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Abstract: Swales are widely used Sustainable Urban Drainage Systems (SuDS) that can reduce
peak flow, collect and retain water and improve groundwater recharge. Most previous research
has focused on the unsaturated infiltration rates of swales without considering the variation in
infiltration rates under extreme climate events, such as multiple stormwater events after a long
drought period. Therefore, fieldwork was carried out to collect hydraulic data of three swales
under drought conditions followed by high precipitation. For this simulation, a new full-scale
infiltration method was used to simulate five rainfall events filling up the total storage volume of
the swales under drought conditions. The results were then compared to earlier research under
regular circumstances. The results of this study show that three swales situated in the same street
show a variation in initial infiltration capacity of 1.6 to 11.9 m/d and show higher infiltration rates
under drought conditions. The saturated infiltration rate is up to a factor 4 lower than the initial
unsaturated rate with a minimal rate of 0.5 m/d, close to the minimum required infiltration rate.
Significant spatial and time variable infiltration rates are also found at similar research locations with
multiple green infrastructures in close range. If the unsaturated infiltration capacity is used as the
design input for computer models, the infiltration capacity may be significantly overestimated. The
innovative method and the results of this study should help stormwater managers to test, model,
plan and schedule maintenance requirements with more confidence, so that they will continue to
perform satisfactorily over their intended design lifespan.

Keywords: infiltration of stormwater; green infrastructure; nature-based solutions; bioretention;
hydrologic performance; full-scale testing; drought

1. Introduction

Urbanisation and climate change effect the water balance in our cities, resulting in
challenges such as flooding, droughts and heat stress. The development and urbanization
of watersheds increases impervious land cover and leads to an increase in stormwater
runoff volume [1,2]. Stormwater management has shifted to include techniques that reduce
runoff volumes and improve runoff water quality in addition to reducing the peak flow
rate. Sustainable Urban Drainage System (SuDS), green infrastructure (GI), nature-based
solutions (NBS) and bio-retention practices are typically designed to reduce runoff through
infiltration and have been used for decades globally to provide infrastructure conveyance
and water quality treatment [2–4]. Swales are typical landscape surface-drainage system
vegetated (generally grass-lined) channels that receive stormwater runoff through gentle
side-slopes and convey this stormwater downstream by way of longitudinal slopes [4–7].
Water quality treatment in a swale occurs through the process of sedimentation, filtration,
infiltration and biological and chemical interactions with the soil. Swales have been
shown to be very efficient in removing sediment particles from urban runoff [8–10]. The
embankment slopes of swales can provide a bonus for volume retention, which in turn is

Water 2022, 14, 840. https://doi.org/10.3390/w14060840 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w14060840
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-1434-4838
https://doi.org/10.3390/w14060840
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14060840?type=check_update&version=3


Water 2022, 14, 840 2 of 14

positively impacted by the infiltration capacity of the filter media, soil moisture deficit, and
side-slope length [11–14]. The type of vegetation, such as deep-rooted grass species and
proliferation of root and earthworm channels, also improve infiltration [15–17]. Regarding
soil composition in general, bioswales are composed of loamy sands, loams, or sandy
loams resulting in variation in the infiltration rates of bio-swales and bio filters [14,16].
Several studies show that the performance of swales and sustainable urban drainage
systems in general can be influenced by (human) failures in the design, implementation and
maintenance of swales [4,18,19]. Besides these factors, there is a general consensus on the
increase in extreme events in Europe in the 21st century [20–22], fostered by a temperature
rise in the context of global warming that will affect the performance of green infrastructure.
Drought impacts recorded in the recent past in Europe [23–25] will become more substantial
in the future, making the identification of areas where droughts are projected to become
more frequent and severe an important subject. In many European countries, the year 2018
broke drought records, with growing concerns in The Netherlands [26,27] after a 2-month
period of no rain. The dry visual state of green infrastructure (Figure 1) in 2018 compared
to 2017 raised many questions from Dutch municipalities and water authorities on the
efficiency of swales being the most commonly used Sustainable Urban Drainage Systems
in The Netherlands.
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Figure 1. (a) Swale at study site in the municipality Dalfsen showing normal condition in 2017
and (b) the same swale after a 7-weeks dry period in 2018. The swales in Dalfsen is the case study
presented in this paper.

