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Abstract: Storm drainage inlets transport urban runoff and discharge to underground sewer systems.
If the inlet structure is blocked, the urban drainage system is hampered, leading to urban flooding.
To quantitatively analyze the influence of clogging conditions on inlet discharge capacity, laboratory
experiments were conducted to address the impact of different inlet clogging conditions on inlet
discharge capacity under different upstream discharge conditions. These were based on a two-layer
platform that mimicked a complete inlet structure including a drainage grate, a rainwater well,
and a connecting pipe. The results show that the water flow near the inlet was similar to weir
flow when the rainwater well was not full, whereas the water flow state near the inlet behaved
similarly to orifice flow after becoming full. In addition, it was found that the clogging extent and
position can significantly influence the comprehensive discharge capacity of the street inlet. The
experimental dataset was used to calculate the inlet discharge coefficients of the weir and orifice
flow states under different clogging conditions. The results are applicable to research addressing the
formation mechanisms of urban floods. Additionally, this study is of practical significance for early
warning systems and emergency response support during heavy rainfall.

Keywords: inlet clogging; discharge capacity; scale storm drainage experiment; urban flooding

1. Introduction

Urban inundation due to rapid urbanization and climate change is a serious problem
for many cities worldwide, which affects human life and property [1–8]. In urban areas,
storm drainage systems are designed to reduce the damage caused by heavy storm events
and alleviate urban flooding [9–11]. Moreover, storm inlets are an important part of the
urban drainage system, as they control the amount of water conveyed from the ground
surface to the drainage system [12]. The increased worldwide flood events in recent
years have attracted the attention of many scholars seeking to understand the urban
drainage process.

This interest has led to several studies describing the hydraulic performance and
discharge capacity of different inlet types [13–18]. Lee et al. [13] performed scaled experi-
ments to measure the inlet discharge coefficients of weirs and orifices into storm drains.
Leandro et al. [14] and Martins et al. [16] studied the hydrodynamic effects of flows in
gullies and proposed drainage flow coefficients. However, the hydraulic behavior of the
storm drainage system could be affected by clogging, which is caused by surface runoff
carrying leaves, plastic bags, and other debris during heavy rainfall events [19]. This is a
notable cause of urban flooding [12,20,21].

Currently, the clogging impact of inlets’ hydraulic capacity is often overlooked in
urban flood analysis. Taking clogging conditions into account, municipalities and some
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researchers suggest a constant reduction factor of inlet capacity. Municipalities propose
an inlet capacity reduction factor of 50% and 25% for clogging conditions in the USA and
Italy, respectively [22,23]. While Guo [24] suggests reducing inlet sizes, Almedeij et al. [25]
suggest a reduction factor of 50% for inlets located in low-lying terrain. Gómez et al. [26]
measured grated inlets throughout the urban catchment system in Barcelona and found
that clogging can reduce 26.5–67.4% of inlet capacity based on a one-year visual inspection.
This highlights the importance of clogging impact on inlet hydraulic behavior. To date, few
studies have carried out laboratory tests to systematically research the clogging impact
on inlet discharge capacity. In addition, most previous studies [13–18] mainly adopted
drainage grates to explore the inlet discharge capacity. Thus, it is necessary to carry out
an experimental study to explore the clogging impact on discharge capacity, which can
accurately describe inlet discharge characteristics under different clogging conditions.
Moreover, the experimental results can be applied to flood models to improve drainage
system planning in urban areas.

This paper adopted a scale experiment to explore the clogging impact on inlet capacity
based on a two-layer platform. In view of the inlet structure in real urban areas, this
experiment utilized a complete side-ditch inlet structure primarily used for paved areas
with curbs. In addition, the complete inlet structure consisted of a drainage grate, a
rainwater well, and a connecting pipe. A series of experiments were performed in a specific
laboratory flume based on different clogging conditions. Considering these conditions,
experimental data can identify proper discharge coefficients, which can be adopted in a
numerical model. Moreover, this study also discusses the impact of the inlet structure and
different clogging conditions on inlet discharge capacity.

