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ARTICLE INFO ABSTRACT

Keywords: Gully pots actively trap sediments transported by urban runoff to prevent in-pipe blockages and surface flooding.
Gul%y pot However, due to poor maintenance (resulting in sediment build-up) and increasingly extreme wet weather
Sediment events, the scour of previously-deposited sediments from gully pots is identified as a potential contributor to EU
ISVT:ilrlxrtenance Water Framework Directive failure. While basal sediment scour deterministic models have been developed and

validated using laboratory and field gully pot data sets, the ability of these models to predict behaviour at sites
other than those for which they were established has not been addressed. Nor has the impact of future rainfall
predictions on the role of gully pots as sediment sources been systematically examined. As a contribution to
addressing these knowledge gaps, the performance of two gully pot basal sediment scour models of distinct
complexity levels are evaluated under current and future rainfall conditions. The output from Model One sug-
gests that the scour-induced total suspended solids in gully pot discharge can be kept well below 25 mg/L if the
gully pot fullness level is maintained at under 60%. Results identify the opportunity to incorporate the actual/
targeted ecological status of recipients in scheduling gully pot maintenance operations and that proactive gully
pots maintenance will reduce the impacts of increased rainfall intensity/duration on the magnitude of sediment
scour. Results from Model Two suggest that fine sediments are particularly susceptible to in-pot scour. For
example, sediment with a specific gravity of 1.1 and diameter of >63 pm accounts for 50% of scour-induced total
suspended solids in gully pot discharge. The effluent suspended solids concentrations predicted by the two
models differ by up to two orders of magnitude. However, without further empirical field data pertaining to their
respective competences/applications, neither model could be discounted at this stage. For example, the use of
Model One is more appropriate in the establishment of gully pot maintenance schedules, with Model Two more
suited to the dimensioning of gully pots based on performance requirements. This application, however, relies on
the development and adoption of a more stringent regulation on gully pots discharge.

Highway runoff

1. Introduction

In contrast to point source pollution, which has been the subject of
legislation for several decades, the need to address diffuse pollution was
not widely recognised until the 1970s (Campbell et al., 2005). Yet, its
associated negative impacts such as nutrient enrichment and sediment
contamination are now acknowledged as major threats to the receiving
water ecosystem health. For example, the EU Water Framework Direc-
tive (EU, WFD, 2000) specifically identifies the need to control diffuse
pollution under Article 10 and Article 11 (h). Further, Annex II 1.4
identifies urban areas as a major source of diffuse pollution, which is
then mobilised by rainfall and transported to receiving water bodies as
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urban runoff.

Total particulate matter is a key contaminant in urban runoff. A
variety of terms (e.g. total suspended solids (TSS), suspended solids,
suspended solids concentration and suspended particulate matter) are
used in the literatures to refer to particulate matter, reflecting variations
in context and method. For consistency and simplicity, the term total
suspended solids (TSS) is used within this study with the filter pore size
included in brackets (where reported). As well as having a direct impact
on receiving water ecology e.g. blocking fish gills, TSS also constitutes a
sink for hydrophobic substances. Several studies report that the majority
of diffuse urban pollutants are associated with the particulate phase (e.
g., Westerlund and Viklander 2006; Karlsson 2009) with sediment
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transport processes contributing to the movement of pollutants through
the urban drainage system. However, adsorbed pollutants may also
subsequently be released from sediments and re-enter overlying waters
as a result of remobilisation during extreme rainfall events which may,
for example, alter redox conditions (Lundy et al., 2017). Increases in
precipitation extremes predicted as a result of climate change (IPCC,
2013), also brings a higher probability of sediments scour events, in
terms of both scour frequency and mass discharged.

Gully pots with sand traps are a conventional urban runoff quality
control system. The original purpose of such infrastructures was to
prevent large debris and floatables (e.g. litter and flora) from entering
and blocking the piped sewer system. With the increasing recognition of
the impacts of diffuse urban pollution, the role of gully pots in providing
additional functions, such as minimising the pollutant loadings on re-
cipients, is of increasing interest to stormwater managers. However,
despite the ubiquitous use of gully pots, their efficacy in trapping sedi-
ments (especially fine sediments) has long been questioned. Not only
poor sediment trap efficiency but also the potential for the scour of
previously-deposited gully pot sediments, is a concern for municipalities
if regular maintenance cannot be performed. This has been demon-
strated in both laboratory-based and field studies. For example, an
artificial gully pot flushing test (at a flow rate of 16 L/s, equivalent to a
local heavy rainfall event), resulted in 1% (by weight) basal sediment
scour (Sartor and Boyd, 1972). Despite this relatively small proportion,
the chemical analysis of sediment (from multiple gully pots within the
studied catchment) suggested discharge of even this mass would
represent a significant threat to receiving water quality. A field study in
Stockholm, Sweden, reported elevated effluent (in comparison to
influent) TSS concentrations (1.6 pm) in >50% of monitored rainfall
events (Bennerstedt 2005). A long-term gully pot sediment bed moni-
toring study by Rietveld et al. (2020) reported episodic increasing and
decreasing gully pot sediment bed depths after rainfall events, which
was attributed to the episodic occurrence of sediment scour. In addition,
investigations of gully pot sediments reported toxic effects associated
with the release of previously bound metals into solution, indicating a
potential risk to receiving water ecology (Morrison et al., 1988; Karlsson
2009). Whilst such studies highlight the value of routine gully pot
maintenance programmes, infrequent — or even an absence of - gully pot
emptying maintenance has been identified in many studies. For
example, Rastad (2014) reported that only 1500 out of 30,000
(equating to 5%) gully pots were emptied annually by Oslo municipality,
Norway.

