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Featured Application

The proposed novel drainage and capillary irrigation system can be used in green roofs
and other nature-based solutions. By integrating filters to increase stormwater retention
capacity and passive subsurface capillary irrigation to improve irrigation efficiency into
a single configuration, the novel system enhances the efficiency of conventional systems
and expands their applications. This approach can reduce pressure on urban drainage
networks, particularly during dry periods, and reuse retained runoff for irrigation without
requiring external energy, while supporting sustainable urban stormwater management.

Abstract

Nature-based solutions (NBSs), such as green roofs, are among the most effective ways
to manage urban stormwater, improve building energy efficiency, and adapt to climate
change. However, conventional green roofs confront several restrictions related to stormwa-
ter drainage, retention capacity, irrigation demand, and pressure on urban water networks
during dry periods. This study proposes and experimentally validates a novel system
applicable to green roofs and other NBS, including streetside planting systems and veg-
etated sports grounds. The novelty of the proposed system lies in a double-layer design,
the integration of filters within soil substrate to enhance short-term stormwater retention
and controlled drainage, and passive subsurface capillary irrigation with cords to improve
irrigation efficiency. Infiltration tests showed that filter hydraulic conductivity strongly
depends on pore size, with measured infiltration rates ranging from 0.01 mm/min (ceramic,
0.1 µm) to 20 mm/min (polypropylene, 50 µm). The results showed that filter material
and pore size significantly influence infiltration behaviour and short-term storage capacity.
When integrated with the soil substrate, the combined system exhibited infiltration rates of
0.8–2.0 mm/min, decreasing as hydraulic head declined. Capillary rise experiments demon-
strated a maximum vertical rise of 32 cm and horizontal rise of 39 cm for polyester cords
(6 mm width), confirming the feasibility of passive subsurface irrigation through stored
runoff reuse without external energy. The experiments were conducted at a laboratory
scale (25 × 25 cm) as a proof-of-concept validation. Finally, the study results demonstrate
the feasibility of the proposed system as a multifunctional NBS solution that enhances
stormwater retention while enabling passive irrigation using retained runoff.

Keywords: green roofs; nature-based solutions; urban stormwater management; drainage
systems; capillary irrigation; subsurface irrigation
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1. Introduction
Climate change is one of the most significant challenges affecting societies, especially

urban environments [1,2]. Increasing urbanisation, combined with climate extremes, has
heightened cities’ vulnerability and the risks to human health, infrastructure, and economic
stability [3]. Urban areas experience reduced green areas, natural infiltration, increased
runoff volumes, elevated peak flows, and reduced water quality [4]. In this context, nature-
based solutions (NBS) can be considered as an effective and sustainable strategy to mitigate
the impacts of climate change while enhancing urban resilience [5]. Among NBS, green
roofs have gained increasing attention due to their ability to manage stormwater and their
thermal impacts on buildings [6,7]. Compared to conventional roofs, green roofs can reduce
total runoff volumes and peak flows by approximately 40–80%, depending on climatic
conditions and system design [8]. Beyond hydrological benefits, green roofs contribute to
urban biodiversity, mitigate urban heat island effects [9], improve air quality through dust
and CO2 absorption [10], and enhance overall urban microclimates [11].

Despite these advantages, green roof systems confront several limitations. One major
challenge is their irrigation requirements, particularly during hot, dry periods [12,13].
Insufficient water supply can reduce vegetation evapotranspiration, negatively affect
thermal performance, and eventually decrease the hydraulic efficiency of green roofs [14].
The water demand of green roofs depends on various factors, including climate type,
temperature, relative humidity, rainfall distribution and value, green roof configuration
(intensive and extensive green roofs), and vegetation characteristics [15]. The irrigation
water demand for extensive green roofs ranges from 2.6 to 9.0 L/m2/day in Mediterranean
climates [16], and approximately 4–5 L/m2/day in humid tropical climates [17]. The
average water requirement for green roofs in summer in dry areas is 2.7 L/m2/day, and in
humid climates, around 1.2 to 6.2 L/m2/day [14]. Based on available water resources in
each climate zone, the green roof areas can be optimised [18]. In conventional systems, this
irrigation demand is typically supplied by municipal potable water systems, particularly
during prolonged dry periods when rainfall is insufficient. Consequently, green roof
irrigation may contribute to increased peak demand in urban drinking water distribution
networks and enlarge the overall water footprint of these systems.

