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Solids dynamics in gully pots
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aFaculty of Civil Engineering and Geosciences, TU Delft, Delft, The Netherlands; bDepartment of Hydraulic Engineering, Deltares, Delft, The 
Netherlands; cPartners4UrbanWater, Nijmegen, The Netherlands

ABSTRACT
Runoff entering urban drainage systems contains suspended solids, which carry pollutants and may 
cause blockages in downstream parts of the system (for example infiltration facilities). Suspended solids 
inflow should, therefore, preferably be controlled by solids removal at gully pots. This paper presents the 
results of lab experiments on the solids accumulation in gully pots in a scale 1:1 setup. The accumulation 
process is initially dominated by settling in the gully pot. When a substantial sediment bed is created, the 
bed starts to interact with the flow, the removal efficiency of solids decreases, and the bed eventually 
reaches an equilibrium level. The effects of the discharge, sediment size, and geometry on these 
processes are assessed. The accumulation rate and equilibrium bed level are strongly affected by the 
flow pattern which is influenced by the combination of the position the jets impinge on the water and the 
gully pot’s outlet position.
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1. Introduction

A substantial part of urban surfaces is to some extent imperme-
able. Runoff from these surfaces is usually collected and dis-
charged by drainage systems so as to prevent urban flooding, 
which may induce substantial damage (Spekkers et al. 2013) and 
pose public health risks through flooding itself and spreading of 
pollutants (e.g. De Man et al. 2014), since suspended solids in 
runoff are known to contain pollutants (e.g. Fulcher 1994; Ashley 
and Hvitved-Jacobsen 2002). The loading of these solids and 
their associated pollutants is preferably reduced by interceptors, 
to avoid blockages in downstream parts of the sewer (e.g., sewer 
pipes or infiltration facilities) due to sedimentation (Van Bijnen 
et al. 2018), and to reduce negative environmental impact when 
discharged into receiving water bodies from storm sewers 
through storm sewer overflows (SSOs), or from combined 
sewer systems via combined sewer overflows (CSOs).

The sand trap of a gully pot is such an interceptor. These 
sand traps have to be emptied regularly to avoid clogging, 
which would also cause urban flooding and consequently 
endanger public health (De Man et al. 2014). Post et al. (2016), 
who monitored the solids accumulation in 300 gully pots over 
a period of 15 months, developed a statistical model based on 
field observations in order to determine the timescale for gully 
pot clogging. Roughly 5% of the gully pots they monitored got 
progressively filled with solids and eventually got blocked, 
while the sediment bed levels in the remaining 95% asympto-
tically grew to a state of equilibrium, indicating that the 
removal efficiency tends to zero due to an increasing sediment 
bed level. Consequently, the transport of solids to the drainage 
system increases over time, which is confirmed by Langeveld, 
Liefting, and Schilperoort (2016), who showed that the mass of 

removed solids increased by a factor 3 by cleaning out gully 
pots six times per year instead of once a year.

Butler and Karunaratne (1995) studied the effect of an 
increasing sediment bed depth by lab experiments on a gully 
pot with a sand trap depth of 40 cm and a false bottom to 
simulate the increasing bed depth. This false bottom was cov-
ered with sediment to assess whether the removal efficiency is 
affected at bed depths of 20, 30, and 40 cm, implicitly assuming 
a flat sediment bed development. The bed depth hardly 
affected the removal efficiency and continuous resuspension 
was only observed for the tests with the smallest particles, 
highest flow rate, and thickest sediment bed (D50 of 68 µm, 
discharge of 1.5 L/s, and bed height of 40 cm). Sartor and Boyd 
(1972) simulated the erosion process due to rain storms in gully 
pots with a substantial sediment bed level. It was found that 
even in the case of a heavy rain storm lasting 1 h, only about 1% 
of the mass of the sediment bed undergoes resuspension.