Previous research in this field focussed on characterising the
magnitude of gully pot sediment scour events, using site-specific data to
develop deterministic models which predict re-suspended sediment
concentrations. Based on their underpinning assumptions, these models
can be categorized into two types as follows.

Initial models typically conceptualised a gully pot as a complete
stirred-tank reactor (CSTR), e.g. Fletcher (1981), Wada et al. (1987),
Butler and Memon (1999), Deletic et al. (2000). The output (presented
as a predicted effluent TSS) consists of a combination of uncaptured
inflow sediments, scoured basal sediments, and ‘in-pot’ sediments which
have remained in suspension from previous rainfall events. However,
the failure of such models to fully simulate in-pot erosion processes
during extreme rainfall events was identified by Deletic et al. (2000).

Alternatives to the original simplified gully pot as a CSTR concept
were proposed by Avila (2008) and Howard et al. (2012), who estab-
lished predictive models through the identification of factors which
dominate the basal sediment scour process. Despite similar starting
points, two completely different models (i.e. different parameters and
levels of complexity) were established. The model developed by Avila
(2008) is a simple low-data requirement model based on two variates. In
contrast, the model put forward by Howard et al. (2012) is more com-
plex with data on seven variates required.

Whilst both models claim to adequately predict basal sediment scour
induced TSS, a limitation with both (and indeed the other models
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described so far) is that - to-date - their performance has not been tested
at alternative sites. To better understand the transferability of developed
models (i.e. how well do their respective predictions of scoured loads at
further sites correspond), this study undertakes a critical review of
available gully pot models and assesses the performance of gully pot
sediment scour models developed by Avila (2008) and Howard et al.
(2012). Both models are applied to the same field data set under both
current and a series of potential future rainfall conditions. Results are
then used to develop a series of condition matrices to predict conditions
under which basal sediment scour will occur and to examine the effects
of changes in extreme rainfall intensities on the magnitude of sediment
scour events. The practical applications of both models in informing and
optimising gully pot maintenance regimes in relation to stakeholder
priorities are discussed and areas for further work are identified.

2. Material and methods
2.1. Study site

A well-characterised sub-catchment in Luled, Sweden, is adopted as a
pseudo-site (i.e. field data previously collected from this site was used
within the models) for the evaluation of gully pot sediment scour under
current conditions. This catchment is rectangular with a total surface
area of 540 m? (72 m long x 7.5 m width), consisting of a two-lane road
(total width = 6 m) with a crossfall of 2.6% and a grassed area (width =
1.5 m). The gully pot located within the catchment receives runoff from
both the carriageway and the grassed area. No new field measurements
were made for this study.

2.2. Model description

The two basal sediment scour models for gully pots selected and
evaluated in this study are described below.

2.2.1. Model One

Avila (2008) proposed two regression models for gully pot scour; one
for gully pots with a pipe entry and one for gully pots with a curb entry.
Since the latter inlet type is more commonly employed within a Euro-
pean context, the regression model for gully pots with a curb entry is
chosen for this study. This regression model has two functions for the
outflow; the first applies to the first 5 min and the second to the sub-
sequent 5-20 min time interval, as written below:

0 — 5 min: C = (670)2+H>2+Q(*24™*") e}
5 — 25 min: C = (115)>H3[In(H)]~"*Q(1 4" ") )
Where C, the TSS in the effluent, mg/L; H, the overlying water depth
(depth of water above the sediment bed surface), cm; Q, the runoff

inflow rate, L/s.

2.2.2. Model two

The Howard et al. (2012) model is a regression model for the
washout of single-sized sediments in gully pots using the following
equations:

c= (8.3 *107° / <P / Ff) 4T 10*4e*3-18P/f‘%)*pWSG / (SG-1) (3)
P[P = UngD? [0 @
P =T / oD ®)

Where C, the effluent TSS concentration, mg/L; P, the Péclet number
adopted to express the ratio of convective particle transport by settling
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to transport by turbulent diffusion; Fj, Froude number of the influent jet
velocity, defined by equation (5); py, the density of gully pot standing
liquor, kg/m>; SG, the specific gravity of sediment particles; Us, sedi-
ment settling velocity, m/s; h, the gully pot sand trap depth, m; g, the
gravitational acceleration, 9.81 m/s?; D, the inner diameter of gully pot,
m; Uj, mean inflow jet velocity, m/s; Q, runoff inflow rate, L/s. To
facilitate the comparison between models, the predicted TSS for each
sediment characterisation (i.e. its size and specific gravity) were sum-
med. Both models assume an unlimited supply of basal sediments
available for scour during each simulated event without assuming that it
will all be scoured.