A large variation in the hydraulic performance of swales can be expected by the several
discussed factors as different filter media, soil moisture content, side-slope length, type
of vegetation, soil composition and (human) errors in the design, implementation and
maintenance phase. There are several international studies that determined the variation in
mean volume reduction in swales from 11 to 75% [10,28–32] and peak flow rate reductions
from 10 to 74% with detention provided by infiltration or check dams improving this
mitigation [33,34]. In The Netherlands, check dams are hardly applied; the hydraulic
efficiency of swales rely on infiltration and retention capacity. The infiltration capacity
of swales is usually estimated by measuring the rate at which water soaks away from
small test pits or boreholes [4,35–37] or ring infiltrometer tests [38–40]. A number of
studies have demonstrated a high degree of spatial variability between different infiltration
measurements since the results were based on the infiltration rate through a very small area
that is used to represent the total infiltration area [19,41–43]. Studies show large spatial
variation in infiltration rates with individually measured infiltration values varying by a
factor of 100, concluding that about 20 measurements at each swale is needed to reduce the
uncertainty [44].
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No studies have been found on the effect of long dry periods on the infiltration capacity
of (Dutch) swales. Since swales are the most implemented nature-based climate adaptation
method in the Netherlands (Figure 2a), research on this topic is advised. It is estimated that
over 5000 swales are implemented in The Netherlands and more will be constructed to
replace grey infrastructure in the near future. Urban planners and stakeholders need to
have an understanding of the spatial and temporal variability of swales under normal and
extreme circumstances, such as the severe drought in 2018. Therefore, this study set out to
answer the following questions:

• Which variation of the (un)saturated infiltration capacity can be expected under
extreme weather conditions of drought followed by severe rainfall?

• Do the swales empty their storage volume within 2 days under all circumstances
according to the Dutch guidelines [45]?
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Figure 2. (a) Aggregated map of The Netherlands with over 1000 locations installed Dutch swales
(Source: ClimateScan. Available online: https://www.climatescan.nl/map#filter-1-1 (accessed on
1 January 2022)). (b) Exact location of 3 swales in the Reynoldstraat in Dalfsen (more information:
ClimateScan. Available online: https://www.climatescan.nl/projects/1114/detail (accessed on
1 January 2022)).

While previous research on swales used small scale (ring infiltrometer) tests to gain
insight into hydraulic performance, in this study, a full-scale test is applied where the total
volume of 3 swales is repeatedly filled up with a tanktruck.

Study Area and Data

To answer the research questions, Dalfsen was chosen as the study area (Figure 1),
since full-scale research on variation in infiltration capacity was conducted here in 2017 and
was repeated at the ending of the drought in 2018. It is a unique location as three swales
are constructed next to each other in the same street at the same time, built by the same
design characteristics under similar geo-hydraulic circumstances in 2010. At this location,
the variation in hydraulic performance can be studied and compared to earlier research
results, with the permission of the municipality and residents.

The open-source online platform “Climatescan” presented in Figure 2a shows over
1000 locations where swales have been installed in The Netherlands from 1999 to the

https://www.climatescan.nl/map#filter-1-1
https://www.climatescan.nl/projects/1114/detail
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present [46]. Figure 2b shows the exact location of the study area in the municipality of
Dalfsen, where three swales were implemented.

Dutch swales are shallow (often <0.3 m deep), dry, vegetated, and generally grass-
lined, receiving stormwater runoff through drainage pipes and gullies from the connected
surface area of roads and houses [45], see Figure 3. The figure shows the basic green
infrastructure with the road surface and the grassed swale with engineered soil and inlet
and outlet.
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A number of swale infiltration systems have been in use in The Netherlands for
years (Figure 2b), or even decades, but despite their long-term operation there is limited
documentation on their hydraulic performance over their expected lifetime.

