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ABSTRACT

Gully pots are utilized for conveying runoff to drainage systems, as well as for reducing the system'’s solids
loading by retaining suspended solids. However, the accumulation of solids in gully pots reduces their
removal efficiency, leading to an increase in solids transport towards the drainage system. This article
aims to identify the main drivers of the solids accumulation in gully pots and, thus the relevant processes
for wash-off models. The solids accumulation rates in 407 gully pots were monitored within a period of
~14 months and were analysed by means of a linear mixed model and a regression tree. The parameters
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vegetation factor, rainfall volume, and filling degree are the main drivers of the accumulation process.
These parameters are linked to the solids build-up in a catchment, solids transport, and solids retention in
gully pots, which means that none of these 3 processes is dominant.

1. Introduction
1.1. Solids and gully pots

Gully pots (also known as catch basins in North America, Ellis
et al. 2004) convey runoff from urban built environments to
urban drainage systems. Runoff contains suspended solids,
which are a potential source of pollution (e.g. Sartor and Boyd
1972; Herngren 2005; Deletic and Orr 2005). These solids can
settle in the drainage system (Crabtree 1989; Ashley et al. 1992;
Van Bijnen et al. 2018), reduce the efficiency of wastewater
treatment plants (e.g. Bolognesi et al. 2008), and affect the
quality of receiving water bodies (e.g. Sartor and Boyd 1972;
Novotny et al. 1985). Van Bijnen et al. (2018) concluded that the
settling of solids in downstream parts of the drainage system
significantly increases the frequency of flooding, and subse-
quently the potential exposure of the public to microbial health
threats.

To reduce the solids loading to the drainage system, gully
pots contain a sand trap to retain solids. However, if the capa-
city of the sand trap is exceeded, due to the continuous accu-
mulation of solids, the hydraulic capacity of the gully pot
decreases, and the probability of urban flooding due to rainfall
increases. Flooding and the subsequent spreading of water
over adjacent areas cause potential health risks, traffic disrup-
tion, material damage, and economic losses (e.g. Ten Veldhuis
and Clemens 2011; De Man et al. 2014). Therefore, emptying
these sand traps, which is usually done once a year in residen-
tial areas and two to four times a year at vulnerable places like
markets (Ten Veldhuis and Clemens 2011), is a vital and cost-
effective (Ashley et al. 2000) sewer asset management measure
to protect a liveable environment in urban areas.

Post et al. (2016) developed a statistical model based upon
measurement series of 15 months, which relates the time after
gully pot cleaning to the sediment bed level. Since the bed

level can be interpreted as the integral of the accumulation of
solids over time, temporal variations in the solids loading to
gully pots are not included in this model. Sewer operators may
use this model to adjust their maintenance cycle to prevent
gully pot clogging.

The research of Post et al. (2016) showed that the sediment
bed in ~95% of the ~300 gully pots they monitored, reached
a stable level after a few months. This is consistent with the
results of Langeveld, Liefting, and Schilperoort (2016), who
found that by cleaning gully pots every 2 months instead of
once a year, the mass removed from gully pots increased by
a factor ~3. It is concluded that the removal efficiency of gully
pots reduces strongly over time, increasing the solids deposi-
tion in sewers and the pollution levels in outflows from storm
sewers or CSO structures. To prevent this, the operation and
maintenance cycle of gully pots has to be adapted, which
requires a better understanding of the process of solids
accumulation.

1.2. Aim of the research

The objective of this study is to determine to what extent the
accumulation rate is influenced by physical parameters linked
to three relevant processes, namely the build-up of solids in
a catchment, the wash-off of these solids from this catchment,
and the retention of solids in the gully pot. The understanding
of the dominant processes might eventually be used in the
planning of the operation and maintenance cycle of gully pots.
The study is based on an extensive field measurement cam-
paign on the accumulation rate of solids in gully pots (before
blockages occur or stable sediment bed levels are reached).
Both a Linear Mixed Model (LMM) and a Regression Tree (RT)
are developed to describe the relations between the para-
meters and the measured accumulation rate. The sensitivity of
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these models to the time interval between the measurements is
also evaluated in this study.

2. Materials and methods

The solids accumulation in 407 gully pots is monitored over time.
The solids accumulation rate is modelled by statistical models to
determine what physical parameters significantly influence this
process. This chapter describes the monitoring area (section 2.1),
the measurement technique (section 2.2), what parameters are
considered in the statistical models (section 2.3), and the model-
ling procedure (section 2.4).

2.1. Monitoring area

Figure S1 shows the locations of the 7 monitored streets in
Rotterdam and The Hague, which are two of the largest cities in
The Netherlands, and have a maritime climate with cool sum-
mers and moderate winters. The annual rainfall was ~840 mm/
year at these locations during the monitoring period which
lasted from November 2017 until December 2018. During this
period ~60% of the days were dry (which was defined as a day
with a maximal rain intensity<1 mm/hour).