2.3. Model inputs

The two models have distinct requirements for input data, with two
variates for Model One (overlying water depth and runoff inflow rate)
and seven variates for Model Two (inflow rate, mean inflow jet velocity,
sediment settling velocity, gully pot sand trap depth, gully pot diameter,
sediment specific gravity and the density of in-gully pot standing liquor).
To facilitate model comparison, both models were applied to the same
field data set. Model inputs were divided into three categories: rainfall
event characterisation, sediment and in-pot liquor characterisation, and
gully pot conditions. Approaches to benchmarking each model param-
eter are outlined in the following sections.

2.3.1. Rainfall event characterisation under current rainfall conditions
Flow input conditions (i.e. runoff inflow rate and mean inflow jet
velocity) are a function of precipitation and catchment characteristics.
To evaluate the magnitude of sediment scour under different rainfall
regimes associated with current rainfall conditions, rainfall events of
different intensities and duration times were simulated and the corre-
sponding inflow rates calculated via the rational method (Eq. (6)):

Q=¢iA (6)

Where Q stands for inflow rate, L/s; ¢ stands for runoff coefficient; i
stands for rainfall intensity, L/(s-ha); A stands for drainage area, ha.

Rainfall data adopted in this study is derived from the national
Intensity-Duration-Frequency (IDF) curve developed by Dahlstrom
(2010). This national IDF curve is recommended for use in the design
and dimensioning of urban drainage system by all Swedish municipal-
ities (Swedish Water 2016). 18 rainfall events (see Table S1 for rainfall
intensity and duration) with nine return periods (3-month, 6-month,
1-year, 2-year, 5-year, 10-year, 20-year, 50-year, and 100-year), and
two duration times (5 min, 10 min) were simulated. The 5 min duration
time is based on a typical gutter flow velocity of 0.5 m/s (Swedish Water
2016), with a resulting concentration-time of 5 min. The selection of 10
min duration time is based on the Swedish stormwater design standard
for a 10-year return period recommended by Swedish Traffic Agency
(2008). Regarding identifying rainfall coefficients, the corresponding
runoff coefficients for the road carriageway and grassed area are set at
0.9 and 0.25, respectively (Butler and Davies 2017).

Table 1
Overview of benchmarked gully pot input parameters.
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2.3.2. Sediment and in-pot liquor characterisation

Sediment settling velocity was calculated for twelve different parti-
cle characterisations across three sediment diameters (d) (63 pm, 110
pm and 160 pm) and four specific gravity (SG) values (1.1, 1.6, 2.35 and
2.65).

The inputs of sediment settling velocity were determined by Eq. (7)
and Eq. (8) developed by Cheng (1997).

15
U,= (1/25+1.2d§ —5) *u/d,. %)

de=(g(p, —p.) | p¥*)(1/3)*d, ®

Where V, the settling velocity of a sediment particle, m/s; d-, a dimen-
sionless parameter; v, the kinematic viscosity of the fluid, m?/s; d, the
sediment particle diameter, m; p,, the density of particles, kg/m?’; p, the
density of standing liquor in gully pot, kg/m?; g, the gravitational ac-
celeration, m/s%. At an environmental temperature of 15 °C, the corre-
sponding kinematic viscosity and density are 1.1386*10°° m?/s and
999.1 kg/m® respectively (Schmidt and Grigull 1989).

2.3.3. Gully pot conditions

Table 1 summarises gully pot input conditions. Since both models
utilised the ‘gully pot optimal design’ (Lager et al., 1977), the gully pot
design with an effective volume of 0.1 m> was used in this study.

Inflow jet velocity is a function of inlet structure design. For
simplification, the inlet structure for the gully pot is assumed to be an
ideal curb opening. The Manning equation can thus be applied as fol-
lows:

Q — (0377 / l’l) * S;(fﬁ * SO.S*T2.67 (9)

Where Q, runoff flow rate, L/s; n, Manning’s value; Sy, crossfall; S,
longitudinal slop; T, top width of water spread, m.

Accordingly, the average inflow jet velocity (uj, m/s) was estimated
as:

=0/ (T*Sx*0.5) 10)

Ten overlying water depths (expressed as a percentage of overlying
water depth to gully pot sand trap depth as follows: 5%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, and 90%) were evaluated. These inputted
overlying water depths represent gully pot maintenance conditions with
corresponding sediment fullness levels of 95%, 90%, 80%, 70%, 60%,
50%, 40%, 30%, 20%, and 10% of the gully pot sand trap depth are
based on the assumption that the standing water in the gully pot reaches
the outlet level when sediment scour takes place.