Dutch guidelines dictate a maximum emptying time of 48 h for swales with a depth
of 30 to 50 cm [45]. Guidelines in The Netherlands are based on several factors such as
the limited availability of space in urban areas, the low permeability of the soil, high
groundwater tables and limited public health concerns (drowning of kids and mosquito
nuisance) as a safety factor, given that the infiltration capacity of swales may reduce over
time by clogging [19,45]. Similar guidelines on the hydraulic performance of swales can
be found in Germany, where advice has been given on a design that enables the swale to
infiltrate stormwater with a minimum infiltration rate of 0.864 m/d [47].

The study area in the municipality of Dalfsen is located in a residential area (30 km/h
zones) and the three individual swales are used as a surplus of the stormwater sewer in this
district. Figures 3 and 4 show the impact of drought on vegetation in 2018 compared to 2017.
The data of the full-scale infiltration test used in this study was executed on 20 April 2017,
which is compared to the data of infiltration tests on 27 July 2018 after 7 weeks of drought.
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The dimensions of the swales are presented in Figure 5. All swales have a maximum
depth of 50 cm to street level. Swales 1 and 2 are similar (both an average storage volume
7.6 m3 up to the overflow level of appr. 10 cm height); swale 3 is smaller (storage volume
1.7 m3 up to the overflow level).
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2. Materials and Methods

For the case study Dalfsen, a full-scale infiltration test was used [19] where the total
volume of the swales was submerged (simulating high intensive rainfall) and the emptying
time was measured by several measurements during regular and extreme drought con-
ditions during 2018 (7 weeks of drought). A number of issues were considered using the
full-scale test method in the municipality Dalfsen:
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1. Selection swale for testing;
2. Water supply alternatives;
3. Accurate determination of surface infiltration rate.

(1) The swales in the municipality of Dalfsen are a unique research location as the three
swales are situated next to each other and were all built by the same contractor
and with the same materials in 2010, under the same geo-hydraulic conditions. All
swales have a confined space which can be filled by a tank truck up to the water
level of outflow, without any additional constructions to prevent water leaving the
swale during the full-scale infiltration test.

(2) For this full-scale infiltration test in Dalfsen, a tanktruck was used with a larger
storage volume of 10 m3 than the volume of the swales (swale 1 and 2 have a
storage volume of 8 m3 up till the overflow level of 10 cm), so every individual
swale was filled with water continuously with the tanktruck (Figures 6 and 7). The
time interval between refilling the swales was within 10 min.

(3) Wireless, self-logging, pressure transducer loggers (Minidiver. Available online:
https://www.eijkelkamp.com/producten/sensors-monitoring_nl/ (accessed on 1
January 2022)) were used in the study as the primary method of measuring and
recording the reduction in water levels over time. Two loggers were installed
at the lowest points of the swale. The transducers continuously monitored the
static water pressures at those locations, logging the data in internal memory.
Three different measurement methods were used in conjunction with the pressure
transducers in order to verify the transducer readings, as shown in Figure 7. The
three methods were: hand measurements, underwater camera (Figure 7) and
time-lapse photography (movies available at ClimateScan. Available online: https:
//www.climatescan.nl/projects/1114/detail (accessed on 1 January 2022)).
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Figure 7. The methods for monitoring the water height in the swales during the infiltration tests were
(a) hand measurements on a measuring tape and underwater video camera, continuous time-lapse
photography (b) and pressure transducer loggers.