The monitored streets vary strongly in terms of vegetation,
pavement type, and traffic intensity (as shown in more detail in
Figure S2), which allows to relate the results to other areas. In
total 407 gully pots were monitored; a trade-off between
a feasible maximum number for data collection and
a minimum number for a reliable statistical model.

Other researchers, for example Pratt and Adams (1984) and
Ellis and Harrop (1984), reported detailed measurements in
a few gully pots only. With the current approach, conclusions
are drawn on a larger scale and the effect of environmental
characteristics can be assessed.

(2)

(b)

Figure 1. (a) Measurement device for the sediment bed depth; (b) Gully pot; (c) Side view of sediment bed depth measurement in gully pot.

2.2. Solids accumulation rate

The sediment bed thickness in the gully pots was measured
approximately once in 3 to 4 weeks using the device shown in
Figure 1(a). This device is identical to the one used by Post et al.
(2016). It consists of a punctured disk with a vertical hollow
cylinder and a movable rod inside this cylinder. The disk was
used to compress the sediment bed to remove the air captured
in the bed." The movable rod was pushed through the bed to
the bottom of the gully pot as shown in Figure 1(c). The sedi-
ment bed thickness was determined with measuring tape
(2 mm intervals) on the rod indicating the distance between
the end of the rod and the disk.

The volume of solids present is calculated by multiplying the
bed thickness by the cross section of the gully pot. The solids
accumulation rate is defined by the division of the change in
solids volume by the number of days between consecutive
measurements (in L/day):

A- (di+1,g - dhg)

Sy =
"9 (ti+1,g — tLg)

(M

In which S is the solids accumulation rate, A the horizontal cross
section of the gully pot, d;4 the i™ measured depth in gully pot
g, and t the measurement day.

Post et al. (2016) showed that the sediment bed in most
gully pots stabilised after a few months, which implies that
S= 0. The current study is meant to determine the factors
influencing the solids accumulation rate prior to the occurrence
of gully pot blockages or the accumulation rate approaches
zero. Therefore, in case of substantial sediment bed depths, all
gully pots in a street were cleaned by the municipality on the
authors’ request and a new measurement series was started, in
this manner three measurement series for most streets were
obtained during the monitoring period.

(©)



2.3. Parameters related to the accumulation rate

Post et al. (2016) identified several parameters that influence
the bed level in a gully pot, namely the connected area, road
use, rainfall volume, and sand trap depth. In this study, para-
meters related to the build-up of solids on the street, the wash-
off of these solids, and the retention of solids in the gully pot
are added to the parameters mentioned above, to model the
accumulation rate. These parameters are described in the next
sections. The data used originate from readily available data-
sets from governmental organisations.

2.3.1. Parameters related to build-up
Table 1 provides an overview of the parameters included in the
model to schematise the build-up of solids on streets.

Vegetation influences the solid loading on streets (e.g. Welker,
Gelhardt, and Dierschke 2019; James and Shivalingaiah 1985),
which subsequently influences the accumulation rate of solids in
gully pots. Instead of monitoring the material loss of vegetation,
a proxy is proposed to estimate the organic material potential.
Both municipalities gave access to a dataset containing the tree
types, locations, and heights. It is assumed that trees are domi-
nant in the material loss by vegetation. Therefore, a vegetation
factor is proposed and is defined per street, because leaves (and
other organics) can easily spread over the street surface and end
up in several gully pot catchments; and the trees were spread
over the length of monitored streets.

The loss of material by a tree is assumed to be proportional
to the size of the tree. The size is estimated by the cube of the
tree height, which is known. This results in the following defini-
tion of the vegetation factor (in m?):

Table 1. Model parameters.
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In which Vis the vegetation factor, L is the length of the street,
H;is the height of tree j, and n is the total number of trees in the
street. The vegetation factor is meant to represent the organic
material potential. This potential varies over the year in reality
(Welker, Gelhardt, and Dierschke 2019). Halverson, Gleason,
and Heisler (1985) distinguished four different phases for
trees regarding the presence and absence of leaves, namely
leaf abscission, leafless, leaf growth, and full capacity. These
phases are combined in one categorical variable named tree
phase. The start and end dates of the tree phases depend
highly on climate and weather, and are based upon photos of
the streets and trees made during the measurements. Only
a few blossoming trees were present, which effect is therefore
not separately analysed.

Traffic increases the solids loading on streets, due to vehi-
cles losing material (e.g. Barrett et al. 1998; Kerri, Racin, and
Howell 1985; Deletic, Ashley, and Rest 2000; Post et al. 2016;
Simperler, Keckeis, and Ertl 2019). The pavement material and
the pavement condition influence the availability and trans-
port of solids over the street surface. This material also affects
the infiltration capacity and, subsequently, the discharge into
a gully pot.