Since the influence of an increasing sediment bed depth on 
the removal efficiency was found negligible in previous lab 
experiments, this process was not incorporated in the removal 
efficiency models found in literature. Lager et al. (1997) found 
that this removal efficiency is proportional to the diameter of 
particles, and inversely proportional to the discharge and 
Grottker (1990) proposed the following empirical relation: 

ε ¼ a � Qb 

In which ε is the removal efficiency, the parameters a and 
b depend on the sediment size, Q is the discharge. Butler and 
Karunaratne (1995) regarded the removal of solids as a trade-off 
between surface loading and settling velocity. The latter is 
quantified by application of Stokes’ law: 
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ε ¼
αws

αws þ
Q
A 

ws ¼
gd2 ρs� ρw

ρw

� �

18ν 

In which ws is the settling velocity, A the free water surface area 
of the gully pot, d the particle diameter, ρw is the density of 
water, ρs is the density of the particle, and ν is the kinematic 
viscosity. The factor α (set at 0.6 to obtain an acceptable agree-
ment with the experimental results of Butler and Karunaratne 
1995) accounts for the effect of turbulence, since Stokes’ law is 
applicable for Re<0.1. These two models describe a steady state 
situation in which the gully pot acts a non-return valve: i.e. it is 
implicitly assumed that the (growing) sediment bed does not 
influence the removal efficiency. Butler and Memon (1998) 
proposed a model which includes resuspension of the sedi-
ment bed at the start of the accumulation process, but does not 
include the effect of a growing sediment bed in later stages. 
The gully pot is assumed to function a completely mixed reac-
tor in which sedimentation and resuspension occur as 
described by: 

dcrs

dt
¼

Q
V

frscin � crsð Þ �
wsrs Acrs

V 

dcss

dt
¼

Q
V

fsscin � cssð Þ �
wsss Acss

V
þ

R
V 

In which c is the concentration, the subscripts rs and ss refer to 
readily settleable solids and slowly settleable solids, respec-
tively, the subscript in refers to inflow, f is the fraction and R is 
the resuspension. The description of this resuspension was 
taken from Fletcher and Pratt (1981), who studied the resus-
pension of gully pot solids obtained from a gully emptying 
tanker. 

R ¼ 0:278 � Qþ 2:59 � 10� 5fort<
Mr

R 

In which Mr is the mass of resuspendable solids, which is 
assumed to be known. All presented models (implicitly or 
explicitly) assume a completely mixed reactor in which the 

specific flow pattern (for example affected by the gully pot 
geometry) does not influence the removal efficiency.

To the authors’ knowledge, parameters expected to have 
a significant influence on the removal efficiency of gully pots, 
such as an increasing sediment bed depth and the gully pot 
geometry have not been assessed in detail in literature. Most 
lab experiments on the removal efficiency found in literature 
focus on the first phase of the solids accumulation process only 
and neglect the influence of an increasing sediment bed. 
Therefore, the work presented here aims to determine, by 
means of scale 1:1 lab experiments, the importance of an 
increasing sediment bed on the removal efficiency and assesses 
the validity of the equation provided by Butler and Karunaratne 
(1995) for the first phase of the accumulation process.

2. Materials and methods

The experimental setup and procedure are described in section 
2.1, the details of the measurement devices are provided in 
section 2.2, the test conditions are described in section 2.3, and 
in section 2.4 the post-processing of the measurements is 
described.

2.1 Experimental setup and procedure

Figure 1 shows the main components of the setup which was 
used to replicate the sedimentation and erosion processes in 
a gully pot. The sediment feeder (indicated with the encircled 
‘1ʹ in Figure 1) consists of a tank filled with the sediment 
selected for the experiment (described in section 2.3.1) and 
a screw conveyor which is located at the bottom of the tank 
to regulate the sediment flow. The motor is operated at 
a constant, controlled speed so as to assure a known supply 
rate of sediment. The sediment gets suspended in water and is 
transported through an aluminium canal (with a slope of 
approximately 1%) to the gully pot (at ‘2ʹ in Figure 1).

The gully pot is made out of transparent material (PMMA, 
also known as acrylate) to ensure optical access and its dimen-
sions (at scale 1:1 except from the roughness) are shown in 
Figure 1(b). The gully pot has a side inlet, in line with the 
predominant type applied in The Netherlands and is mounted 
with a height-adjustable bottom as different sand trap depths 

a. b. 

Figure 1. (a). Experimental setup with red arrows indicating the flow direction. (b). Side view of the gully pot including its dimensions. 1. Sediment feeder 2. Gully pot 3. 
Separation tanks 4. Hose with control valve. 5. Convertible inlet 6. Outlet and siphon 7. Sand trap.
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are applied in practice. The inlet (at ‘5ʹ in Figure 1) splits the 
water in three jets which impinge on the water in the gully pot. 
This inlet is convertible to ensure accessibility of the setup (e.g. 
cleaning or making geometrical changes). The outlet (at ‘6ʹ in 
Figure 1) contains a siphon, which in practice acts as a water 
lock to prevent hindrance due to odours. A butterfly valve is 
mounted in the outlet pipe of the gully pot, which opening is 
adjustable to control the water level in the gully pot indepen-
dent from the discharge. The water level was set at the top of 
the outlet pipe.