2.3.4. Future scenarios

Precipitation data for future rainfall conditions were based on six
projected climate scenarios (see Table 2) with three future time horizons
(2011-2040, 2041-2070, and 2071-2100) under two sets of Represen-
tative greenhouse gas emissions and Concentration Pathways (i.e. rcp

Gully Pot Dimension Inlet Overlying water depth
(% of sand trap depth)

Gully pot diameter [mm] 500 Road crossfall: 2.6% 5%

Gully pot sand trap depth [mm] 500 Road longitudinal slope: 2.0% 10%

Top of gully pot to top of outlet [mm] 187.5 Road surface Manning coefficient: 0.013 20%

Maximum sand trap volume [L] 100

30%
40%
50%
60%
70%
80%
90%
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Gully Pot Fullness ~ Sediment Dimension [pm] Sediment Specific Gravity

50%, 95% / /
/ 63/110/160 2.35

Table 2
Simulated future scenarios.
Rainfall Duration Time  Simulated Period Representative
Return Period Concentration Pathway
Model One 10-year 5 min 2011-2040 rep 4.5
Model Two 100-year 2041-2070 rcp 8.5
2071-2100

4.5 and rcp 8.5) as described in IPCC (2013). The future rainfall con-
ditions were predicted using Swedish Meteorological and Hydrological
Institute (SMHI)’s regional climate model RCA4 linked to eight further
global climate scenario models (DHI Sweden, 2018). The inclusion of all
eight global climate scenario models yielded maximum, median and
minimum rainfall intensity values for each scenario (see Table 2).

The precipitation data for future rainfall conditions is available at a
resolution of 50 km by 50 km cells, leading to the selection of Pitea
(located 40 km from the study site) for use in this study (Table S2, for
rainfall data). For the downscaled climate models, rainfall intensity data
was only available for 5-min duration time events.

Simulations of future rainfall conditions with Model One only
considered a gully pot fullness of 50% and 95%, representing two
different gully pot maintenance schedules. Currently, a common strat-
egy of emptying gully pots at least once per year was recommended
(Lager et al., 1977; Lindholm 2015). Such a maintenance frequency
corresponds to emptying gully pots when they are approximately 50%
full (Leikanger and Roseth 2016). By contrast, simulating gully pots with
95% fullness level represents emptying gully pots in a reactive manner
(i.e. when gully pot blockage-induced flooding occurs). Application of
the simulated future rainfall conditions to Model Two included
comparing their impact on three particle size dimensions (63 pm, 110
pm and 160 pm) with an assumed sediment specific gravity of 2.35 (as
identified by Butler et al., 1992). To facilitate comparison with current
rainfall conditions, results for future rainfall conditions were presented
as percentage change relative to that predicted under current rainfall
conditions.

2.4. Condition matrices

For Model One, all possible combinations of 18 rainfall events under
current climate conditions in relation to ten overlying water depths (i.e.
a total of 180 scenarios) were evaluated. Likewise, for Model Two, all
possible combinations of 18 rainfall events, and 12 sediment settling
velocities, in total 216 conditions, were evaluated.

2.5. Guideline values for effluent suspended solids concentration

In the absence of specific water quality standards or guidelines for
gully pot discharges, TSS guideline values for receiving waters were
reviewed as a way to benchmark gully pot effluent water quality (see
Table 3).

3. Results and discussion
3.1. Outputs from Model One

3.1.1. Scour-induced effluent TSS in relation to gully pot fullness levels

Fig. 1 presents the predicted scour-induced effluent TSS at different
gully pot fullness levels (ranging from 95% to 10%) for the 0-5-min and
subsequent 5-20 min outflows respectively. As could be envisaged,
higher gully pot fullness level leads to an increasing TSS discharge
concentration, ranging from a maximum of 152,539 mg/L (95% full-
ness) to a minimum of 4.6 mg/L (10% fullness; see Fig. 1). Sharp drops in
predicted TSS are also noticed with decreasing fullness levels with, for
example, a more than an eightfold drop of TSS occurring when the
fullness level falls from 95% to 90%. Declines of a similar magnitude can
also be found as the fullness level falls from 90% to 80% and from 80%
to 70%, indicating that emptying gully pots when <40% full would
achieve an effluent TSS concentration of less than the 25 mg/L guideline
value.

The simulation result is represented by two time steps (0-5 min and
the subsequent 5-20 min). A conspicuous feature when comparing the
simulated TSS by these two steps is that - when the gully pot fullness
level falls in between 80% and 50% - the TSS discharge concentration
predicted during the first time step is greater than that for associated
with the latter stage. However, when gully pot fullness level is > 90% or
<40%, an inverse relationship is displayed. The behaviour of a higher
TSS during the initial stage was also reported (Butler and Karunaratne
1995; Butler and Memon 1999). Butler and Karunaratne (1995) sug-
gested the development of a graded bed could potentially lead to the
observed behaviour. This mechanism involves the transport of runoff
through the sediment bed surface, with the associated turbulence
re-sorting particles to develop a ‘graded bed’, whereby particles become
ordered in a way that, given sufficient time, leads to the development of
a sediment bed surface which offers the least resistance to a horizontal
current. This ‘graded bed’ thus inhibits further erosion, though the
occurrence of this proposed mechanism has yet to be validated. In
contrast, Avila (2008) suggested that this same phenomenon could be a
result of a coupling effect between the development of ‘armouring layer’
and the depth of ‘overlying waters’. According to this study, the devel-
opment of an armouring layer (a function of elevated kinetic energy
associated with the inflow scour of fine sediments leaving a layer of
larger particulates on the bed surface which can prevent further basal
sediments entrainment) inhibits the scour process. In addition to the

