shows a brief litera-
ture review of sampling locations, measurement methods, and
the reported Ds, or density.

1.4. Aim of the study

This study aims to provide insight into the drivers and the
dynamics of the solids loading, both in mass and composition,
to the drainage system over time, by means of a monitoring
campaign with a newly designed measurement device, which
has been applied to 52 gully pots over a period of 2 years.
Sampling in gully pots results in direct information on the
dynamics of the solids loading induced by build-up and wash-
off processes, while the more common method of sampling in
drainage pipes or at outfalls represents an integral over a large
space and timescale, which smoothens these dynamics. The
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results provide information on the variability and predictability
of build-up and wash-off related processes.

2. Materials and methods
2.1. Experimental set-up

Pratt and Adams (1984) and Ellis and Harrop (1984) developed
a method consisting of a stack of 5 sieves in gully pots to filter the
solids out of the runoff, which does not hinder the upstream
runoff and applied it to five and two gully pots, respectively.
A similar, but even less labour-intensive system consisting of only
one filter per gully pot was applied in this study, since
a substantial number of sampling locations and monitoring
period is required to be able to reliably represent an urban
catchment and include seasonal and meteorological variations.

The pore size of 50 um of the filter applied is a trade-off
between two conflicting interests, namely a minimum pore size
to keep the hydraulic capacity of the gully pot sufficient, and
a maximum pore size to remove most solids from the runoff.
The scarce literature on the size distribution of solids flowing
into gully pots suggests that most solids are filtered out with
this pore size: Sansalone et al. (1998) found that solids <50 um
contributed in all samples less than 8 mass%, Pratt and Adams
(1984) (who collected solids >90 um) concluded that 8 mass%
of the solids was <400 um, and Ellis and Harrop (1984) (who
collected solids >60 um) concluded that 10 mass% of the solids
was <400 pm. Therefore, the collected mass should be
regarded as a lower limit, but close to the real value of the
solids loading to drainage system.

The hydraulic capacities of both a nylon and a stainless-steel
filter were evaluated during an initial test period of approxi-
mately 3 months at the monitoring area. The nylon filter bags
were selected for the study, since the steel filters proved to be
very susceptible to rapid clogging. This was likely due to the
cohesive nature of the sediment/metal interface and caused
local flooding. The filters (with a diameter of 18 cm and a length
of 50 cm) were attached to metal plates that were installed in
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Figure 2. The particle size distribution after a rainfall event depends not only on the initial street load but also on the rainfall characteristics and the sampling location.
The finest particles can be found at the outlet of the system, and larger particles can usually be found in the sand trap of the gully pot. Source: Naves et al. (2019).
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the gully pots (Figure 1(b)). These plates were sealed off around
the gully pot wall to prevent solids bypassing the filters.

2.2. Monitoring area

Fifty-two gully pots were selected in a relatively new residential
area (the construction started in 2000), named Nesselande, in
the Northeast of the city of Rotterdam (Figure 1(c)). Rotterdam
is the second-largest city in The Netherlands in terms of popu-
lation, has a maritime climate with cool summers and moderate
winters, and a rainfall of 870 mm/year during the monitoring
campaign. This particular neighbourhood was selected since
most gully pots in this area have a similar geometry (which
made a uniform design of the experimental set-up possible)
and the land use is homogeneous (which made comparisons
between clusters of gully pots possible). The locations of the
gully pots are shown in Figure 1(d).

Fifty-two gully pots were monitored being a trade-off
between a feasible maximum number for data collection and
a minimum number for a reliable representation of the solids
loading to the drainage system in an urban catchment.
A broader discussion of the necessity of this large number of
sampling sites is included in the Supplementary Material. The
gully pots’ catchments area range between 12.25 and 198 m?,
covering a total paved area of 5.300 m?. The typical distance
between the gully pots is 15 m.

2.3. Monitoring protocol and analyses

After an initial period of approximately 3 months of testing the
methods, materials, and protocols, measurements were per-
formed from April 2018 to April 2020. The filters were emptied

every 3-4 weeks, both to prevent clogging of the filters and to
identify the time dependency of the solids loading. An over-
view of the analyses during each monitoring period is provided
in Figure 3.