The gully pot is placed on top of a weighing scale, which is 
used to determine the mass of accumulated solids over time. 
The sediment that does not settle in the gully pot is transported 
to two separation tanks (at ‘3ʹ in Figure 1) and settles there. 
These two tanks are connected with hoses to a third tank, 
which contains a pump. This pump recirculates the sediment- 
free water via another hose (at ‘4ʹ in Figure 1) to the gully. In 
this hose, a ball valve and a flow meter (with a straight up- and 
downstream pipe larger than 10 and 5 times the diameter, 
respectively) are mounted, which are used to regulate the 
discharge through the system.

The tests performed were continued until the gully pot’s 
removal efficiency of solids became <10%. To decrease the 
duration of the tests, the concentration in the inflow was set 
relatively high, typically 3–4 g/L. It was assumed, based on 
Butler and Karunaratne (1995), that the removal efficiency is 
independent from the inflow concentration. The concentration 
was reduced for the discharges ≤1.0 L/s, since sedimentation 
would otherwise occur in the aluminium inflow canal. This 
resulted in test durations ranging from 3.5 up to 38 hours.

2.2 Instrumentation

2.2.1 Flowmeter
The flowmeter is a Fischer and Porter magnetic flowmeter, 
model D10d, with a measurement range of 0 to 3.5 L/s. The 

uncertainty (95% confidence interval) of the device is estimated 
at ±1% of the full scale.

2.2.2 Thermometer
The temperature of the water was measured with a PT100rs 
thermometer in the tank which contained the pump. The 
device has an uncertainty <0.05°C, but since the water’s tem-
perature in the system wasn’t entirely homogeneous, the 
uncertainty (95% confidence interval) is estimated at ±1°C. 
The relation between the temperature and the dynamic visc-
osity is described by Viswanath and Natarajan (1989): 

μ ¼ 2:94 � 10� 5 exp
508

T � 149:3

� �

In which µ is the dynamic viscosity and T the temperature. The 
temperature in all experiments ranged 286 < T< 297 K, and the 
viscosity ranged 0.915∙10−6 < µ < 1.21∙10−6 kg∙m−1∙s−1. The 
uncertainty has been taken into account when applying 
Equation 2.

2.2.3 Weighing scale
The mass of the accumulated sediment is determined with 
a submergible weighing scale, which is shown in Figure 2. 
This weighing scale was constructed by means of a platform 
and two Sauter CP 50–3P9 force meters with a range of 500 
Newton. The uncertainty (95% confidence interval) specified by 
the manufacturer is ±0.13 N, which was validated to be correct 
with calibrated test weights.

The weighing device (indicated with the encircled ‘1ʹ in 
Figure 2) was located underneath the gully pot. The gully pot 
itself was placed inside a PMMA box (at ‘3ʹ in Figure 2), which 
was slightly larger than the gully pot itself. To cancel out the 
hydrostatic pressure in the measurements, the water in the 
box was hydraulically connected with the water inside the 
gully pot via small holes in the gully pot wall (at ‘4ʹ in Figure 
2). Small holes are applied to cancel out effects of (slight) 

a.        b. 

10 

Figure 2. Schematic drawing of the experimental setup with red arrows indicating the flow direction (a). Front view (b). Side view 1. Weighing scale 2. Gully pot inlet. 3. 
Surrounding box. 4. Hydraulic connection between gully pot and surrounding box. 5. Camera. 6. Flexible joint. 7. Siphon. 8. Sediment accumulation. 9. Particles sliding 
out of the siphon into the sand trap. 10. Arrow indicating the mean free depth.
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water level variations during the experiments. The observed 
increase in weight during the experiments represents the 
weight of the sediment itself minus the buoyancy, allowing 
to apply force meters with a small range and high precision. 
The outlet of the gully pot was connected with a flexible joint 
(at ‘6ʹ in Figure 2) to the outlet pipe and the gully pot inlet (at 
‘2ʹ in Figure 2) was mounted a few mm above the gully pot, so 
as to avoid the force on the weighing scale to be affected by 
disturbances in the inlet or outlet. The removal efficiency of 
the gully pot is determined using these measurements, and is 
defined as: 

ε ¼
Maccumulated

Msupplied
¼

Fws�ρs
g� ρs� ρwð Þ

Msupplied 

In which Maccumulated is the mass of the sediment accumulated 
in the gully pot measured by the weighing scale, Msupplied the 
mass supplied by the sediment feeder, Fws is the force mea-
sured by weighing scale, and g is the gravitational acceleration. 
The supply rate of the sediment feeder is determined by cap-
turing the sediment for a couple of minutes (before the experi-
ment starts) and divide its weight by the time. The uncertainty 
in the mass supply rate (95% confidence interval) is estimated 
at ±3% by repeated, independent tests.