The solids deposition in commercial areas is generally more
than in residential areas (Sartor and Boyd 1972). This can be
masked by street sweeping, which is often more frequently
applied in commercial areas, and reduces the solids loading
(Sutherland and Jelen 1997). Visual observation during the
monitoring period made clear that the street surface close to

Parameter Calculation

Data source

Parameters related to build-up of solids
Connected area

pot

n
1 3
V—zj;”/

Classification

Vegetation factor

Tree phase
Traffic intensity

similar traffic conditions.
Classification
Classification
Estimation based upon data of ~1 year.

Pavement type
Commercial area
Street sweeping frequency

Parameters related to the wash-off of solids
Rainfall intensity
measurement period.
Rainfall volume
Antecedent dry period

The eight-direction flow approach (Jenson and Domingue (1988))
to determine the size of the paved area connected to a gully

Numbers copied from the model and for streets not included in
the model, estimation based upon surrounding streets with

Maximum rainfall intensity in 5-minute interval during the

Mean rainfall per day during the measurement period.
The number of dry days prior to the measurement period, while

Digital elevation data of The Hague (from 2014) from
AHN3 (Van der Zon (2013) and from similar dataset
owned by the municipality for Rotterdam (from 2016).

Datasets from the municipalities of The Hague and
Rotterdam containing tree locations and heights.

Visual observation
Traffic model (Het Samenwerkingsorgaan Holland
Rijnland (2015)).

Visual observation

Visual observation

Tracking data of street sweepers from The Hague and
time sheets from Rotterdam.

Rain radar KNMI

Rain radar KNMI
Rain radar KNMI

a day is considered dry when the rainfall intensity stays lower
than 1 mm/hour in each 5-minute time slot.

Parameters related to the retention of solids
Discharge
(Tables 1 and 2).

Cross-sectional area -
Inlet type Classification

Sand trap depth -
Sediment bed depth
Filling degree

Maximum rain intensity multiplied by the connected area

Sediment bed depth divided by the sand trap depth.

Rain radar KNMI and digital elevation data.

Measured with measuring tape
Visual observation

Measured with measurement device
Measured with measurement device
Measured with measurement device
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shops contained more gross solids, which could be transported
to gully pots, than residential areas.

2.3.2. Parameters related to wash-off

Build-up and wash-off models (see e.g. Sartor and Boyd 1972;
Shaheen 1975; Pitt 1979; Egodawatta, Thomas, and
Goonetilleke 2007; Muthusamy et al. 2018) include usually
two or three processes to model the solids transport. Firstly,
the accumulation of solids on the street, secondly the wash-off
rate by rain, and sometimes the removal of solids by street
sweeping. The second process is schematised in this section by
the wash-off related parameters presented in Table 1.

The rainfall data used originate from the meteorological
radar dataset of the Koninklijk Nederlands Meteorologisch
Instituut (KNMI). This dataset contains 5-minute interval mea-
surements on a 1 km? grid. The 5-minute interval is used,
because of the relatively small size of a gully pot catchment,
which results in a short concentration time.

To represent rainfall intensity the maximum rainfall intensity
is taken as a parameter, since it is the most important para-
meter for the wash-off in a rain event (Shivalingaiah and James
1984). The accumulation process is studied on a timescale of
a few weeks (observation interval is 3-4 weeks), and is inte-
grated over the time between two measurement days. This
approach to a large extent filters out processes on a smaller
timescale like the variation in rain intensity. Therefore, the
wash-off in that period depends on the integral of the rainfall
intensity as well, which is the rainfall volume (this dependency
is also observed by Shaw, Stedinger, and Walter 2010).

The solids loading on streets is usually assumed to increase
during dry periods (Sartor and Boyd 1972; Irish et al. 1995; Vaze
and Chiew 2002; Chow, Yusop, and Abustan 2015; Morgan et al.
2017). Therefore, the initial loading and subsequently the trans-
port of solids to the gully pot in a measurement interval
depend on the length of the antecedent dry period.

2.3.3 Parameters related to retention
Butler and Karunaratne (1995) studied the removal efficiency of
gully pots in lab experiments and proposed an efficiency rela-
tion. Rietveld, Clemens, and Langeveld (2020) showed that this
equation is in most cases a valid (engineering) estimation of the
initial efficiency.

_ow
Cw+ %

n 3)
In which n_is the efficiency, w is the settling velocity, Q is the
discharge and A is the horizontal cross-sectional area of the gully
pot. The equation contains two important concepts, namely the
settling velocity and the surface loading. The settling velocity of
a particle represents the gravitational force, while the surface
loading represents the inertial force on a particle. The latter is
defined as the discharge divided by the horizontal cross-
sectional area. While the maximum rain intensity is assumed to
be the main driver of solids wash-off, the maximum discharge is
assumed to be the main driver of the gully pot hydraulics.