Seasonal periodicity is suspected in the solids loading, in
particular induced by leaf abscission from deciduous trees
because of the solids’ reservoir on urban surfaces. Therefore,
photos were made during the monitoring period (added as
Figure S5 in the Supplementary Material) to determine the
actual status of the vegetation. Following Halverson, Gleason,
and Heisler (1985), four tree phases are distinguished, namely
‘leaf growth’, “full capacity’, ‘leaf abscission’ and ‘no leaves’.

The assessment of uncertainties in the measurements and
analyses is provided in the Supplementary Material.

2.4. Solids loading

The wet masses of the collected solids are registered at the
monitoring area. The dry masses were estimated by multiplying
the average dry fraction with the wet mass for each gully pot.
The average dry fraction for each monitoring period was deter-
mined by drying four samples, consisting of mixtures in an
oven at 105 °C. This drying protocol and estimation of the dry
mass are identical to the procedure followed by Butler,
Thedchanamoorthy, and Payne (1992). The solids loading
(kg-day™"-ha™") is defined as follows:

B fd . E,mw(i)

) v

where f, is the dry fraction, m,,(i) the wet mass of filter i,
At the length of the corresponding monitoring period, and A(i)
the (paved) catchment area of gully pot i.

Experimental procedure during each of the 31 measurement periods

Measurement of wet mass of collected solids in each of the 52 filters at the
monitoring area (total of 1479 data points after outlier removal)

Collection of samples from 8 gully pots (each sample being a mixture of the
solids in 1 filter)

Dry fraction analysis of 4
samples — combined to
represent the monitoring period

Figure 3. Experimental procedure.

PSD analysis of 4 samples —
combined to represent the
monitoring period

Organic content analysis of
individual size fractions of a
combined sample



2.5. Particle size distribution

Butler, Thedchanamoorthy, and Payne (1992) subjected sam-
ples from streets and gully pots to a dry sieving procedure to
obtain the Particle Size Distribution (PSD). However, this
method proved to be unsuitable in this study, since it changed
the PSD, mainly due to agglomeration of particles during the
drying process. Instead of dry sieving, wet sieving was applied
to determine the PSD.

In the work presented, sieves with mesh sizes 53, 300, 1180,
1800, 4750, 14,000 and 50,000 um were used. With this number
and type of sieves, a relatively smooth PSD curve could be
obtained from the samples. The 300 and 1180 um sieves were
added after almost 1 year to improve the PSD curve, since
a large mass fraction proved to be <1800 um. After sieving
the separate size fractions were dried at 105 °C, the PSD was
obtained based on the dry mass. For each monitoring period,
four samples were analysed, which PSDs were combined into
one by the summation of the masses of each size fraction. This
combined PSD is used in the article for analyses.

2.6. Organic content

The seven separate size fractions from each of the four samples
used in the PSD analysis were combined into seven samples of
different size fractions to analyse the organic content per size
fraction. The organic content was assumed to be equal to the
mass loss during a burning process in an oven at 600 °C,
following the protocol by Melanen (1981).

2.7. Settling velocity

Solids transported to gully pots come in a wide variety of sizes,
shapes and densities and consequently a wide variety of set-
tling velocities. This is of importance for the settling rate of
particles in gully pots, drainage pipes, etc.

The expected settling velocity of some of these particles is
relatively high. For example, the settling velocity of sand particles
with a diameter of 1000 pm, quantified using the universal drag
coefficient for spheres (e.g. Terfous, Hazzab, and Ghenaim 2013),
is ~0.16 m/s. The particles with these relatively high settling
velocities make it an unpractical task to obtain a reliable velocity
distribution curve with common measurement devices, includ-
ing the relatively small VICAS set-up or conventional settling
columns with taps at the side. Therefore, a new settling column
was developed, which is shown in Figure 4.

Since large particles could hinder the settling of other parti-
cles, only particles <1800 pm are analysed (this sieve size was
also used in the PSD analysis). This is comparable with the VICAS
procedure, in which only particles <2000 um are analysed.

Before the measurement started, the transparent column
was filled from the top with water. A wet sample was carefully
dropped from a cup into the column and the measurement was
started simultaneously with a switch (at 1’ in Figure 4). The
settling column of 2 m in height contained a disk close to the
bottom of the column (at ‘4’ in Figure 4) which was connected
with a force meter (at 2’ in Figure 4), which continuously
measures the settled mass minus the buoyancy.

URBAN WATER JOURNAL e 703

() (b)

Figure 4. (a) Schematic drawing of the settling column. (b) Close-up of the
bottom part of the settling column. 1. Switch to start measurement. 2.
Weighing scale. 3. Emptying tap. 4. Dish connected to the weighing scale.