Reducing reliance on potable water for irrigation is, therefore, essential to align green
roof implementation with sustainable urban water management objectives. There are
several irrigation techniques for green roofs, including sprinkler systems, drip irrigation,
sub-surface drip irrigation, and capillary irrigation [19,20]. Among the methods mentioned,
capillary irrigation has shown significant potential, particularly in arid, semi-arid and water-
scarce regions [21]. The capillary Wick Irrigation System (CWIS) uses porous materials, such
as ceramic, clay, or geotextiles, to slowly and continuously deliver water to the root zone
(subsurface), improving irrigation efficiency and reducing evaporation losses [22–24]. When
integrated with a stormwater retention layer, such systems can substantially reduce external
irrigation requirements, thereby decreasing potable water consumption and mitigating
pressure on drinking water distribution networks. CWIS offers additional advantages,
including higher irrigation efficiency, lower installation costs, minimal maintenance, passive
operation, and reduced runoff [25–29]. Moreover, previous studies have demonstrated
the effectiveness of capillary irrigation with minimal environmental impact [30] and have
reduced the risk of pest and disease [25,26,31].

In addition to runoff management and stormwater retention capacity concerns, green
roofs can influence runoff quality [32]. Some studies confirmed that green roofs can reduce
pollutant loads through filtration and adsorption, but may also increase contaminations,
particularly nitrogen and phosphorus originating from nutrient leaching, substrates, vege-
tation, and fertilisers [33,34]. In fact, the quality of green roof runoff is strongly dependent
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on its design, including substrate composition, drainage layer characteristics, vegetation
type, and local pollution sources [35–37]. Commonly identified contaminants in roof
runoff within the urban environment include suspended solids, nutrients, heavy metals,
pathogenic microorganisms, and other inorganic pollutants [38,39]. The mentioned issue
can be addressed by improving the design and integrating water filter elements into the
drainage layer, enabling controlled runoff and pollutant removal before discharge into
urban drainage networks. Various filtration media have been investigated in previous
studies, including sand filters for the removal of iron, manganese, and other inorganic sub-
stances [40], as well as zeolite, activated carbon, and ceramic-based filters for the removal
of coliform bacteria, heavy metals, and TDS [41,42]. Moreover, ceramic-based filters coated
with silver nanoparticles can remove 99.995% of bacterial pathogens, including E. coli, and
improve runoff quality [43–45].

In addition, previous studies on bioretention systems and urban planting infrastruc-
ture have explored strategies to enhance moisture redistribution within engineered soil
substrates, including the use of synthetic fibres, geotextile wicks, and modified media
configurations. Such approaches have been particularly relevant in tropical environments,
where maintaining adequate soil moisture under intense rainfall–drying cycles is critical for
vegetation survival. In Singapore, field monitoring of the first implemented bioretention
rain garden at Balam Estate evaluated hydrological performance and pollutant removal
under tropical rainfall conditions, providing valuable empirical insights into engineered
soil-based stormwater systems [46,47]. More recent investigations conducted under the
Active, Beautiful and Clean (ABC) Waters Programme have further characterised the hy-
draulic and water-quality performance of rain gardens and vegetated swales, including
assessments of total suspended solids and nutrient concentrations in urban runoff [48].
While these studies have significantly advanced understanding of bioretention performance
in tropical urban settings, they primarily focused on hydrological efficiency and pollutant
mitigation, or on vegetation resilience, rather than integrating capillary redistribution
mechanisms with controlled stormwater drainage within a unified hydraulic configuration.

Previous studies have examined green roofs, runoff filtration, and various irrigation
systems, but they have largely addressed these components separately. The existing lit-
erature mainly focuses on runoff quantity control, runoff quality improvement through
filtration, or irrigation efficiency, without considering their limits or new designs to im-
prove conventional systems. In particular, while filtration materials such as sand, activated
carbon, zeolite, and ceramic-based filters have demonstrated promising pollutant removal
performance, their combination into green roof drainage layers for simultaneous stormwa-
ter retention, treatment, and reuse has been missed in previous studies. Similarly, different
types of irrigation systems have been widely studied for green roofs, but less attention has
been given to capillary wick irrigation systems, a highly efficient, passive subsurface irriga-
tion system for green roofs and other nature-based solutions. The integration of controlled
radial drainage filters with passive capillary irrigation within a single hydraulic loop, as
proposed in this study, has not been comprehensively evaluated in the previous literature.

From a hydraulic perspective, the proposed vertical filter behaves differently from
conventional planar drainage layers used in green roofs. While typical green roof drainage
is approximated as predominantly vertical percolation through a porous medium followed
by lateral conveyance within a drainage mat, the proposed configuration introduces a
cylindrical drainage boundary within the substrate. This results in a predominantly radial
flow component toward the filter wall, analogous to drainage toward a well in porous
media. Therefore, performance should be interpreted using radial flow concepts rather than
only one-dimensional infiltration assumptions, which also explains the depth-dependent
drainage capacity observed during drawdown.
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These gaps highlight the need for innovative, multifunctional systems that improve
green roofs’ stormwater management while reducing irrigation demand and, consequently,
decreasing reliance on potable water supplied through urban drinking water distribution
networks. Therefore, this study aims to propose and experimentally validate (at laboratory
scale) a novel multi-purpose configuration that enhances stormwater retention capacity
without increasing substrate depth, regulates runoff through controlled radial drainage,
and enables passive subsurface irrigation using stored water. By reusing retained runoff
within the system, the proposed configuration contributes to lowering external irrigation
demand and reducing the water footprint associated with potable water use in green
roof applications. The scope of the present work is limited to hydraulic performance and
capillary feasibility, and runoff water quality treatment is identified as a priority for future
investigations.