The settling velocity is not solely addressed in this study.
This would involve a study of the variation in the solids char-
acteristics at the monitored areas and over time. These pro-
cesses are already represented by parameters related to the

build-up (section 2.3.1). Studies as e.g. Bertrand-Krajewski, Briat,
and Scrivener (1993); Zafra, Temprano, and Tejero (2008);
Droppo et al. (2006); Gelhardt, Huber, and Welker (2017)
addressed the solids characteristics.

Post et al. (2016) showed that the sand trap depth is related to
the accumulation of solids. Avila, Pitt, and Durrans (2008) and
Avila, Pitt, and Clark (2011) observed that if the water depth above
the sediment bed in the gully pot is sufficiently deep, the bed did
not erode. Rietveld, Clemens, and Langeveld (2020) concluded
that the accumulation rate differed significantly from Equation 3
when the sediment bed level increased, and eventually reduced
to practically zero in conjunction with an equilibrium bed level
and bed morphology. Butler and Clark (1995) found that the
equilibrium bed depth is close to the level of the outlet pipe.
Therefore, the filling degree might be the parameter that influ-
ences the removal efficiency, rather than the bed depth itself.

The type of inlet influences the hydraulic conditions in the
gully pot and could reduce the inflow of solids. The dataset
contains gully pots with side inlets, top inlets, and combination
inlets (Figure S3). However, considering combination inlets as
a separate group could lead to wrong associations, since they
are located in 1 street and their number in the dataset is limited
(~4%). Since this kind of inlets is similar to side inlets from
a hydraulic perspective, combination inlets are labelled as
side inlets in the analysis. They have also been combined with
the top inlets in the statistical analyses which did not signifi-
cantly affect the results.

An overview of the parameters included in the model to
schematise the retention of solids in gully pots is provided in
Table 1.

2.4. Statistical modelling

A descriptive statistical model is required to identify the para-
meters which influence the accumulation rate of solids in gully
pots. A regression tree and a linear mixed model are used to
identify these parameters. Using two techniques could assist
understanding the data structure and prevent method bias.

2.4.1. Regression tree
A Regression Tree (RT) is commonly used in data mining to explore
the structure of datasets. A RT contains a rule at each node, which
splits the dataset into two subsets. In this research, the criterion for
the best split is defined as the split predictor that minimizes the
p-value of chi-square tests of independence between each (pair
of) explanatory variable(s) and the response variable. If all tests
yield p-values larger than 0.05, splitting is stopped.

The procedure to obtain a single tree for the description of
the data is based upon the procedure of De'ath and Fabricius
(2000) and consists of 6 steps:

(1) Divide the data into n (in this study n = 5) random
subsets of approximately equal size.

(2) Cross-validate by dropping each subset in turn (test
data) and build a tree using data from the remaining
subsets (training data).

(3) Predict the responses for the omitted subset, calculate the
mean squared error for each subset and sum over all
subsets.



(4) Repeat steps (2)-(3) for a series of tree sizes.

(5) Take the smallest tree (the pruned tree), such that the
error is within one standard deviation of the minimum
error of the cross-validation trees.

(6) Repeat m times (in this study m = 50) steps (1)-(5) and
select the most frequently occurring tree size from the
distribution of selected tree sizes and subsequently
a common tree.

2.4.2. Linear mixed model

Linear Mixed Models (LMMs) are suited for repeated measure-
ments in different groups, which are in this case the individual
gully pots. The model is described as:

Si.,mﬁg = Bo + B1Xi,m,g,1 +...+ Bpxi,mﬁgﬁp + bg + Eim.g 4)

In which §; , 4 is the i™ observation of the solids accumulation
rate in the m™ measurement period in the g gully pot, Xim,g.p
the corresponding observation of explanatory variable p, by is
the random effect of gully pot g, and ¢;,, 4 is the observation
error. The random effect and observation error are described as:

&img = N(0,0°) (5)

by = N(0,0) (©)

The residuals of the accumulation rate in an individual gully pot
could be related due to, for example, inaccurate values of the
independent variables. The random effect compensates for
these accumulation rate differences between gully pots. The
observation error accounts for errors in all observations.

The model validation (shown in Appendix D) consists of 6
steps:

(1) Take the training set, which was used to build the RT (as
described in section 2.4.1) and build a LMM.

(2) Remove observations with a Cook’s Distance larger than
the 3 times the mean Cook’s Distance to avoid wrong
associations due to influential outliers.?

(3) Evaluate the homogeneity of the residuals.

3338
0.0180

Rain volume<1.77
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(4) Evaluate the independence of observations by analysing
the correlation of residuals in time and space.

(5) Remove step by step explanatory variables with p-values
larger than 0.05.

(6) Validate the LMM with the test set.