Since the weighing scale measured the mass of the settled
particles minus the buoyancy, the variation in density should not
be too large, to avoid underestimation of the mass of low-density
solids. The mass is converted into a relative mass as follows:

m(t) — m(to)
m(te,,d) — m(to)

mrel(t) = (2)
where m is the mass measured by the weighing scale, t; is the
start time, and t,,q is the end time of the experiment. The
relative mass over time (which is smoothened with a moving
median and moving average filter with a length of 1 s) is
transformed into a velocity distribution curve by the following
two transformations:

F = (1 - mrel) (3)
H

vV=— 4

; (4)

where F is the cumulative velocity distribution curve, v is the
settling velocity and H is the height of the column. The validation
of the settling column is provided in the Supplementary Material.

2.8. Rainfall

Runoff transports solids from the streets to the gully pot.
Therefore, regressions are made between the solids loading and
the rainfall. The rainfall data used in this article originate from the
meteorological radar data set of the Royal Dutch Meteorological
Institute (KNMI). This data set contains rain volume measurements
on a grid with a spatial resolution of 1 km? and a temporal
resolution of 5 min, which is the shortest time interval available
for practical reasons. This short time interval is selected, since
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a gully pot catchment is relatively small, implying a short response
time. As the monitoring area is relatively small, rainfall is consid-
ered to be spatially homogeneous within the area.

2.9. Temperature

The air temperature, measured at a temporal resolution of 5 min
by a weather station at a distance of 4 km is used to represent the
approximate average daily temperature of the environment.

2.10. Gully pot catchment area

The gully pot’s impervious catchment area is determined by
application of the eight-direction flow approach (Jenson and
Domingue 1988), which is required to quantify the solids load-
ing (equation 1). The municipality of Rotterdam provided a data
set containing laser altimetry data as measured in 2016. These
measurements have a spatial resolution of 0.5 x 0.5 m?. Errors
in this data set caused by cars on the street have been filtered
out by kriging.

3. Results and discussion

Table 1 shows a summary of the results regarding the solids
loading, which are discussed in section 3.1, and the solids
characteristics, which are discussed in section 3.2.

3.1. Solids loading

During the monitoring campaign, spanning 737 days, a total
amount of approximately 313 kg dry material was collected. The
paved area connected to the gully pots was 5.300 m?, resulting
in a time-averaged solids loading of approximately
0.80 kg-day™"-ha™". This number is lower than the solids deposition
on the street surface, which was reported by Philippe and Ranchet
(1987) to vary between 1.4 and 4.5 kg-day -ha™' in residential
areas in France. Possible explanations for this difference could be
the removal of solids from the street by, e.g. street sweeping or
wind.

On some occasions, the filters contained divergent and/or
illegally dumped material, e.g. concrete, wall plaster, and paint,
which was registered. Those observations and observations
with values larger than three times the mean value of the
corresponding monitoring period were removed during the
post-processing of the data to obtain the solids loading as
shown in Figure 5(b), since this graph links the solids loading
to the rainfall and these materials are most likely not trans-
ported by rain. This removal of outliers reduced the data set
from 1538 to 1478 observations.

Table 1. Variation in the measured solids loading, D5y, organic content and
settling velocity for the monitored area.

10th 50th 90th
Parameter percentile percentile percentile Unit
Solids loading 0.121 0.664 1.66 kg-day"-ha™"
Dso 0.47 0.89 1 mm
Organic 0.26 041 0.70 -
content
Vs 1.7 39 53 cm/s

Figure 5(b) shows that the solids loading varies two orders of
magnitude over the year. Most high values are observed in
conjunction with the tree phases ‘leaf growth’ and ‘full capacity’
(roughly corresponding with spring and summer) in which
0.22 < L < 3.0 kg-day "-ha™" (except from the low solids load-
ings found in June 2018 and April 2020, which are likely due to
a lack of rainfall in those periods). Most low values can be found
during the tree phases ‘leaf abscission’ and ‘no leaves’ in which
0.051 < L < 1.2 kg-day™"-ha™". Initially, it was assumed that the
solids loading would show a peak during the ‘leaf abscission’
phase due to extra organic material available for transport, and
there is increased transport of organic as will be discussed in
section 3.2.2, but these materials may have such a low mass
density that other processes dominate the solids loading
expressed in terms of mass.