The accumulated mass (as measured by the weighing scale) 
can also be transformed into the depth of the sand trap not 
occupied by solids, which can be used to compare the results 
with gully pots with other cross-sectional areas. The free depth 
(at ‘10ʹ in Figure 2) is defined as: 

Dfree ¼ D �
Mretained

ρs � 1 � prð Þ � A 

In which D is the sand trap depth and pr the porosity. The 
porosity of sand depends on the compaction. Das (2008) 
reports 0.26< pr<0.43 for coarse sand, but a more precise 
estimation is made in this study, by comparing the accumu-
lated mass and volume by means of stereo photography of 
a sediment bed in the gully pot, resulting in a porosity of 0.33 
with an estimated uncertainty (95% confidence interval) 
of ±0.05.

2.3 Test conditions

2.3.1 Solids
In literature, several reports can be found on size distributions 
of the solids flowing into gully pots. Sansalone et al. (1998) 
reported 350< D50 < 800 µm, Pratt and Adams (1984) a D50 of 
approximately 680 µm, and Ellis and Harrop (1984) 600< D50 

< 1000 µm. Gelhardt, Huber, and Welker (2017) reported ρ of 
approximately 2500 kg/m3 and Naves et al. (2020) of approxi-
mately 2600 kg/m3 for street solids. To avoid health hazards 
and for practical reasons, it was decided to use clean sand (ρ 
approximately 2650 kg/m3) to mimic real street solids in the 
experiments. The D50’s used in the experiment were 125, 176, 
389, and 1080 µm and the uncertainty (95% confidence inter-
val) in these D50’s is estimated at ±10% of their nominal value. 
The size distributions are provided in Figure S1 of the 
Supplementary Material.

2.3.2 Flow
Tests were performed at constant flow rates ranging between 
0.35 and 2.0 L/s. This range represents a rainfall inflow intensity 
between 8.4 and 48 mm/hour (which is comparable to the 
range tested by Ciccarello et al. (2012)), by dividing the flow 
rate by a virtual-drained area of 150 m2 (which is a common 
value in The Netherlands).

2.3.3 Depth
In practice, gully pots with a range of sand trap depths are 
applied. The influence of this parameter on the accumulation of 
solids was tested by adding a (transparent) false bottom. Three 
different depths were tested namely 0.39, 0.30, and 0.21 m.

2.3.4 Outlet side
Post et al. (2016) found that the orientation of the gully pot 
outlet (relatively to the inlet) influences the solids build-up in 
a gully pot. This was assessed in this study by turning the gully 
pot relative to the inlet by, respectively, 90 and 180 degrees. 
Figure S2 is included in the Supplementary Material for 
a graphical representation of the different positions.

2.4 Post processing

The observed sedimentation and erosion phenomena are 
quantified by means of weight measurements at a frequency 
of 10 Hz. These measurements show high-frequency noise, 
which is most-likely caused by vibrations of the setup and 
water level fluctuations due to the impinging jets. A moving 
average and moving median filter were applied consecutively 
to identify the accumulation process in these data. The chosen 
time window for both filters was chosen such that 0.5 kg of 
solids was supplied in the time window: 

tw ¼
0:5

dMsupply

dt

� �

Filtering can be applied, since the time window of the filter is 
substantially shorter than the characteristic time of the accu-
mulation process, which is estimated by an exponential fit of 
the accumulated mass over time. This characteristic time is for 
each test at least 70 times larger than the filter time window. 
The weight measurements over time are also converted into 
efficiencies over time by Equation 8, which are calculated over 
a time window which is comparable to a supplied mass of 1 kg.

3. Results and discussion

For brevity, this chapter does not present all the tests. The 
Supplementary Material contains an overview of the tests in 
Table S1 and some additional results.