Table 3
Summarised TSS guideline values for discharges into nature recipients.
Authority Name of Standard Adopted Guideline value Reference
year [mg/L]
European Union 2006/44/EC Freshwater Fisheries Directive (EU FFD) 2006" 25 European Union Freshwater
Fisheries Directive et al. (2006)
Gothenburg City Environment Environmental management guidelines and guideline values for 2013 25 Gothenburg City Environment
Management Group discharges of polluted water to recipients and stormwater system Management Group (2013)
_ B 1992 10 Quinn et al. (1992) b

@ Since European Union Water Framework EU Water Framework Directive, 2000/60/EC does not include guideline value for TSS (0.45 pm), the already-repealed

2006/44/EC Fish Directive is thus displayed here as a surrogate.

b Identified as an effect-based standard for comparison within this study. A TSS (pore size unspecified) of >10 mg/L in natural streams was reported to result in a

40% reduction in algal biomass.
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EU FFD

25 {4

1

IE IE 1E

95 %
H0-5min 127526 10707
=5-25 min 152539 18056

Effluent Suspended Solids Concentration [mg/L]

485

80 % 70 % 60 %
915 2186 794
1213 565

=[N

50 40% 30% 20%
363|191 | 111 | 7.0
345 244 189 155

10 %
4.6
13.3

Gully Pot Sand Trap Fullness Level

Fig. 1. Model One: effluent TSS by gully pot fullness levels, for both the first 5-min and subsequent 20-min outflows respectively. The displayed rainfall events are of
10-year return period with a duration time of 10-min. The guideline value of 25 mg/L by EU Freshwater Fisheries Directive (EU FFD) is also displayed here as

a benchmark.

formation of this ‘armouring layer’, increasing ‘overlying water depth’
also inhibits erosion by dampening the associated kinetic energy of the
plunging inflow containing “entrapped air” (Avila 2008).

However, neither suggested mechanism fully explains the results
seen when the gully pot is extremely full (95% and 90% full) or falls
below a 40% fullness level i.e. higher TSS during the latter 5-20 min

6-month
1-year
2-year
5-year
10-year
20-year
50-year

b 3-month

time interval. The current results also contradict the findings of Avila
(2008) which reported that the modelled TSS for the latter 20-min was
usually 40%-80% lower than that for the first 5 min. A possible expla-
nation for this apparent contradiction could be the extreme conditions in
the current study i.e. large inflow rate (max flow rate of 80 L/s for
simulations compared with 10 L/s in Avila (2008)), and the shallower

6-month
1-year
10-year

-
@
o
>

=3

o

—

Lo 3-month
2-year
5-year

20-year
50-year

10 mg/L < Effluent suspended solids concentration < 25 mg/L ('EU Freshwater Fish Directive)

Effluent suspended solids concentration > 25 mg/L

Key: = in absence of an environmental quality stranded for suspended solids, the guideline line value from the EU Freshwater

Fish Directive (revoked 2013) is used as a surrogate.

Fig. 2. Condition matrices for rainfall events with 10-min duration time under current rainfall conditions. Component A and component B present effluent TSS

concentration during 0-5-min and 5-25-min respectively.
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overlying water depth in this study (minimum overlying water depth of
5% for simulations compared with 9% in Avila (2008)). Under such
extreme conditions, 5-min may not be sufficient time for the formation
of either an ‘armouring layer’ or a ‘graded layer’. The high residual ki-
netic energy due to the large volume inflow, or the shallow overlying
water depth as a limited potential to dampen the inflow kinetic energy,
resulting in a comparatively greater level of turbulence in such sce-
narios. However, further empirical research is required to confirm this
hypothesis.

3.1.2. Synthesised condition matrices based on Model One predictions

Based on the output of Model One, Fig. 2 presents a set of condition
matrices pertaining to a range of return periods and gully pot fullness
levels which enable the combination of circumstances under which TSS
guideline values are expected to be exceeded in gully pot discharge flows
to be identified. In keeping with the Swedish stormwater design stan-
dard, these condition matrices were based on rainfall events with 10 min
duration time.

A key use of the above data is for timing of gully pot maintenance
operations to reduce scour-induced sediment outflow TSS. The condition
matrices imply a deterioration in effluent quality due to the sediment
scour when the gully pot reaches a comparatively high fullness level i.e.
60 %. These matrices can therefore be used for planning of gully pot
maintenance schedules from the perspective of local water body

Journal of Environmental Management 282 (2021) 111911

priorities. For example, if a greater importance is attached to the
receiving water quality (i.e. an emphasis placed on low TSS discharges),
the maintenance operations should be conducted more frequently to
minimise the chronic negative impact on recipients due to gully pot
sediment scour. However, under a no maintenance scenario, even a
marginal rainfall event of a 3-month return period could exceed relevant
guideline TSS values when gully pots reach 60% fullness.

The Model One well connects the scour-induced TSS discharge with
the fullness level of gully pots and hence the implementation of this
model can potentially inform and facilitate municipalities’ precaution-
ary approach to the maintenance of gully pots and how this could be
enhanced by integrating maintenance scheduling with weather forecast
systems.