2.4.3. Sensitivity analysis

The accumulation rates found, as defined in Equation 1, are
highly scattered due to two reasons. Firstly, the depth differ-
ences between two consecutive measurements (at a small mea-
surement interval) are relatively small compared to the
measurement uncertainty (~5 mm). Since the accumulation
rate is the time derivative of the solid depth, the uncertainty in
the accumulation rate is substantial. Secondly, processes with
both short and long timescales, both on the street and in the
gully pot determine the accumulation rate. These two reasons
might influence the parameter identification by the models,
which are based upon non-continuous measurements of the
accumulation rate. Therefore, a sensitivity analysis is performed
with a dataset with a different measurement interval.

The second dataset is composed of the same measurements,
but every even measurement is leapfrogged, which effectively
increases the measurement interval. This reduces the relative
uncertainty in the accumulation rate, but reduces the size of
the dataset and smoothens the processes influencing the accu-
mulation rate. The latter can become a drawback, since time-
dependent parameters (such as the rainfall volume and the tree
phase) lose their meaning if the time interval becomes too large.

The reduced dataset is labelled as dataset 2. An overview of the
range of the parameters in the two datasets is provided in
Table S2.

3. Results
3.1. Explorative analysis

Figure 2 shows the measured sediment bed depth develop-
ment in several gully pots. The depth generally increases over
time, but sometimes decreases which could occur due to resus-
pension from the bed, and the process restarts after cleaning.

no

Vegetation factor<185

Rain volume<4.35 Rain intensity<74.3

Figure 2. Sediment bed depth development over time in 4 gully pots, which restarts after cleaning.
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Equation 1 is used to calculate the accumulation rate from
these measurements, which results in a dataset of 4173 data
points with an average accumulation rate of +18 mL/day.

The Variance Inflation Factor (VIF) is used to assess the
collinearity in the explanatory variables. Variables with a VIF
larger than 10 are removed to avoid multicollinearity (as recom-
mended by Montgomery, Peck, and Vining 2012). Initially, the
VIF value associated with the filling degree exceeds 10 (shown
in Table S3). The filling degree is closely related to the sand trap
depth and the solid layer thickness. The physical process that is
expected to be influenced by these parameters is the resuspen-
sion induced by the impinging jet of the inflowing water or the
reduced settling due to increased local velocities (Rietveld,
Clemens, and Langeveld 2020). The closer the sediment bed
gets to the outlet pipe, the stronger these processes. To avoid
overfitting and schematise this physical process, only the filling
degree is selected as an explanatory variable, which makes all
VIF values lower than 10.

3.2. Parameters related to the solids accumulation rate

The type of relation between the parameters and the accumula-
tion rate of solids in gully pots (for dataset 1) is shown in Table 2.
Parameters that correlate positively are denoted with a plus sign,
whereas negative correlations with a minus sign. The B-values,
standard errors, and p-values of the parameters used in the LMM
are not provided here, but in Table S4. The RT with 9 terminal
nodes is shown in Figure 3.

The RT contains less parameters than the LMM. The para-
meters used in the RT are also used in the LMM, except for the
rainfall intensity which is negatively correlated with the accu-
mulation rate in the RT. The LMM uses the discharge instead of
the rainfall intensity (which are directly related) and shows
a negative correlation with the accumulation rate.

Butler and Karunaratne (1995) tested discharges between
0.5 L/s and 1.5 L/s and found an inversely proportional relation
between the discharge and the removal efficiency. The same
physical relation was expected in particular since the range of

Table 2. Type of relations between the parameters and the accumulation rate in
gully pots. Positive correlations are denoted with a plus sign and negative
correlations with a minus sign.

Dataset 1 Dataset 2
Parameter RT LMM RT LMM
Connected area No relation + + +
Vegetation factor + + + +
Leaf abscission No relation + + +
Leafless No relation - - -
Leaf growth No relation +
Full capacity No relation - - -
Traffic intensity No relation No relation No relation No relation
Pavement type (asphalt) No relation No relation No relation +
Commercial area No relation No relation No relation No relation
Street sweeping No relation No relation + No relation
Rainfall volume + + + +
Rainfall intensity - No relation - No relation
Antecedent dry period  No relation - + +
Discharge No relation - + -
Cross-sectional area No relation No relation + No relation
Top inlet No relation + No relation +
Filling degree - - + -

discharges in this study is even larger (between ~0.0029 and
16 L/s).

RT analysis allows investigating local relations within sub-
groups of the data. This reveals an interesting relation between
the rainfall volume and the accumulation rate. The rainfall
volume usually contributes positively, as this parameter repre-
sents the transport capacity of solids towards gully pots.
However, it contributes negatively when it is combined with
a high rainfall intensity. The rainfall intensity is related to the
discharge to the gully pot, as stated above. An increased dis-
charge results not only in less settling, but also in more resus-
pension from the sediment bed. This resuspension increases
when the high rainfall intensity is combined with a large rainfall
volume.