2. Materials and Methods
2.1. Experimental Facility

A scale model was constructed to determine discharge coefficients that can be applied
for urban inundation modeling. The experimental scale was assumed to be 1/3, which
showed a ratio between the real scale and experimental scale based on the similarity law
of Froude, as shown in Table 1. The experimental facility is shown in Figure 1 which
illustrates the ground surface and storm drainage parts. Figure 1a shows the overall view
of the experimental setup, and Figure 1b,c show the side and plan views of the flume.
The experimental size of the upper ground surface section was approximately 9.6 m long
and 2.4 m wide, as shown in Figure 1d. The slope of the upper section was 1.5% from
upstream to downstream. A basin located on the upstream side of the upper section was
used to generate surface runoff. In addition, the experimental facility included an energy
dissipation device. These structures can enable smooth upstream runoff flow into the
ground surface. Furthermore, a basin located downstream of the flume was used to store
surface runoff, including surface water drained through the drainage grate and surface
water that was not collected. The lower storm drain included a complete inlet structure
and a V-shaped weir. The drainage grate occupied approximately one-third of the flume
and was 0.25 m × 0.15 m in size. Figure 2a,b show the inlet structure and the size of the
adopted drainage grate. The thickness of the inlet type was approximately 0.023 m. The
rainwater well, which was 0.15 m × 0.25 m × 0.3 m, was below the drainage grate, and the
connecting pipe was located on the side of the rainwater well, which was 0.5 m long and
0.1 m wide.

Table 1. Ratio between real scale and experimental scale.

Index Ratio

Length 1/3
Velocity 1/1.732

Discharge 1/15.588
Roughness coefficient 1/1.201
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Figure 2. Inlet structure under different clogging conditions.

To evaluate the inlet discharge capacity by taking different clogging conditions into
account, a series of experiments were performed under the different clogging conditions
listed in Table 2. In this experiment, three different clogging conditions were used to
determine the discharge coefficient, as shown in Figure 2c–e, where the clogging extent is
determined by the ratio of clogging area to total area. There were two different clogging
extents (0.25 and 0.50) and clogging positions. The clogging quarter condition was the
quarter clogging extent of the grate, as shown in Figure 2c. The clogging right-half condition
was the half clogging extent of the grate, as shown in Figure 2d, where the clogging position
was parallel with the direction of the upstream flow. The clogging away-half condition was
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the half clogging extent of the grate, as shown in Figure 2e, where the clogging position
was not parallel with the direction of the upstream flow.

Table 2. Incoming critical state water depth under different clogging conditions.

Clogging Conditions Clogging Extent Direction to Flow

No clogging 0 /
Clogging quarter 0.25 /

Clogging right-half 0.5 Parallel
Clogging away-half 0.5 Not parallel

2.2. Measurement and Instrumentation

The upstream inflow smoothly discharged into the ground surface, which was dissi-
pated by the upstream basin and energy dissipation device. The upstream basin inflow
discharges were controlled by the degree of valve opening and were measured using an
electromagnetic flowmeter installed in the intake pipe, as shown in Figure 1. The maxi-
mum permissible error of the adopted electromagnetic flowmeter was ±0.5%. For each
experiment, the upstream inflow source was adjusted by the degree of valve opening
to obtain a certain discharge. A test was carried out until a steady-state flow condition
was reached. In the process, upstream discharges were recorded 3–5 times, and then the
average discharge was applied to later experimental analysis. In the upper flume, water
depths were measured by a needle water level gauge and a ruler attached outside the
flume, and the values were recorded 3–5 times by two individuals. Similarly, the average
value was applied to later experimental analysis. The surface velocities were measured by
the LGY-III multifunctional intelligent velocity instrument, and the measurement position
was approximately 0.2 times the water depth below the surface. Each point velocity was
automatically and continuously measured three times, with 10 s for each measurement
time. Velocity and water depths were measured at strategic locations, shown as black
points (no. (1–13)) in Figure 1d. The inlet drainage discharges were measured using the
V-shaped weir, having a measurement error within ±1.4%. The excess surface runoff,
which was not collected by the drainage inlet, flowed directly downstream of the flume
and entered the downstream basin.