3.1 Preliminary visual observations

A webcam was installed next to the gully pot (perpendicular to 
the inlet, see Figure 2) to monitor the sediment bed develop-
ment. Figure 3 shows some characteristic images for a test with 
a discharge of 1.0 L/s, gully pot depth 0.21 m, sediment size of 
389 μm, and the outlet at the back.
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Figure 3 shows that the sediment bed depth was not uniform 
over the gully pot’s cross section. The shape of the bed depends 
on the position of the impinging jets, the particle characteristics, 
and the gully pot geometry. In the first few hours, no resuspen-
sion was observed. Particles moved over the sediment as bed 
load, but already settled particles were not resuspended in the 
water. Some of the particles that didn’t settle in the gully pot, 
settled in the siphon behind the gully pot (the weight of these 
particles is included in the weight measurement). These particles 
reduce the flow area, thus increasing the flow velocity. After 
some time, resuspension started to occur in the siphon and this 
bed reached an equilibrium. Sediment was continuously added, 
transported to the outlet to eventually slide downhill back into 
the gully pot itself. The latter created an extra hill on the sedi-
ment bed below the siphon as indicated in Figure 2.

The three impinging jets originating from the gully pot cause 
air entrainment (as shown in Figure 3). The sediment bed keeps 
growing until it gets close to these jets, which cause increased 
local flow velocities. At this bed level, the effect of the sediment 
bed on the flow becomes apparent and the accumulation pro-
cess becomes highly dynamic, particles can be directly trans-
ported out of the gully pot, settle in the gully pot, or resuspend 
from the sediment bed. The sediment bed keeps growing, parti-
cularly at locations where it is still relatively thin, resulting in 
morphological changes (as can be seen in Figure 3(d-f)).

3.2 Influence of discharge

The effect of the growing sediment bed and the discharge is 
quantified by means of weight measurements. The solid line in 
Figure 4(a) shows the accumulated mass in the gully pot, while 
the dashed line shows the supplied mass (the measurement 
methodologies for these masses are described in section 2.2.3). 
The lines overlap until t is approximately 4.5 hours, implying 
that nearly all inflowing solids settle in the gully pot. Then, the 
accumulated mass shows an asymptotic pattern, which means 
that the efficiency tends to zero. This asymptotic pattern is 

caused by interaction of the growing sediment bed and the 
flow. The space not occupied by the sediment bed influences 
the start of this interaction, which is represented with the 
parameter free depth, as defined in Equation 9 (since the sedi-
ment bed depth is not uniform over the cross section, as shown 
in Figure 3, it actually represents the mean free depth). Figure 4 
(b) shows the removal efficiency for tests at several discharges 
versus the free depth.

Initially, the removal efficiency of the tests, shown in Figure 4 
(b), is relatively constant over the free depth. The fluctuations 
around these constant values can be caused by imperfections 
in the construction of the flexible joint (Figure 2), which could 
cause time lags in the weight measurements due to mechanical 
shocks caused by sudden lateral movement of the joint, which 
explains also why the efficiency can temporarily be (signifi-
cantly) higher than 100% (for the test at 1.0 L/s). At a certain 
free depth, for example at approximately 0 m for the test at 
1.0 L/s, the efficiency decreases almost linearly towards 0%. As 
described in section 3.1, this is caused by the interaction of the 
flow with the sediment bed.

Butler and Karunaratne (1995) hardly observed an effect of 
the bed on the removal efficiency in their setup with an artifi-
cially made flat sediment bed at a free depths ≥0 m. In the tests 
with discharges ≤1.0 L/s the removal efficiency started to 
decrease at a free depth less than 0 m (and locally an even 
smaller free depths since the bed was not flat). This might 
explain why this process was negligible in the tests of Butler 
and Karunaratne (1995), but not in the experimental results 
presented here. Free depths less than 0 m (which means that 
the sediment bed level is higher than the invert level of the 
outlet) occur in practice (Post et al. 2016), since gully pot 
maintenance is most often aimed at preventing blockages 
rather than at reducing the solids loading to the downstream 
sewer system (Memon and Butler 2002).

Figure 4(b) shows that the discharge is inversely propor-
tional to the removal efficiency (even when the sand trap is 
empty), since increasing the discharge implies increasing the 

        Inlet        
Siphon/outlet              Impinging jets 

a. b. c.  

d. e. f. 