The removal efficiency, as described by Equation 2, con-
tains not only the discharge, but also the cross-sectional
area of the gully pot. However, this parameter is neither
part of the LMM nor the RT. The range of cross-sectional
areas (between ~0.045 and 0.16 m?) might be too small to
detect significant differences and the hydraulic conditions
could be described sufficiently by the water inflow (dis-
charge or rainfall intensity) which have a wider spread.
The parameters traffic intensity, pavement type, commercial
area, and street sweeping don’t contribute significantly.

The antecedent dry period is negatively correlated with
the accumulation rate in the LMM, which contradicts the
results of Vaze and Chiew (2002), who found that the solids
loading on streets increases during dry days. However, other
researchers (e.g. Ellis and Harrop 1984; Charbeneau and
Barrett 1998; Kerri, Racin, and Howell 1985; Shaw,
Stedinger, and Walter 2010) concluded that the length of
the dry period prior to the storm event has only a weak
relationship with the solids loading. Chow, Yusop, and
Abustan (2015) found that the maximum solids load on
a street was reached in five dry days. Considering the fact
that the measurement frequency was once in 3 to 4 weeks
and that ~60% of the days during the monitoring were dry
days, several dry and wet periods could occur in between
two measurements. Therefore, the antecedent dry period is
less relevant in this study.

The antecedent dry period also has the largest p-value of the
parameters used in the LMM. This shows at least that a proper
schematisation of the effect of dry periods on the solids loading
on streets in a statistical model based on non-continuous mea-
surements of the accumulation rate in gully pots is demanding.
Therefore, a sensitivity analysis (which is provided in the next
section) is important for this parameter.

The vegetation factor is positively correlated with the
accumulation rate in the LMM. Welker, Gelhardt, and
Dierschke (2019) found that a relation between the presence
of vegetation and the presence of solids on streets. These
solids can be directed to gully pots via rain and wind. This
process increases during the leaf abscission phase, which is
therefore positively correlated with the accumulation rate.
This confirms the conclusions of Chen et al. (2017) who
found that >50% of the gully pot blockages reported by
citizens were registered in autumn.

The other parameters relating to the tree phases are nega-
tively correlated with the accumulation rate when compared
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Figure 3. RT for dataset 1. The values at the nodes are the number of observations in the group and the mean accumulation rate of the group.

with the leaf abscission phase. The phases can also be mutually
compared by their B-values. However, they do not differ sig-
nificantly, considering the standard uncertainties.

The connected area is, similarly to the results of Post et al.
(2016), positively correlated with the accumulation rate in the
LMM, since it is related to the amount of solids available for
transport from the street. The LMM indicates that the geometry
of the gully pot is important as well; gully pots with a top inlet
show a higher accumulation rate than ones with a side inlet. From
visual inspection, it appeared that grids of side inlets block more
solids, which reduces the accumulation rate in those gully pots.

Finally, both models signify that the accumulation rate
decreases as the sand trap gets filled, which is also observed
in a lab study by Rietveld, Clemens, and Langeveld (2020). This
can be caused by two processes, namely the reduction of
settling due to increased flow velocities and resuspension of
solids from the sediment bed followed by transport to the
drainage pipes.

3.3. Sensitivity analysis

A sensitivity analysis was performed to assess whether the
selection of parameters (and their type of relation) is influenced
by the uncertainty in the measurements (as discussed in sec-
tion 2.4.3). Therefore, a second dataset is composed of accu-
mulation rates over an increased time interval, by leapfrogging
every even sediment depth measurement, resulting in
a dataset of 3195 data points.

In general, the models (both the LMM and the RT) based
upon dataset 2 identify the same type of relations as the
models based upon dataset 1 (Table 2), confirming these find-
ings. The main difference is the addition of extra parameters.

Figure S7 shows the RT for the dataset with an increased
time interval. The tree consists of 17 terminal nodes, while the
one based upon the original dataset consists of 9 terminal
nodes, this implies that the data patterns also more discernible
due to the reduced uncertainty.

Moreover, the performance (although still poor) of the mod-
els based upon dataset 2 improves significantly compared with
the ones based upon dataset 1 (Table S5). The R? values indi-
cate that the RTs fit the measurements better than the LMM:s.
The RT for dataset 2 explains 29% of the variance in the training
data and 17% in the test data.

The LMMs based upon dataset 1 and 2 contain the same
parameters, except for the pavement type. This parameter has
a p-value close to 0.05 and its impact is, therefore, less clear
than other parameters. The only remaining difference is the
type of relation of the antecedent dry period. This parameter is
negatively correlated with the accumulation rate in dataset 1,
while it is positively correlated in dataset 2. A positive correla-
tion is expected, since solids loading on streets increases during
dry days (Vaze and Chiew 2002). The RT based upon dataset 2
contains this positive relation as well.