3.1.3. Sensitivity to changes in the climatic input

Percentage change of scour-induced effluent TSS for future climate
scenarios (relative to the current climate) is presented in Fig. 3 for gully
pot fullness levels of 50% and 95%, respectively. Overall, the magnitude
of effluent TSS is expected to show an overall increase towards the end of
the 21st century due to the increasing rainfall intensities projected for
future periods.

Although the percentage changes for gully pots with 50% and 95%
fullness levels show a similar trend across climate scenarios, simulations
for the latter conditions generally display a higher percentage change
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Fig. 3. Relationship between different future climate scenarios and percentage change of effluent suspended solids concentration (relative to current climate),
assuming a gully pot fullness level of 50% (A) and 95% (B) respectively. As the rainfall intensities for each future climate scenario were given as max, median and min
values, the simulation results are also presented here as max, median and min values correspondingly.
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than those reported for the former conditions (see Fig. 3). Therefore,
regarding sediment scour, gully pots emptied reactively are predicted to
be a greater concern under future rainfall conditions in comparison to
gully pots emptied proactively. This indicates that a more stringent gully
pot maintenance strategy is needed to address the increasing magnitude
of sediment scour under future climates.

3.2. Outputs from model two

3.2.1. Effluent suspended solids concentration in relation to rainfall return
periods

Unlike Model One, Model Two does not consider gully pot fullness.
Fig. 4 (A) exhibits the modelled scour-induced effluent TSS for nine
rainfall return periods ranging from 3-months to a 100-year event, with
an event duration time of 10-min. The modelled effluent TSS exhibits a
positive relationship with rainfall return periods. Results indicate that,
even during a rainfall event of 10 min and a return period of 3-months,
the predicted TSS concentrations in the discharge will exceed the
guideline value of 25 mg/L. However, the assumption on which this
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model is based (an unlimited supply of basal sediments with a range of
characteristics) is unlikely to be satisfied in the field and therefore re-
sults should be treated with caution. For example, Fig. 4 (B) presents the
percentage of each particulate type (in terms of particulate size and
gravity) contributing to the total effluent TSS, for a simulated event with
10-year return period, and 10-min duration time. Particulates with an
SG of 1.1 and d of 63 pm account for nearly 50% of total effluent TSS,
corresponding to a value of approximately 6000 mg/L. However, par-
ticulates with a specific gravity of 1.1 account for a relatively low pro-
portion of particulates found in gully pots. Therefore, simply adding up
TSS for all particulate characterisations may lead to an overestimation of
the magnitude of sediment scour.

3.2.2. Synthesised condition matrices based on model two predictions
Instead of presenting outputs as a sum of all particulate character-
isations, Fig. 5 presents the condition matrices by rainfall return periods
and respective sediment characterisation based on simulations in Model
Two. Sediments with relatively lower specific gravity and smaller
diameter are more susceptible to scour. This is a concern from a water
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Effluent suspended solids concentration < 10 mg/L (Quinn et al., 1992)

10 mg/L < Effluent Suspended solids concentration < 25 mg/L ('EU Freshwater Fish Directive)

Effluent suspended solids concentration > 25 mg/L

Key: = in absence of an environmental quality stranded for suspended solids, the guideline line value from the EU Freshwater

Fish Directive (revoked 2013) is used as a surrogate.

Fig. 5. Model Two condition matrices for rainfall events with 5-min (A) and 10-min (B) duration time under current rainfall conditions.

quality point of view, as finer sediments adsorb a proportionally higher
pollutant loading (Lee et al., 1997), and their relatively greater mobility
poses a threat to recipients. Irrespective of the original design function
of gully pots (i.e. capturing of large debris), several studies e.g. Grottker
(1990) and Karlsson (2009) reported that particles < 100 pm could
account for up to 15% (by weight) of total sediments. A more recent
study by Adler (2020) reported approximately 50% (by weight) of gully
pots sediment were sized < 100 pm. Considering the number of gully
pots in urban catchments, the availability of fine sediment for scour
should not be overlooked.

The Model Two condition matrices indicate a coherent relationship
between rainfall return periods and sediment characterisations (i.e. the
greater susceptibility of lighter and smaller sediment to more intensive
rainfall events). Condition matrices can therefore be utilised to inform
measures to target the reduction of gully pot scour-induced sediments.
However, in practice this application would be highly dependent on: a)
whether regulators target specific urban pollutants, b) The under-
standing of interactions between targeted pollutants and sediments is
sufficient to inform practice. However, as the distribution of urban
pollutants typically shows a site-specific feature, the application of the
proposed condition matrices should also be based on site characteristics
as opposed to a solely holistic approach.

3.2.3. Sensitivity to changes in the climatic input

In Fig. 6, the percentage changes in scour-induced effluent TSS
relating to three sediment sizes are plotted in relation to six future
climate scenarios for a rainfall event with a 10-year return period and
100-year return period, respectively. The increasing rainfall intensities
for short-time extreme events projected for future climate scenarios will
enlarge the expected magnitude of effluent TSS of all three particle sizes.