Figure 3. Progressive accumulation of solids over time. (a). 1 hour (b). 2.5 hours (c). 4 hours (d). 5.5 hours €. 7 hours (f). 8.5 hours.
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inertia relatively to the gravitational force. Moreover, the inter-
action with the bed starts at lower bed depths at increased 
discharges, since the shear stress increases with the flow velo-
city (i.e. discharge). This effect is illustrated in Figure 4(b), as the 
collapse of the efficiency tends to occur at decreasing values of 
the free depth with increasing discharge. The increased local 
flow velocities also reduce the total mass that can accumulate 
in the gully pot (the retention capacity).

The discharge does not only affect the magnitude of the 
velocity field but the position where the jets impinge on the 
water in the gully pot (see Figure 5) as well. At the smallest 
discharge, the jets stay close to the inlet, while they move 
closer to the outlet at increased discharges. This affects the 
morphological evolution of the sediment bed, since it starts 
building up directly below the inlet at low discharges, and 
below the outlet at an increased discharge. Furthermore, the 
intrusion depth of the impinging jet increases with increasing 
discharge (see Figure 5), which also influences the free depth 

(Figure 4b) at which the sediment bed starts to influence the 
removal efficiency.

As discussed, two phases in the solids’ accumulation process 
can be distinguished, which are labelled as non-interaction and 
interaction phase. The distinction is based on the physical 
processes, but can be directly linked to the removal efficiency. 
Almost all tests performed in this research show a constant 
efficiency during the non-interaction phase and an almost 
linear decrease of the efficiency during the interaction phase. 
The starting point of the interaction phase was identified (the 
black points in Figure 4b) in such a manner that the combined 
squared error of two linear models, that fit the data at the left 
and right of this point, was minimised (Equations 11–13). 

ε1 tð Þ ¼ β1;1t þ β1;0; t � 0; tx½ �

ε2 tð Þ ¼ β2;1t þ β2;0; t � tx þ 1; tend½ �

Figure 4. (a).Supplied and accumulated mass over time for test with discharge 1.0 L/s, sand trap depth 0.21 m, sediment size 389 μm, and outlet at the back. Note 1: 
the confidence interval in the accumulated mass is small and therefore hardly visible. Note 2: the reproducibility of these tests is relatively high, as can be checked in 
Figure S3 in the Supplementary Material. (b). Measured and theoretical (Butler and Karunaratne 1995) efficiency and ε1 txð Þ versus the free depth for tests at several 
discharges. The arrows indicate the effect of an increased discharge. The solid arrow indicates a decreased initial efficiency and the dashed arrow indicates a decreased 
free depth at which the removal efficiency collapses.
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min SEð Þ ¼ min
tx � 0;tend½ �

Xtx

t¼0

P tð Þ � P1 tð Þ
� �2

þ
Xtend

t¼txþ1

P tð Þ � P2 tð Þ
� �2

 !

In which βi is a coefficient of the linear model and tx the time at 
which interaction starts. The identification of the start of the 
interaction phase by this set of equations should be regarded 
as an empirical estimation, and not a physical description of the 
phenomena.

As discussed before, the theoretical efficiency of Equation 2 
does not include the effect of a growing sediment bed on the 
removal efficiency, therefore, this theoretical efficiency is com-
pared with the efficiency measured during the non-interaction 
phase in Figure 6 (and in similar figures in the next sections). 
The measured efficiency is significantly larger at discharges 

≤1.0 L/s, and significantly smaller at discharges ≥1.8 L/s than 
the efficiency obtained when applying Equation 2, which was 
proposed by Butler and Karunaratne.

Memon and Butler (2002) used Equations 4 and 5 to assess 
the impact of more frequent gully pot cleanings. However, 
these equations represent mainly the removal efficiency in 
the non-interaction phase. This means that substantial reduc-
tion of the efficiency or even a stabilisation of the sediment bed 
was not taken into account and one might arrive at the con-
clusion that more frequent gully pot cleaning hardly affects the 
suspended solids concentration in storm water. However, 
Langeveld, Liefting, and Schilperoort (2016) showed that by 
cleaning out gully pots six times per year instead of once 
a year, the amount of removed solids increases by a factor 3. 
This suggests that gully pots operate in the interaction phase in 
practice. More frequent cleaning would keep them operating in 
the non-interaction phase, which reduces the solids loading to 
downstream parts of the drainage system.