The impact of street sweeping on the accumulation rate is
discussed in literature and is generally found to be more effec-
tive for large debris than small particles (e.g. Pitt et al. 2005;
Walker and Wong 1999; Amato et al. 2010). Sutherland and
Jelen (1997) concluded that outdated street sweeping technol-
ogies could not pick up the finer solids and increased solids
loadings to gully pots by loosening immobile solids. It was
concluded that sweeping technology improved meanwhile
and became efficient in reducing solids loadings. However,
Walker and Wong (1999) concluded that the benefits of increas-
ing the frequency of street sweeping, beyond what is required
to meet street aesthetic criterion, is expected to be small in
relation to water quality improvements. In this study, the
sweeping frequency is found to correlate positively with the
accumulation in dataset 2. Figure S7 shows that sweeping is
the second decision parameter. It splits observations from 5
streets, in subgroups representing 2 and 3 streets. Research in
more streets is needed to verify that this is not coincidental and
actually represents a missing parameter. Another verification
method is to change the street sweeping frequency in a street
that is monitored over time.
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The importance of the connected area and the parameters
relating to the tree phases is emphasised by the fact that they
are part of both LMMs and for the RT based on dataset 2. The
split in the categorical parameter tree phase in the RT is made
between at one side the leaf abscission and leaf growth phase
and at the other side the leafless and the full capacity phase.
The LMMs show that the leaf abscission phase is the main
contributor to the accumulation rate.

Although the LMMs show a negative relation between the
discharge and the accumulation rate, the RT in Figure S7
shows a positive relation. The significance of this relation is
judged to be low, however: the parameter only appears in
the lowest ranks of the tree, and, moreover, the split is
defined such that only a few observations end up in one of
the subgroups.

4. Discussion

The parameters selected by the LLMs and the RTs as being the
most important in terms of describing the experimental data
provide hints to identify the dominant processes in the solids
accumulation rate in a batch of gully pots. However, since the
model results show small R? values, the measured solids accu-
mulation rate in a single gully pot cannot be successfully
reproduced by these models.

A common characteristic of reported projects looking into
the build-up and wash-off of solids from urban surfaces over
the past decades (Sartor and Boyd 1972; Pitt 1979; Pratt and
Adams 1984; Ellis and Harrop 1984; Pitt et al. 2005) is the fact
that no generic conclusions have been drawn on the quantifia-
bility of the solids loading from runoff, then site-specific statis-
tical relations between solids loading and, for instance, rainfall
parameters, presence of trees etc. It is a well-known fact that
non-linear systems having feedback processes may initiate
unpredictable dynamic behaviour, also referred to as chaotic
behaviour (Genesio and Tesi 1991). In literature, some indica-
tions for such behaviour for wash-off related processes are
found.

Post et al. (2016) monitored the sediment bed development
of ~300 gully pots and found that ~5% got clogged due to
a growing bed after ~15 months, while the sediment bed of the
remaining ~95% reached an equilibrium in a few months.
A clear difference between these two groups of gully pots
causing this difference could not be determined.

Naves et al. (2020) performed lab experiments on the wash-
off from an artificial street surface and modelled this with
a physically-based model. They found that despite the accurate
definition of the (initial) conditions (such as the solids load on
the street and the rainfall), a wide range of model (calibration)
parameters was possible.

Vaze and Chiew (2002) measured the solids load in three
zones of a 300 m long street over a period of 36 days on an
almost dayly basis. The results showed that the correlations in
the solids load (collected from surfaces of 0.5 m?) between the
three zones over the 36 days period are relatively low, which
indicated that the spatial variability of the load is quite high.
Liu, Goonetilleke, and Egodawatta (2012) found that the varia-
bility of some build-up parameters within the same land use is
higher than the variability between land uses.

Since the statistical models in the current study are applied
to monitoring data from strongly varying spatial and temporal
environments, a small R® value on the level of an individual
gully pot could be expected. Nevertheless, patterns in the
accumulation rate of solids in gully pots can and are recognised
by monitoring a batch of gully pots. The limited predictability in
this study and related problems in other studies may be due to
inherent randomness in the processes (e.g. rain-induced uncer-
tainty), or even non-linear feedbacks in these processes causing
inherent unpredictability (chaos). Further research may assess
whether the latter is the case, and if so what would be the
prediction horizon. This would require more frequent and more
precise observations of the sediment bed development, which
proved to be impossible with the method used in this study,
since the observation uncertainty relative to the bed growth is
too large.

If the solids accumulation rate is not chaotic or is predictable
for a substantial period, such a study could be used to assess
whether the reduction in uncertainty in both the bed depth
measurements and the explanatory variables could improve
the accuracy of the models significantly, as the model para-
meters are not fully independent, represent short- and long-
term processes, and describe processes on the street and in the
gully pot, reducing the predictability of statistical models based
upon non-continuous measurements.