Under four different clogging conditions, the upstream inflow was increased in the
range of 0–20 L/s. For each clogging condition, this study considered approximately
35 groups of different upstream inflow conditions. Approximately 140 groups of experi-
ments were performed in total.

3. Experimental Results
3.1. Experimental Phenomena

When taking different clogging conditions into account during the experimental
process, the experimental phenomena appeared to be very similar. The upper surface water
depth increased as the upstream inflow increased. Moreover, the surface runoff patterns
into the inlet can be divided into non-submerged (weir) and submerged (orifice) types
as the surface water depth changes based on previous studies [13–18]. The experimental
phenomena can be described as follows:

1. When the surface water depth was shallow, the flow state of the water near the inlet
was similar to the weir flow. Here, the outflow discharge of the connecting pipe was
almost the drainage discharge of the grate. Less water was stored in the rainwater well,
and the water level in the rainwater well was below the grate, as shown in Figure 3a.

2. Subsequently, when the water depth of the upper flume increased, the water in the
rainwater well gradually increased, and a small water spiral began to appear around
the grate. The rate of increase in the connecting pipe outflow discharge was less than
that of the grate drainage discharge. The water level in the rainwater well was still
below the grate, as shown in Figure 3b.
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3. With the increase in water depth, the drainage grate was submerged by water flow,
where a vortex flow could be clearly observed. In addition, the vortex flow was
discontinuous and contained bubbles. In this moment, the rainwater well reached a
critical flow state.

4. As the water depth continued to increase, the rainwater well was filled completely.
At this point, the rate of increase in the grate drainage discharge was reduced due to
the effect of the connecting pipes. In addition, the flow state of water draining into
the inlet resembled an orifice flow, as shown in Figure 3c.
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Moreover, there were few differences in the drainage discharge under different clog-
ging conditions when the upstream inflow was small. With the increase in upstream inflow,
the inlet discharge capacity clearly decreased with the increase in clogging extent, and the
inlet clogging position could have also influenced the discharge capacity of the inlet.

3.2. Analysis of Experimental Results

In the experiments of this study, four different clogging conditions were assessed, and
the Supplementary Materials shows the different experimental conditions and results for
which each clogging condition. In addition, this study used an experimental dataset to plot
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the relationships between the incoming water depth and discharge capacity of the inlet,
and the upstream discharge and discharge capacity of the inlet, as shown in Figure 4a,b,
respectively.

Water 2021, 13, x FOR PEER REVIEW 7 of 13 
 

 

In this study, the critical flow state is defined as the approximately critical point from 
weir flow to orifice flow. Figure 4a shows the approximate location of the critical flow 
state as a dotted line under different clogging conditions. Moreover, the approximate wa-
ter depth values of the critical flow state were estimated, as shown in Table 3. Combined 
with these data, this result shows that the incoming water depth of the critical flow state 
gradually increased with the increase in clogging extent. Moreover, when the clogging 
position was away-half, the critical flow state water depth was higher than that when the 
clogging position was right-half. 

The experimental points from Figure 4b, combined with the above-mentioned exper-
imental phenomena, demonstrate that the rainwater well was not full when the water 
reached the weir flow state, and the inlet discharge capacity slightly decreased with the 
increase in clogging extent. When the clogging position was right-half, the inlet discharge 
capacity was slightly greater than that when the clogging position was away-half. The 
rainwater well was almost full when the water reached the orifice flow state, and the inlet 
discharge capacity clearly decreased with the increase in clogging extent. When the clog-
ging position was right-half, the inlet discharge capacity was clearly greater than that 
when the clogging position was away-half. The above phenomenon is consistent with the 
experimental phenomenon. 

 
Figure 4. (a) Relationships between incoming water depth and inlet discharge capacity under different clogging condi-
tions; (b) Relationships between upstream discharge and inlet discharge capacity under different clogging conditions. 