3.3 Gully pot depth

The gully pot depth is not included as a parameter in the 
models proposed for describing the removal efficiency (see 
section 1.3), and field observations by Post et al. (2016) showed 
that deeper gully pots retain more solids. Both findings are 
confirmed by Figure 7(a), which shows tests with different 
sand trap depths, using the same discharge and sediment 
size. The graphs start at different free depths due to the differ-
ent sand trap depths, but do not show significant differences in 
the removal efficiency. Visual observation also made clear that 
the development of the shape of the sediment is similar for 
different gully pot depths. Figure 7(b) shows an overview of 
initial efficiencies, which makes clear that the discharge signifi-
cantly affects the efficiency, but the gully pot depth does not.

3.5 Sediments size

The settling velocity, which follows from the application of 
Stokes’ law (shown in Equation 3), depends quadratically on 

      a.                   b.                                c. 

Figure 5. Images and schematic drawings of the sediment bed at different 
discharges. (a). Discharge 0.55 L/s (b). Discharge 1.0 L/s (c). Discharge 1.8 L/s.

Figure 6. Measured and theoretical (Butler and Karunaratne 1995) efficiency during the non-interaction phase for tests with sand trap depth 0.2 1m, sediment size 
389 µm, and outlet at the back (the discharge is defined per column). The whiskers indicate the uncertainty induced by the uncertainty in the weight measurement and 
mass supply rate for the measured efficiency, and induced by the discharge, temperature/viscosity, and particle size for the theoretical efficiency.
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the sediment size. Therefore, the removal efficiency is strongly 
dependent on the sediment size, as shown in Figure 8(a) for 
four different grain size fractions at a discharge of 1.0 L/s. For 
each fraction, the effect of the discharge is similar: it is inversely 
proportional to the efficiency during the non-interaction phase 
(as shown in Figure 8b) and inversely proportional to the 
retention capacity of the gully pot.

Figure 8(b) shows that there are no significant differences 
between the measured initial efficiencies and the theoretical 
efficiency for tests with a sediment size of 1080 µm, while 
significant differences exist for all other sediment sizes, which 
indicates that the applicability depends on the sediment size. 
Generally, the impact of the discharge is somewhat stronger 
than captured in the model. The efficiency is underestimated at 
low discharges and in some cases overestimated at high 
discharges.

3.6 Outlet position

The outlet position of the gully pot influences the flow pattern 
in the gully pot, which consecutively influences the magnitude 

and direction of the drag force on the particles. Since the gully 
pot is schematised as a completely mixed reactor in the theo-
retical equations presented in section 1.1, the effect geometri-
cal changes on the efficiency are not considered as the 
hydraulics are solely related to the surface loading. In the 
previous sections, the outlet of the setup was located adjacent 
to the inlet, at the back of the gully pot. Tests are also per-
formed with the outlet at the front and at the side. In the latter 
configuration, the flow pattern is likely to represent the most 
complex, because there is no plane of symmetry.

The accumulation process is strongly influenced by the 
combination of the position the jets impinge on the water 
and the gully pot’s outlet position. The closer these are 
together, the lower the removal efficiency, this likely to be 
caused by the reduction of residence time largely depending 
on the distance between jet and outlet. Figure 9(a) shows the 
situation for a discharge of 0.55 L/s. At this discharge, the build- 
up of the sediment bed starts at the front. If the outlet is also 
located at the front, the crown of the bed is directly in front of 
the siphon. The bed partially blocks the outlet, which results in 
an increased flow velocity and eventually interaction of the bed 

0.2 m     

.30 m   

0.39 m

1

0

Figure 7. (a).Measured efficiency and ε1 txð Þ versus the free depth for tests with sediment size 389 µm, discharge 1.0 L/s, and outlet at the back. (b). Measured and 
theoretical (Butler and Karunaratne 1995) efficiency during the non-interaction phase for tests with sediment size 389 µm and outlet at the back.
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with the flow. The distance to the outlet is longest if the outlet 
is located at the back, which results in the latest start of the 
interaction phase.

At a discharge of 1.0 L/s, the jets impinge on the water in the 
middle of the gully pot, which is directly in front of the outlet, if 
it is located at the side (see Figure 9b). This induces immediate 
transport of suspended solids towards the outlet pipe, resulting 
in a reduced removal efficiency and retention capacity. At 
a discharge of 1.4 L/s, the jets are close to the back of the 
gully pot. Therefore, the removal efficiency and capacity are 
lowest if the outlet is located at the back, and highest if the 
outlet is located at the front.