The magnitude of scour-induced effluent TSS exhibited different
sensitivities to future climate scenarios in relation to the return period.

Simulations of rainfall events with a 10-year return period and 5 min
duration time principally exhibited a higher percentage change than
simulations using a 100-year return period and 5 min duration time
rainfall events. Variations in relation to different particle sizes were also
were noted. For example, up to twice the amount of <110 pm-particles
(specific gravity of 2.35) are expected to be scoured during a 10-year
return period and 5 min duration time rainfall event under the
“2071-2100 rcp 8.5” scenario, relative to that of current rainfall con-
ditions. Whilst, the percentage change for <63 pm-particles exhibited a
comparatively smaller change (up to 50%) during a 10-year return
period and 5 min duration time rainfall event for the same future climate
scenario.

3.3. Comparisons between Model One and model two

Applying both models to the same dataset yielded markedly different
results with the minimum and maximum values generated by Model One
exceeding those generated by Model Two by two orders of magnitude.
Such noticeable differences (summarised in Table 4) in outputs from
these two models originate from their distinct identification of con-
trolling factors within a scour process. For example, Avila (2008)
empirically identified the significance of overlying water depth and
inflow rate and concluded that (though both factors are inherent in the
proposed regression model) particle size in combination with specific
gravity was a relatively less important factors. By contrast, Howard et al.
(2012) empirically identified the energy consumed to overcome sedi-
ment settling and the energy introduced by plunging water as key in-
dicators of scour rate. Consequently, the differing bases for model
development lead to the divergent outputs of these two models. Another
factor which may contribute to the differences in output is the initial
basal sediment conditions established for the respective physical ex-
periments from which these two models were established. In contrast to
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Fig. 6. Relationship between different
future climate scenarios and percentage
change of effluent suspended solids concen-
tration (relative to current climate) by par-
ticle sizes, for rainfall of 10-year return
period (A) and 100-year return period (B)
respectively. Sediments are assumed with a
specific gravity of 2.35. As the rainfall in-
tensities for each future climate scenario
were given as max, median and min values,
the simulation results are also presented
here as max, median and min values
correspondingly.
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Table 4
Summarised predicted min and max effluent TSS from two models, for rainfall
event of 10-year return period and 10 min duration time.

Min effluent TSS [mg/L] Max effluent TSS [mg/L]

163123
5893 (SG = 1.1, dg = 63 pm)

Model One 3.8
Model Two 0.014 (SG = 2.65, ds = 160 pm)

the heterogeneous sediment composites adopted by Avila (2008),
Howard et al. (2012) adopted sediment composites with a single size
range. Hence, the ‘armouring layer’ effect may not be included in model
two.

Comparison of the condition matrices developed from each model
(see Figs. 2 and 5), indicate two distinct potential applications on
adoption by practitioners. Model One highlights the role of gully pot
fullness level in sediment scour processes, and can inform the magnitude
of scour under different gully pot maintenance conditions. Model Two,
by contrast, emphasises the characterisation (i.e. particle size and spe-
cific gravity) of sediments which can potentially be adopted at the gully
pot dimensioning stage. The utility of both models, however, relies on
the development of regulations on gully pots discharges.

3.4. Challenges and future

Whilst the role of models is valuable for understanding and quanti-
fying gully pot sediment scour, this study shows limitations for their
application by practitioners. The following sections summarise the key
challenges faced and ways in which these could be addressed in future
studies.

3.4.1. Role of particulate characteristics and supply

One of the main assumptions for Model Twooncerns the SG values
allocated to sediment particles. The SG allocated to gully pot basal
sediments in most studies is a value of approximately 2.65 (e.g., Butler
and Karunaratne 1995; Howard et al., 2012), equivalent to the specific
gravity of quartz. Research undertaken by Avila (2008) identified min-
imum and maximum SGs of 1.5 and 2.5 respectively, for gully pot basal
sediments. An empirical study by Butler et al. (1992) identified the SG of
sediments in urban runoff as ranging from 1.89 to 2.78 (mean 2.35),
without a clear correlation between SG and sediment size. Another
empirical study by Karamalegos et al. (2005) suggested that the SG of
particles in urban runoff ranges from 1.1 to 2.65, with the majority of
values ranging from 1.4 to 1.8. In this study, four SG values were
selected to cover the range of values identified in the literature.

The second assumption concerns the estimation of sediment settling
velocity. Using the equation proposed by Cheng (1997), both the par-
ticle SG and particle size are required. However, the size range reported
for in-pot deposited sediments varies considerably within the literatures
(see in Table 5), with a strong site-by-site attribute. In this study, the
conclusion from a study by Butler and Memon (1999) (that only

Table 5
Concluded gully pot basal sediment size characterisations from literatures.
dyo [pm] dsp [pm] dgo [pm]

Pratt et al. (1987) 120 200 /
Grottker (1990) 80 1000+ /
Deletic et al. (2000) (Site 1) 120 3000 8000
Deletic et al. (2000) (Site 2) 80 200 4000
Karlsson (2009) 63 / /
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sediment < 160 pm has the potential of being scoured) was used.
However, this finding was developed based on the sediment settling
velocity, which is a simplification of the scour process. The in-pot
sediment scour involves a wide range of interacting processes
including shear stress and high momentum transfer in any direction
(Avila 2008). Accordingly, in future work, a more detailed approach
should be developed to determine a particle’s potential of being scoured.