 

Figure 4. (a) Relationships between incoming water depth and inlet discharge capacity under different clogging conditions;
(b) Relationships between upstream discharge and inlet discharge capacity under different clogging conditions.

As shown in Figure 4, for each experiment conducted under different clogging condi-
tions, the inlet discharge capacity showed two periods of clearly increasing trends with
increasing upstream discharge or incoming water depth. From these experimental points
in Figure 4a, it is clear that the variation rate of the inlet discharge capacity is high, with
increasing incoming water depth when the incoming water depth is shallow. In this pro-
cess, the upper water flows into the rainwater well in a weir flow pattern. When the
rainwater well was filled completely, the flow pattern changed from a weir condition to
an orifice condition. Moreover, the variation rate is relatively smooth when the incoming
water is deep. In this process, the upper water flows into the rainwater well in an orifice
flow pattern.

In this study, the critical flow state is defined as the approximately critical point from
weir flow to orifice flow. Figure 4a shows the approximate location of the critical flow state
as a dotted line under different clogging conditions. Moreover, the approximate water
depth values of the critical flow state were estimated, as shown in Table 3. Combined
with these data, this result shows that the incoming water depth of the critical flow state
gradually increased with the increase in clogging extent. Moreover, when the clogging
position was away-half, the critical flow state water depth was higher than that when the
clogging position was right-half.
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Table 3. Incoming critical state water depth under different clogging conditions.

Clogging Conditions Clogging Extent Direction to Flow Incoming Water
Depth (m)

No clogging 0 / 0.053
Clogging quarter 0.25 / 0.065

Clogging right-half 0.5 Parallel 0.070
Clogging away-half 0.5 Not parallel 0.072

The experimental points from Figure 4b, combined with the above-mentioned experi-
mental phenomena, demonstrate that the rainwater well was not full when the water reached
the weir flow state, and the inlet discharge capacity slightly decreased with the increase in
clogging extent. When the clogging position was right-half, the inlet discharge capacity was
slightly greater than that when the clogging position was away-half. The rainwater well was
almost full when the water reached the orifice flow state, and the inlet discharge capacity
clearly decreased with the increase in clogging extent. When the clogging position was right-
half, the inlet discharge capacity was clearly greater than that when the clogging position was
away-half. The above phenomenon is consistent with the experimental phenomenon.

In this study, a scale experiment was performed to study the inlet discharge capacity
under different clogging conditions. Comparing the inlet drainage process under different
clogging conditions, this study found that the incoming water depth increased as the
clogging extent increased. When the clogging position was right-half, the water depth
of the critical flow state was higher than that when the clogging position was away-
half. Moreover, the discharge capacity decreased with an increase in the clogging extent.
Moreover, under the same clogging extent, when the clogging position was right-half, the
discharge capacity was greater than that when the clogging position was away-half.

3.3. Discharge Coefficient Analysis under Different Clogging Extents of Inlet

As the upstream inflow changes, the surface runoff patterns into the inlet can be
divided into non-submerged (weir) and submerged (orifice) types, as shown in Figure 5.
Surface runoff can freefall into the rainwater well along the grate boundary. This drainage
process can be similar to the weir flow state. However, when the upstream inflow is large,
the rainwater well is completely submerged. The connecting pipe affects the inlet drainage
process, and the inlet drainage process is considered to reflect the orifice flow state.
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When the upstream discharge is small and the incoming water depth is shallow, the
weir formula can be used to calculate the inlet discharge through the storm drains. The
weir formula is expressed as (1):

Q = CwP
√

2gH1.5 (1)

where Q is the inlet discharge (m3/s); Cw is the discharge coefficient for the weir; P is
the wetted perimeter (m), and the wetted perimeter adopts the same values to simplify
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the calculation when taking each clogging condition into account. H is the total head
approximately 30 cm before the grate, H= h+ v2