The retention capacity of the gully pot with the outlet at the 
side was the same at all discharges (except from the lowest 
discharge). It might be that the local velocities above the sedi-
ment bed, and therefore the flow-bed interaction, is dominated 
by the layout of the gully pot and not by the discharge.

Figure 10 shows that the outlet position induces signifi-
cant differences in the removal efficiencies. While the effi-
ciency for a gully pot with the outlet at the front is inversely 

proportional to the discharge (similar to Equation 2), there is 
no significant relation if the outlet is located at the front, and 
the relation for an outlet at the side is even more complex. 
This means that the effect of the distance between the 
position the jets impinge on the water and the outlet is 
stronger than the effect of the discharge on the removal 
efficiency.

4. Conclusions

The sediment bed development in gully pots is initially domi-
nated by settling in the gully pot. This sediment bed develops 
non-uniformly in depth over the gully pot cross section. The 
shape of the bed depends on the position of the impinging jet, 
the particle characteristics, and the flow pattern. In the course 
of time the evolution of the bed morphology starts to influence 
the flow field and hence the removal efficiency. Due to 
increased local velocities and turbulence settling of solids is 
reduced and solids in the bed can resuspend, eventually the 
removal efficiency tends to 0%.

b.

a.

389 µm
176 µm

1080 µm

125 µm

Figure 8. (a). Accumulated mass versus supplied mass for tests with discharge 1.0 L/s, sand trap depth 0.21 m, and outlet at the back. The solid arrow indicates 
a reduced initial efficiency and the dashed line a reduced retention capacity due to the decreased solids size. (b). Measured and theoretical (Butler and Karunaratne 
1995) efficiency during the non-interaction phase for tests with sand trap depth 0.2 1m and outlet at the back.
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Apart from the sediment bed depth relative to invert level of 
the outlet, the removal efficiency depends on the discharge, sedi-
ment size, and the geometry. An increased discharge reduces the 
efficiency and the retention capacity (if the outlet is located at the 
back), since it increases the inertia relatively to the gravitational 
force on the solids. The particle size has the opposite effect; larger 
particles result in an increased removal efficiency and retention 
capacity. The accumulation process is strongly affected by the 
flow pattern which is influenced by the combination of the posi-
tion the jets impinge on the water and the outlet position (Figure 
9). The tests with the outlet at the front and at the side show that 
this effect is, in several cases, stronger than the effect of the 
discharge on the accumulation process.

The Butler and Karunaratne (1995) equation can be used as 
a first estimation of the removal efficiency before interaction 
with the bed starts, but generally underestimates the efficiency 
at low discharges (< 1 L/s) and sometimes overestimated at 
high discharges (> 1.8 L/s). Moreover, the calculated efficiencies 
fit better to the experimental data for larger particles (1080 µm) 
than for smaller particles (125 µm). The experimental results 
presented in this study show that the accumulation of solids in 
a gully pot is a highly dynamic process. The flow pattern and its 
interaction with the sediment bed are important dynamic pro-
cesses, influencing the solids’ accumulation. A description of 
these processes is required to improve the efficiency models, 
such as the Butler and Karunaratne (1995) model.

Figure 9. Accumulated mass versus supplied mass for tests with different outlet positions. (a). discharge 0.55 L/s (b). discharge 1.0 L/s c. discharge 1.4 L/s. The drawings 
at the right indicate for each discharge the outlet position with the lowest removal efficiency.
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The gully pot depth determines when interaction of the bed 
with the flow starts. A deeper gully pot shows the same removal 
efficiency, but it takes much longer before the bed reaches the 
level where interaction with the flow starts. Deeper gully pots 
could be selected when an urban area is (re)designed, to avoid 
the necessity of frequent cleanings and thus high cleaning costs, 
while keeping a high removal efficiency.

List of symbols

a fitting parameter (-)
A free water surface area (m2)
b fitting parameter (-)
c concentration (kg∙m−3)
d particle diameter (m)
D sand trap depth (m)
f fraction (-)
F force (kg m s−2)
g gravitational constant (m∙s−2)
M mass (kg)
pr porosity (-)
Q discharge (m3∙s−1)
R resuspension (kg∙s−1)
Re Reynolds’ number (-)
t time (s)
T temperature (K)
V sand trap volume (m3)
ws settling velocity (m∙s−1)
α correction factor for settling velocity (-)
β regression coefficient (-)
ε removal efficiency (-)
µ dynamic viscosity (kg∙m−1∙s−1)
ν kinematic viscosity (m2∙s−1)
ρ density (kg∙m−3)
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