Both Model One and Model Two assume an unlimited supply of basal
sediment irrespective of the sediment characterisation, as a widely
accepted simplification for modelling. The concept of basal sediment
exhaustion was defined as an “unavailability of suitable material for
release” by Fletcher (1981) with this definition revised by Butler and
Karunaratne (1995) to “the size of material on the bed surface is suitable
for release”, and “how the particles are arranged on the bed surface is
suitable for release”. The corresponding mechanisms e.g. ‘armouring
layer’ by Avila (2008) and Butler and Karunaratne’s (1995) ‘graded bed’
illustrated these two definitions, respectively. In either case, the pro-
cesses can lead to an inhibition of scour indicating that there is no
available suitable material for release at a certain time point, given a
critical condition.

3.4.2. Model structure

Both models were established through a set of full-scale physical
experiments in which the tested gully pot followed the ‘optimal gully pot
design’ put forward by Lager et al. (1977). This optimal design was put
forward as achieving the best sediment trap efficiency at the lowest
manufacturing cost. To avoid the potential unfitness, the tested gully pot
in this study was therefore assumed as have an ‘optimal gully pot
design’.

The second intrinsic limitation concerns the simplified inlet structure
of gully pots. The physical experiments where these two models were
established either adopted a curb-opening or a pipe entry as an inlet to
the tested gully pot. Nevertheless, the curb-opening and pipe entry inlet
structure only account for a small fraction of all the existing inlet de-
signs. More regularly, inlet designs such as grated inlet of various con-
figurations are found in Europe. Whether these two developed models
are capable of handling gully pot of various inlet structures awaits
further investigations as well.

3.5. Future perspective

In terms of managing the potential risks associated with gully pot
basal sediment scour, the absence of legislation/guidelines makes it
difficult to gain the attention of stormwater managers already struggling
to address, for example, EU WFD compliance requirements. However,
data on the scour-induced TSS discharged from gully pots under current
and future scenarios suggest that the impact of the simultaneous
discharge of multiple gully pots should not be overlooked. The available
recommended/guideline values provided by i.e. the EU FFD and
regionally (e.g. Gothenburg city) were established to reduce ecological
impacts on recipient ecosystems. However, research by Bilotta et al.
(2012) reported that the mean background TSS (0.7 pm) (without
specifying the weather conditions when background TSS were gathered)
in more than 78% of studied recipients is < 12.5 mg/L. This suggests
that the current guideline value of 25 mg/L may not be sufficiently
stringent, and could lead to a deteriorating ecosystem.

A guideline value for recipient TSS has been absent at a European
directive level since the repeal of EU FFD. In comparison with the
increasingly stringent water quality standards for many other pollutants,
the omission of suspended solids from the EU WFD is surprising. A
fitness check of the 20-year-old EU WEFD is currently on-going, and it is
highly recommended that any future revisions should include a TSS
standard for receiving water bodies. Meanwhile, the development of a
new protocol which includes the effluent TSS as one of the performance
criteria for gully pots should be considered.
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4. Conclusions and recommendations

The increasingly frequent wet weather extremes, combined with lack
of routine maintenance of gully pots, are expected to intensify the scour
of previously-deposited sediments. Depending on catchment conditions,
these scoured sediments may carry a substantial pollutant load, and thus
pose a risk to receiving water ecology, contributing to EU WFD failure.
Two models developed to quantify sediment scour were critically tested
under a wide range of scenarios including current and potential future
rainfall conditions.

Simulations with both models consistently exhibited a positive cor-
relation between the scour rate and rainfall return periods, confirming
the role of rainfall intensity in scour processes. Outputs from both
models were not consistent despite the same set of inputs. Additional
field measurements are needed to validate/reject either scour-induced
effluent TSS prediction model, with differences in model outputs
attributed to their differing respective competences. Model One pri-
marily drew on gully pot fullness level in determining the scour rate. In
contrast, Model Two focused on the role of particle characteristics (i.e.
SG and diameter) in predicting scouring behaviour. Simulations with
Model One suggested a critical condition (fullness level of 60%) for gully
pot maintenance as the risk of scour is expected to be substantially
lowered under this fullness level. This is especially important as the
reactive maintenance of gully pots is predicted to be more affected under
potential future rainfall conditions. Model Two, in comparison, can
inform the dimensioning gully pots to increase resistance against the
scour of sediments of certain characterisations. The strategic priorities of
local authorities, as well as regulatory drivers of regulations and prac-
titioners’ priorities, can hence inform model selection. Above all, the
conservation objectives of the recipient water bodies can play a decisive
role in evidencing the need for optimising the gully pot maintenance
regime.

Given the identified limitations in this study, the applicability of both
models to gully pots which do not conform the ‘optimal design’ needs to
be further investigated. Further, the development of a new protocol for
gully pot performance evaluation which includes the assessment of
effluent suspended solids concentration is recommended.
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