2g , and g is the acceleration of gravity (m/s2).
When the upstream flow is high and the incoming water depth is deep, the orifice

formula can be used to calculate the inlet discharge through the storm drains. The orifice
formula is expressed as (2):

Q = Co As
√

2gH1 (2)

where H1 is the total head between the free water surface and the center of the connect-
ing pipe approximately 30 cm before the grate (m), H1= h + D+ v2

2g ; Co is the discharge

coefficient for the orifice, and As is the cross-sectional area of the connecting pipe (m2).
The experimental datasets are used to calculate the inlet discharge coefficients of the

weir and orifice flow states under different clogging conditions. Based on the weir and
orifice equation, the formula can be transformed as follows:

Cw =
Q

P
√

2gH1.5
(3)

Co =
Q

As
√

2gH1
(4)

From the two formulas, it can be found that the weir and orifice discharge coefficients
were the function of ∂Q/∂(H1.5) and ∂Q/∂(H1

0.5). Considering the different storm inlet
clogging conditions, the discharge coefficients of weir and orifice flow patterns were
calculated based on fitting the curve of Q − H1.5 and Q − H1

0.5, respectively. Moreover,
the calculation results of these discharge coefficients are shown in Table 4. From Table 4, it
is evident that the discharge coefficient is significantly different under different clogging
conditions. The discharge coefficients of the orifice flow state decrease with an increase
in the clogging extent. In addition, when the clogging position is right-half, the discharge
coefficients of the orifice flow state are higher than when the clogging position is away-half.
The variation trend of the orifice discharge coefficient is essentially consistent with the inlet
discharge capacity under different clogging conditions. Furthermore, the variation trend
of the discharge coefficients under the weir flow state is the same as the orifice flow state;
however, there is a marginal difference under different clogging conditions.

Table 4. Discharge coefficients of weir and orifice flow under different clogging extents of inlet.

Clogging Conditions Clogging Extent Direction to Flow Cw Co

No clogging 0 / 0.051 1.262
Clogging quarter 0.25 / 0.049 0.922

Clogging right-half 0.5 Parallel 0.048 0.770
Clogging away-half 0.5 Not parallel 0.045 0.695

4. Discussion
4.1. Effect of the Inlet Structure

Numerous studies have been conducted on storm drain grate inlet discharge capacities.
In this study, the testing adopted a complete inlet structure. Unlike previous studies, this
experiment added the inlet structure of the rainwater well and the connecting pipe. Based
on the mentioned phenomenon in Section 3.1, the rainwater well and the connecting pipe
can affect the inlet drainage process. The connecting pipe obstructs the inlet drainage
process, especially when the rainwater well is filled completely. In actual road surface
runoff processes, the runoff is collected by the grate and then drained into the rainwater
well and the connecting pipe, which transports the water to the main pipeline. The
experiment considered the obstruction effect of the rainwater well and the connecting pipe,
which more accurately represented the actual process.
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Moreover, previous studies adopted the incoming water depth (H) and the width of
the grate (b) to determine weir and orifice flow. These studies suggested that H/b is a
criterion that can divide weir and orifice flow. The H/b values are shown in Table 5 under
different clogging conditions; these differed from the H/b values determined in previous
studies [27]. Therefore, the previous research criterion cannot effectively determine the
inlet drainage patterns.

Table 5. Incoming critical state water depth under different clogging conditions.

Clogging Conditions Clogging Extent Direction to
Flow

H/b in This
Study

H/b by
Chanson

No clogging 0 / 0.356

0.43–0.51
Clogging quarter 0.25 / 0.433

Clogging right-half 0.5 Parallel 0.473
Clogging away-half 0.5 Not parallel 0.580

4.2. Effect of the Inlet Clogging Condition
4.2.1. Effect of the Inlet Clogging Condition on Discharge Capacity

When the incoming water depth is shallow, the outflow discharge of the connecting
pipe is almost equal to the drainage discharge of the grate. The inlet discharge capacity
slightly decreases with an increase in clogging extent. This is due to the decreasing wetted
perimeters as the degree of clogging increases. Under the same clogging extent, the inlet
discharge capacity when clogging right-half is slightly greater than that when clogging
away-half. This is because the direction of the upstream inflow is consistent with the
direction of the grate. Meanwhile, this variation trend is marginal when the upstream
inflow is low. As the upstream inflow discharge increases, this variation trend is clearer.