The novelty of the present study lies in the hydraulic integration of (i) a vertically
installed radial drainage filter that enhances temporary stormwater retention without
increasing substrate depth, and (ii) a passive capillary wick system that reuses stored runoff
for subsurface irrigation. Unlike previous studies that investigated drainage, filtration, or
irrigation independently, the proposed configuration establishes a coupled hydraulic loop
between drainage and irrigation processes within a unified green roof system.

2. Materials and Methods
In this study, a novel drainage and capillary irrigation method applicable for green

roofs and other nature-based solutions (NBS) is proposed and experimentally validated.
The novel method is designed for systems that integrate stormwater retention, controlled
drainage, and subsurface irrigation, such as green roofs, streetside planting systems, and
vegetated sports grounds. Laboratory experiments were conducted with two main ob-
jectives: (i) to assess the feasibility of using drainage filters as an additional stormwater
retention component alongside the soil substrate, and (ii) to evaluate the feasibility and
performance of a capillary wick system for subsurface irrigation. Accordingly, the experi-
mental plan was designed in two phases. First, infiltration tests were conducted on various
filter types installed on a test bed to assess their hydraulic behaviour and retention capacity.
Second, capillary-rise (vertical and horizontal) experiments were conducted using cords of
different materials and dimensions to verify the applicability of the proposed irrigation
method for NBS systems.

2.1. Definition of the Novel Drainage and Capillary Irrigation System

The novel drainage and capillary irrigation system, along with its main elements, is
shown in Figure 1. The system integrates a soil substrate layer with a vertically installed
drainage filter that enables controlled infiltration and runoff conveyance to a storage layer
beneath. At the same time, a capillary cord allows passive upward transport of stored
water to the root zone for subsurface irrigation.

It should be noted that the present experimental investigation was designed to assess
short-term hydraulic feasibility under controlled laboratory conditions. Therefore, long-
term clogging behaviour due to sediment deposition, fine-particle migration, or biofilm
development was not experimentally evaluated. In practical applications, mitigation strate-
gies such as removable filter cartridges, protective geotextile wrapping, or pre-filtration
layers would be necessary to reduce clogging risk and ensure long-term performance.
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Figure 1. Novel proposed system with a specific design of drainage and irrigation methods.

2.2. Experimental Analysis Set-Up and Analysis Procedures

The experimental model and filter installation are shown in Figure 2, while the in-
filtration rate measurement procedure is presented in Figure 3. The laboratory set-up
was designed to provide a controlled setting for validating the feasibility of the proposed
drainage and capillary irrigation technique. The physical model consisted of a test box
with two layers, and internal dimensions of 25 × 25 cm, allowing direct observation and
measurement of water movement and filter performance (Figure 2a). The filters were
installed vertically within the model and connected two layers: the upper layer for soil
media and the lower layer for runoff storage, to simulate the drainage and stormwater
retention performance of the proposed NBS system (Figure 2b). For each test, water was
applied manually using a calibrated volumetric pouring method at a controlled discharge
rate to simulate surface rainfall input. The applied volume and application time were kept
constant across all experiments. The method corresponds to a falling-head condition, allow-
ing observation of hydraulic drawdown behaviour within the system. The outflow through
the filter was collected and monitored using a measurement device (an installed ruler) to
evaluate hydraulic behaviour (Figure 2c). This configuration allowed evaluation of both
drainage performance and temporary stormwater retention under controlled conditions.

   
(a) (b) (c) 

Figure 2. The experimental physical model to analyse different filters: (a) the test box with dimensions
of 25 × 25 cm; (b) the filter installation that connects two layers; (c) the measurement device (installed
ruler) to evaluate hydraulic behaviour.
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Figure 3. Infiltration rate measurements in four different filters.

Infiltration tests were conducted on four filter types to investigate their hydraulic
response and potential contribution to stormwater retention, along with the soil substrate.
The variation in water level and outflow was recorded for each filter as shown in Figure 3,
and the corresponding infiltration rates were calculated. Physicochemical and hydraulic
properties of substrate, filters, and cords are presented in Table 1.

Table 1. Physicochemical and Hydraulic Properties of Substrate, Filters, and Cords.

Item Parameter Value Ref.