The difference between these two regimes, namely (1) during
the ‘leaf growth’” and ‘“full capacity’ phase and (2) during the ‘leaf
abscission’ and ‘no leaves phase’, might be explained by the
temperature. Figure 5(a) shows that the average daily tempera-
ture is highest during the ‘leaf growth’ and ‘full capacity’ phase.
The temperature might influence the dryness of the soil and
since dry soil is more prone to erosion than wet soil, the para-
meter ‘temperature’ might represent the erodibility of solids.

Ellis and Harrop (1984), who monitored the solids loading to
gully pots in spring and summer, found the maximum solids
loadings during summer and reported peak values of
1.1 kg-day “ha™' in their monitoring area of 533 m? over
a period of 14 days, and somewhat lower loadings
(0.032 < L < 0.67 kg-day™"-ha™") during spring. These values are in
the same order of magnitude as the ones found in the current
study.

Wash-off models (such as Sartor and Boyd 1972; Pitt 1979;
Egodawatta, Thomas, and Goonetilleke 2007; Muthusamy et al.
2018) usually include the antecedent dry period and the rain
intensity to estimate the solids loading. Since the observed
parameter ‘solids loading’ is the integral of the build-up and
wash-off processes over a couple of weeks, the rainfall volume
could be considered as a parameter influencing the solids
loading. In the current study, the solids loading proved to be
correlated strongest to the rainfall intensity.

Figure 6(a) shows the solids loading versus the maximum
rain intensity in the corresponding period and the markers
indicate the tree phases. As previously discussed, two regimes
seem to be present regarding the solids loading. Figure 6(a)
suggests that the solids loading during the regime ‘leaf growth’
and ‘full capacity’ phase is correlated with the rain intensity,
which is assessed in Figure 6(b) by a Monte Carlo simulation
(which is described in more detail in the Supplementary
Material) of a linear regression including the uncertainty in
the data. The confidence interval of the regression shows that
a significant, positive correlation (with R? = 0.45) exists between
the solids loading and the maximum rain intensity, while
a significant correlation is not present during the other regime.

3.2. Solids characteristics

3.2.1. Particle size distribution
An obvious way to characterise the collected solids is their grain
size range. Solids with a size range between 53 and 1800 pm were
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mainly sand particles. The large solids were mainly fibres and
leaves, cigarette buds, pebbles, etc. The PSDs (of which two
examples are shown in Figure S4 in the Supplementary material)
and therefore the D5, values vary strongly over the year as shown
in Figure 5(c). D5, is calculated by logarithmic interpolation and
varies between 420 (September 2018) and 24,000 pm
(November 2018). Sansalone et al. (1998) measured (with dry
sieving) 350< Ds, < 800 um, Pratt and Adams (1984) 680 pm
and Ellis and Harrop (1984) 600< Dso < 1000 um (both with wet
sieving).

Figure 5(c) shows that the D5, is large during the ‘leaf abscission’
phases, the summer of 2018 and in April 2020. This is caused by the
dominance of leaves in the samples during these periods, which
was to be expected for the ‘leaf abscission’ phase. The summer of
2018 and April 2020 was extraordinarily dry (Figure 5(a)), reducing
the transport capacity of fine solids, while leaves could still be
transported by wind. Moreover, the drought even caused decid-
uous trees to drop their leaves in the summer of 2018, which has
been recorded in the photographs taken during sampling.

Rietveld, Clemens, and Langeveld (2020a) showed that the
accumulation rate of solids in gully pots shows a maximum in
terms of volume during the ‘leaf abscission’ phase, but Figure 5(b)
shows that the ‘leaf abscission’ phase corresponds to the lowest
solids loading. Therefore, the volume captured in the gully pot is
not directly proportional to the mass inflow and the characteristics
of the solids have to be taken into account, when the mass inflow
is transformed into the volume captured in the gully pot.