To reduce the uncertainty in the accumulation rate, a non-
invasive measurement technique is required which measures at
a high precision (a discussion on sewer inspection techniques can
be found in Tscheikner-Gratl et al. 2019). Optical techniques are
not likely to be effective due to the different material phases and
the dirty environment. Lepot et al. (2017) showed that sonar
(which is a non-invasive technique) provides relatively small
uncertainties in locating the surface of sediment layers in
a sewer pipe.

The biggest advantage could be gained if sonar would be
installed in the gully pot for continuous measurements to
analyse the impact of individual storm events. This is substan-
tially more expensive than the current approach (and requires
some engineering for installation), especially since
a considerable amount of gully pots (and therefore sonars) is
required for reliable analyses.

Another measurement technique to determine the sedi-
ment level, could be transferring radio waves (Moghadas,
Mirzavand, and Mousav 2019) or current from one side to the
other of the height of the gully pot. However, these techniques
have not been applied in drainage systems yet, to the authors’
knowledge.

The vegetation factor, rainfall volume, rainfall intensity, and
filling degree are the most important parameters in the RTs.
The LMMs add the connected area, tree phase, discharge, and
inlet type to these parameters. The most important uncertain-
ties are found in the rainfall intensity (and consequently the
discharge) and the vegetation factor. These uncertainties could
be reduced by using other measurement techniques.

The discharge could be measured with discharge meters in
the gully pot outlet pipes, which requires a large investment in
discharge meters. These measurements can also be used to
correct the connected area by comparing the discharge in
adjacent gully pots.



The vegetation factor is a proxy for the amount of
organic material from trees, but does not include the type
of trees, other types of vegetation in the public area, or
vegetation in nearby private areas. Including these para-
meters would make the vegetation factor more representa-
tive, but the introduction of more parameters requires also
a larger dataset.

Another approach is to define a parameter that directly
represents the organic material from trees present on streets.
Cameras could be installed and some recognition software has
to be developed. This would make the parameters that repre-
sent the tree phase redundant. Nevertheless, both approaches
require a major effort.

5. Conclusions

The objective of the study was to assess to what extent the
accumulation rate is influenced by physical parameters linked
to the build-up of solids in a catchment, the wash-off of these
solids from this catchment, and the retention of solids in the gully
pot. Several parameters are identified with Linear Mixed Models
(LMMs) and Regression Trees (RTs). The performance of RTs in this
study is better than the LMMs, most likely due to their capability
to describe different relationships between explanatory and
response variables in different parts of the measurement space,
which is necessary to identify the impact of parameters which are
related to the accumulation rate in both a positive and negative
way, such as the rainfall volume. This parameter usually contri-
butes positively, since it increases the transport capacity, but
combined with a high rainfall intensity it contributes negatively,
due to increased erosion of the sediment bed.

The parameters vegetation factor, rainfall volume, and filling
degree appeared in all models. Therefore, it is concluded that
these are the main drivers of the accumulation rate of solids in
gully pots. This implies that none of the three processes (build-
up of solids in a catchment, the wash-off of these solids from
this catchment, and the retention of solids in the gully pot)
dominates the accumulation rate.

The sensitivity analysis shows that the parameter identifica-
tion by the RT is more sensitive than the LMM for the relatively
high uncertainties in dataset 1 compared to dataset 2. The
sensitivity analysis indicates that the accumulation rate is also
dependent on other factors (i.e. connected area, tree phase,
rainfall intensity, discharge, and inlet type).

The R? values of these models are modest, indicating that the
solids accumulation rate in a single gully pot cannot be predicted
by the models, which raises questions to what extend the models
are generalisable to other spatial and temporal environments, and
even (combined with literature) whether the solids accumulation
would be inherently chaotic. These questions may be addressed in
further research, since it affects the required research methodol-
ogy. Firstly, a thorough analysis should be made of the dynamics
of the individual processes influencing the accumulation rate,
such as rainfall, build-up, erosion, settling etc. Secondly, it should
be analysed how the potential chaotic behaviour of these pro-
cesses influence the dynamics of the solids accumulation.

If the solids accumulation process is not chaotic, it could be
studied whether the reduction in uncertainty in both the bed
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depth measurements and the explanatory variables could
improve the accuracy of the models significantly. Such
a study could involve more frequent or even (semi-) continuous
monitoring of the sediment bed depth and more precise mea-
surements of the explanatory variables. The parameters ‘vege-
tation factor ‘and the ‘discharge’ (or rainfall intensity) are the
most important parameters in this respect.

Notes

1. The measured depth is dependent on the gas fraction and the
compressibility of the bed, by compressing the sediment before
the depth measurement, which improves the reproducibility of
the measurement.

2. Whenever possible the cause of the outliers was identified using the
logbooks or other circumstantial evidence that exceptional situa-
tions occurred.
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