3. Results and Discussion

Three swales were tested repeatedly with the full-scale infiltration tests on two occa-
sions under different (simulated) weather conditions. The results show the linear emptying
curves of the three swales in Dalfsen (Figures 8 and 9). The number of tests at individual
swales depended on the duration of each test and the availability of the tanktruck as the
water source. Swale 2 could be tested with a maximum of five full-scale tests (Figure 8).
For comparative reasons, all graphs display the measuring interval 8 to 4.5 cm of the water
column; 8 cm is the height just below the outlet, thereby ruling out any error due to leakage
in the data (Figure 8). Below 4.5 cm the infiltration surface of the swale was not regular,
with the water being just above the “bumpy” bottom of the swale, allowing water to flow
horizontally from a small puddle to puddle. By truncating the data, any subsurface flow
due to depressions effecting the emptying curve was ruled out (Figures 8 and 9).
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The maximum standard deviation of the pressure transducer loggers is in the range
of +/−0.5 cm, which is reflected in the thickness of the lines in Figure 9. All the emptying
curves for the three swales under normal conditions show similar patterns; rapid emptying
time with steep linear curves for the first infiltration test and gradually increasing in time
with lower infiltration rates (Figure 9).
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Figure 9. Emptying time graphs of swale 1, 2 and 3 under regular (2017, left) and drought conditions
(2018, right).

Figure 9 shows a high variation in the infiltration rates of the swales. Simple linear
regression analysis was used to generate lines of best fit for the transducer readings from
each swale. A factor 7 difference in initial infiltration rate between swale 1 and 3 can be
observed in 2017 (factor 3 in 2018), while the design, construction and maintenance of the
swales are the same. Repeating the infiltration test can lead to reduction in infiltration rates
in the order of 50% (swale 2), Figure 10.

The equations of the linear regression lines were then used to calculate the average
infiltration rate in m/d. Figure 11 shows the calculated infiltration rates of all tests. The
infiltration rate after five tests of swale 3 in 2017 and 2018 was 25% of its initial infiltration
capacity. After five tests, a saturated steady state infiltration rate was not yet reached.
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Figure 10. Emptying time of swale 2 show a factor of about 50% decline after 5 full-scale tests.
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Figure 11. Infiltration rate in m/d (results of linear regression analysis).

In drought conditions, all swales did not reach the saturated steady state infiltration
rate, even after five full-scale tests in contrast to swale 1 and 2 under regular circumstances
in 2017. Swales 1 and 2 showed increased infiltration capacity during the drought period.
The relatively small swale 3 (Figure 5) has a different pattern and the emptying time is
lower in the drought situation.

4. Discussion

The largest swales 1 and 2 have a higher infiltration rate during the drought period
in contrast to the smallest swale 3. Note that for swale 3 this difference in emptying time
is only in the order of some minutes due to the much higher infiltration rate compared to
swale 1 and 2 (the difference in emptying time is 47 min for swale 1). The municipality
expected a lower infiltration rate during drought (seeing the dry baren state of the swales
in Figure 1b) and feared intensive rainfall after the drought period, resulting in flooding.
A possible explanation for the increased infiltration rate during drought is preferential
flow [15,48] due to cracks in the soil and micro-pores as the result of dying roots, enabling
the vertical flow of air and water (Figure 12).



Water 2022, 14, 840 10 of 14

Water 2022, 14, x FOR PEER REVIEW  10  of  14 
 

 

flow [15,48] due to cracks in the soil and micro‐pores as the result of dying roots, enabling 

the vertical flow of air and water (Figure 12). 

 

Figure 12. Significant bubbles during  the  filling process  indicating  (preferential)  flow during  the 

drought period: air‐filled pores are filled with water forcing out the trapped air. 

The variation in initial infiltration capacity of 1.6 to 11.9 m/d of the three swales situ‐

ated in the same street was received by the municipality with more surprise. However, 

same observations were recorded in other municipalities, such as Tilburg and Arnhem, 

where the same full‐scale method was used on several green infrastructures on one street 

(Figure 13) showing a high variation in infiltration rate (Figure 14). 