3.2.2. Organic content

Figure 7 shows the distributions of the organic fraction per size
fraction. Similar to Welker, Gelhardt, and Dierschke (2019)
a positive correlation between the size and the organic fraction
is observed. Welker, Gelhardt, and Dierschke (2019) found
organic fractions of 0.18-0.34 for particles between 0 and
2000 um and 0.45-0.64 for particles between 2000 and 8000
pumfor areas with high vegetation, which was distinguished by
the tree canopy coverage. These values are comparable with
the two smallest size fractions in Figure 7.
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The organic content fraction of the entire sample, which varies
between 0.17 and 0.78 over the year, is shown in Figure 5(d). This
broad range is comparable with the organic fraction of 0.40 to 0.70
found in street runoff in Paris (Gromaire-Mertz et al. 1999). Figure 5
(d) shows that relatively large organic fractions are present during
the ‘leaf abscission’ phase, the dry summer of 2018, and in
April 2020. Generally, the processes influencing the D50 coincide
with those related to the organic fraction over the year, which is
due to the relation between the size of the solids and the organic
fraction as indicated in Figure 6. Additionally, a relatively large rain
volume often corresponds with an increased fraction of fine solids
while fine solids hold the most inorganic material. The rain volume
in the ‘leaf abscission’ phase of 2019 is relatively large, which
might explain why the peak in the organic fraction in the ‘leaf
abscission’ phase of 2018 is substantially larger.

Pratt and Adams (1984) found an increased organic content
between October and December due to leaf abscission and
between May and September due to the summer shedding of
flower petals and grass cutting debris. The first finding can also be
recognised in Figure 6(d), while the second is virtually absent,
except for a short period in the summer of 2018 for reasons
discussed earlier. This may be due to the absence of lawns and
parks in the study area.

3.2.3. Settling velocity
The settling velocity of the samples consisting of particles
<1800 pm has been assessed with the newly designed settling
column (Figure 4). Figure 8(a-c) shows the PSD, the organic frac-
tion, and the velocity distribution of one such sample. The vs, of
this sample is approximately 0.04 m/s, which is comparable to the
settling velocity of sand particle with a diameter of approximately
300 pm by applying the universal using the universal drag coeffi-
cient for spheres (e.g. Terfous, Hazzab, and Ghenaim 2013).
The removal efficiency of sand particles by a gully pot is
assessed by Rietveld, Clemens, and Langeveld (2020b) in an artifi-
cial gully pot with a cross-section of 0.35 x 0.35 m? and an outlet at
the opposite side of the inlet. The removal efficiency at discharges
<1.8 L/s for sand particles with a diameter of approximately
400 pym was >75% and for particles with a diameter of

approximately 180 pm was >45%. These removal rates decrease
when the sediment bed level was close to the outlet pipe.
A discharge of 1.8 L/s corresponds to a rain intensity of 61 mm/h,
by dividing the flow rate by a virtual drained area of 106 m? (which
is the mean of catchments in the monitoring area). This rain
intensity occurs approximately once a year for 10 min in The
Netherlands (Beersma and Versteeg 2019), so for most rainfall
events higher removal efficiencies can be expected, if the sedi-
ment bed is below the outlet pipe.

The vs, of the analysed samples varies relatively strongly,
which cannot be explained by the slight variation in the PSD.
Figure 8(d) shows that this variation can be explained by the
strong variation in the organic fraction of the samples (with
R? = 0.73). The organic fraction influences both the density and
the shape of the particles.

4. Conclusions

This study on the solids loading to drainage systems is based on an
extensive monitoring campaign compared to literature in terms of
the number of gully pots sampled as well as in terms of their
duration. The solids’ build-up is highly variable even within
a street (Vaze and Chiew 2002), resulting in a strong variation in
terms of mass and composition to individual gully pots, and con-
sequently such a large number of sampling locations are required
to represent a catchment realistically. Moreover, the solids loading
strongly varies over time and can substantially differ between the
same season in consecutive years. Therefore, a monitoring cam-
paign of at least 2 years is required to capture the seasonal
fluctuations.

The solids loading in the monitoring area reached a maximum
during the ‘leaf growth’ and ‘full capacity’ phase, which are related
to spring and summer. The highest average daily temperatures,
which can be found during the same phases, might influence the
erodibility of the available solids, since dry soil is more prone to
erosion than wet soil. The parameter ‘rain intensity’ is correlated
with the solids loading during the ‘leaf growth’ and ‘full capacity’
phase and might represent the transport capacity.
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The Dsy and the organic fraction are correlated, since the
coarse sediment fraction consists mainly of organic material.
Both show a maximum during the ‘leaf abscission’ phase, the
summer of 2018, and in April 2020. This is mainly due to leaves
dropped by deciduous trees and the lack of rain which is the
main transport driver of fine, inorganic material. The settling
velocity of particles < 1800 pum ranges between 0.01 and
0.06 m/s and is strongly correlated with their organic fraction.
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