Figure 6 shows a comparison of inlet discharge capacity under different clogging
conditions. From this figure, it can be seen that different clogging conditions significantly
influence the discharge capacity of the street inlet. The intersection point of the lines is
the inlet discharge capacity in this condition, based on an incoming water depth of 0.3 m.
When the clogging extent is 0.25, the inlet discharge coefficient is reduced to ~73% of the
no-clogging state. When the clogging position is the right-half and away-half, the inlet
discharge capacity is reduced to ~61% and ~55%, respectively, of the no-clogging state.
Thus, the clogging extent and the clogging position significantly influence the discharge
capacity of the inlet, and the clogging extent has a greater impact on the inlet discharge
capacity compared to the clogging position.
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4.2.2. Effect of the Inlet Clogging Condition on Discharge Coefficients

Based on the discharge coefficients shown in Table 4, the extent of the clogging and
the clogging position significantly influenced the discharge coefficients of the street inlets.
Meanwhile, when the water reached the orifice flow state, this research compared the
discharge coefficients under different clogging conditions. When the clogging extent was
0.25, the inlet discharge coefficients was reduced to ~73% of the no-clogging state. When
the clogging position was the right-half, the inlet discharge capacity was reduced to ~61%
of the no-clogging state. When the clogging position was the away-half, the inlet discharge
capacity was reduced to ~55% of the no-clogging state. This shows that previous studies
are limited, owing to the adoption of a fixed clogging coefficient to represent the decreasing
degree of inlet discharge capacity, or the method of decreasing inlet sizes to represent the
degree of clogging.

The variation in discharge coefficients agrees with that of the discharge capacity under
different clogging conditions. The analysis of discharge coefficients is similar to the inlet
discharge capacity under different conditions. This can be summarized as follows: (1) the
inlet discharge coefficients decrease with an increase in the clogging extent; (2) when
the clogging position of the grate is parallel to the direction of the upstream inflow, the
discharge coefficients are higher than that when clogging is unparallel to the direction of
the upstream inflow.

5. Conclusions

The impact of different clogging conditions on inlet capacity in urban environments
has been described and discussed using a series of experiments in a scale experimental
flume, including the upper surface part and the lower storm drain part. In addition, this
study adopted a complete inlet structure consisting of a drainage grate, a rainwater well,
and a connecting pipe. A detailed description of experimental phenomena and relevant
experimental analysis are presented, and the inlet discharge coefficients are calculated by
taking different clogging conditions into account.

The flow pattern through the inlet changes significantly, increasing in the upstream
incoming water depth and changing from a weir condition to an orifice condition. The
experimental setup described in this paper adopted a complete inlet structure, unlike
previous studies. The experimental phenomena show that the rainwater well and the
connecting pipe can affect the inlet drainage. The study results show that the clogging
extent and the clogging position have a significant influence on the discharge capacity of the
street inlet, and the clogging extent has a greater impact on the inlet discharge capacity than
the clogging position. Moreover, it also shows that the inlet discharge capacity decreases
when the incoming water depth is high. Once blockage of the inlet structures occurs, the
inlet discharge capacity further decreases. This process increases urban flood risk. It is of
great practical significance to study the evolutionary mechanism of urban flooding and
early warning indicators. Furthermore, based on the weir and orifice equation, both the
weir and orifice discharge coefficients were calculated under different clogging conditions.
The experimental setup described in this paper is scale designed by the reference of inlets
(16S518) in China, and the inlet discharge coefficients are calculated in the above Section 3.3
based on the real scale dataset transformed from the physical model scale dataset. It is
therefore of great practical significance for this to be applied to numerical models and to
protect against and alleviate the impacts of urban flooding-based clogging patterns.
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