 

Figure 13. Measurements at two streets with multiple green infrastructure in The Netherlands: Az‐

uurweg Tilburg (left, ClimateScan. Available online: https://www.climatescan.nl/projects/6052/de‐

tail  (accessed on  1  January  2022))  and Reestraat Arnhem  (right, ClimateScan. Available  online: 

https://www.climatescan.nl/projects/1109/detail (accessed on 1 January 2022)). 

Figure 12. Significant bubbles during the filling process indicating (preferential) flow during the
drought period: air-filled pores are filled with water forcing out the trapped air.

The variation in initial infiltration capacity of 1.6 to 11.9 m/d of the three swales
situated in the same street was received by the municipality with more surprise. However,
same observations were recorded in other municipalities, such as Tilburg and Arnhem,
where the same full-scale method was used on several green infrastructures on one street
(Figure 13) showing a high variation in infiltration rate (Figure 14).
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Figure 13. Measurements at two streets with multiple green infrastructure in The Netherlands:
Azuurweg Tilburg (left, ClimateScan. Available online: https://www.climatescan.nl/projects/6052
/detail (accessed on 1 January 2022)) and Reestraat Arnhem (right, ClimateScan. Available online:
https://www.climatescan.nl/projects/1109/detail (accessed on 1 January 2022)).
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Figure 14. Range of infiltration rates in streets with multiple green infrastructure [19,49,50].
SW = Swale, RG = Raingarden, PP = Permeable Pavement, n = number of green infrastructures.

Surprising to the municipality is also the difference between the saturated and un-
saturated infiltration capacity: the measured saturated infiltration rates are up to a factor
of 4 lower than the initial unsaturated capacity, with a minimal rate of 0.5 m/d. Other
studies, where small-scale tests were used, such as (Modified) Philip–Dunne (MPD) or
infiltrometer tests [4,35–40,51], show a variation in (un)saturated infiltration rates. Research
locations with green infrastructure, where the full-scale test method was applied under
similar Dutch circumstances, also show a significant reduction in infiltration rates between
the unsaturated and saturated tests, ranging from 27% to 48% [52]. The most important
outcome of this research, particularly for public stakeholders, was that all swales empty
their storage volume within two days under all circumstances, according to the Dutch
guidelines [45]. These research results should raise awareness about the variation in infiltra-
tion rates among stormwater managers engaged with the planning, testing, and modelling
of green infrastructure about the spatial and time variable long-term infiltration capacity
rates of green infrastructure.

5. Conclusions

The full-scale infiltration testing method was applied in this study to determine the
variation in the hydraulic performance of three swales under different (simulated) weather
conditions. The results from this study show that the tested swales empty their storage
volume within 48 h under regular and extreme drought (un)saturated conditions, even
after five full-scale tests (lowest value 0.5 m/d) after 8 years in operation, and without
maintenance other than mowing the grass. Stormwater managers are satisfied that their
green infrastructure demonstrates the minimum required infiltration capacity, so any
tangible improvement to their design and characterization, such as additional drainage, is
not needed.

The individual swales in Dalfsen show a variation in the initial infiltration capacity of
1.6 to 11.9 m/d. Most previous research focused on unsaturated infiltration rates. However,
the results of this study show that the difference in infiltration rates between saturated
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and unsaturated can differ by a factor 4 (after 5 full-scale tests). These large differences
by a factor of 4 in (un)saturated infiltration rate in one street is also determined in other
research with the full-scale test in The Netherlands. Therefore, if the unsaturated infiltration
capacity is used as the design input for computer models, the infiltration capacity may be
significantly overestimated. It is therefore recommended that an appropriate degree of
pre-saturation is accounted for in the design or a linear increase in the emptying time, as
shown in this paper. This could be applied by a simple reduction in the design unsaturated
infiltration rate. The results of this study should help stormwater managers with the
modelling, planning, testing and scheduling of maintenance requirements for swales with
more confidence, so that they will continue to perform satisfactorily over their intended
design lifespan.
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