Substrate

Saturated hydraulic conductivity 10−4–10−3

[49–51]

Bulk density-dry (kg/m3) 700–800
Bulk density-saturated (kg/m3) 950–1050

Porosity (%) 55–65
Particle size distribution 0–16 mm

Filter

Material Ceramic/Polypropylene
Nominal pore size (µm) 0.1, 1, 10, 50

Length (cm) 25
Outer diameter (mm) 60
Inner diameter (mm) 30

Type Sediment filters/String-wound cartridges

Cord
Material Polyester/polypropylene

Thickness (mm) 2, 6, 10

To further evaluate the feasibility of the proposed system under conditions representa-
tive of real NBS applications, additional tests were carried out by combining the selected
filter with a soil layer (Figure 4). This configuration was intended to represent green roofs,
streetside planting units, and other vegetated infrastructures where stormwater drainage,
retention, and irrigation processes occur simultaneously. As shown in Figure 4a, the se-
lected filter was placed at the centre of the test box and covered with soil substrate (Vulcaflor
light) representative of typical growing media used in vegetated systems. Water was then
supplied from the top surface to all four filter types (Figure 4b) to verify the stormwater
retention of the combined filter and soil substrate, and to observe the interaction between
soil, filter, and stored water.

These tests aimed to verify whether the drainage filter and the novel design could
effectively operate to combine the soil layer without compromising infiltration, while
simultaneously contributing to temporary water storage in the layer beneath for potential
reuse. These experiments were not intended to quantify plant growth performance, but
rather to demonstrate the practical applicability and operational feasibility of the proposed
method. All infiltration experiments were conducted using a dried substrate without
vegetation to eliminate root-induced preferential flow paths and macropore formation.
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The vegetation shown in Figure 4 serves only as a conceptual representation of a potential
real-world application and was not present during hydraulic testing.

   
(a) (b) (c) 

Figure 4. The novel drainage and capillary irrigation system by combining the filter with a soil
layer: (a) dried soil; (b) drainage retention by soil substrate and filter pores (vegetation serves only as
a conceptual representation and was not present during hydraulic testing); (c) water drops in the
internal tube of the filter.

2.3. Selected Filters Characteristics and Sub-Surface Irrigation System Using Filters and Cords

This section describes the design of the filter and capillary cord system, which, together,
enable improved drainage and irrigation for green roofs and other nature-based solutions
(NBS). As a preliminary step, the filters used in the novel system were characterised in
terms of their materials and pore sizes. The tested filters included one ceramic filter and
three polypropylene filters with different nominal pore sizes from 0.1 to 50 microns, as
shown in Figure 5. These filters were selected to represent a new drainage element in the
novel system that can simultaneously support controlled and retained runoff towards a
water storage layer situated beneath vegetated systems.

    
(a) (b) (c) (d) 

Figure 5. The specifications of four tested filters: (a) Material: Ceramics, Pore size (µm): 0.1, Outer
diameter (mm): 50; (b) Material: Polypropylene, Pore size (µm): 1, Inner diameter (mm): 30, Outer
diameter (mm): 60; (c) Material: Polypropylene, Pore size (µm): 10, Inner diameter (mm): 30, Outer
diameter (mm): 60; (d) Material: Polypropylene, Pore size (µm): 50, Inner diameter (mm): 30, Outer
diameter (mm): 60.

The selected pore sizes (0.1, 1, 10, and 50 µm) were chosen to represent a broad
spectrum of hydraulic conductivities, ranging from ultra-fine filtration media to relatively
coarse porous drainage elements. The results indicate which filters are hydraulically suit-
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able and which are unsuitable for rainfall drainage applications. Moreover, comparing
standalone filter performance with the combined soil–filter configuration allows identifi-
cation of whether hydraulic limitation originates from the filter pore structure or the soil
substrate matrix.

For the evaluation of subsurface irrigation via capillary rope, three different capillary
cords were selected, differing in material and diameter, as illustrated in Figure 6. The tested
cords included polyester fibre cords with widths of 10 mm and 6 mm, and a polypropylene
cord with a width of 2 mm. These materials were chosen for their availability, low cost, and
potential suitability for nature-based solutions.

   
(a) (b) (c) 

Figure 6. Specifications of the tested cords: (a) polyester fibre with a width of 10 mm; (b) polyester
fibre with a width of 6 mm; (c) polypropylene cord with a width of 2 mm.

The capillary rope was installed within the proposed drainage and irrigation system
to demonstrate practical applicability. As shown in Figure 7, the capillary cord was directly
connected to the drainage filter and extended horizontally toward the soil layer and ver-
tically to the water storage layer, enabling water stored beneath the filter to be passively
conveyed to the root zone. These experiments were designed as a proof-of-concept assess-
ment to verify the feasibility of the proposed subsurface irrigation configuration rather
than to optimise irrigation performance.

  
(a) (b) 

Figure 7. The installation of the capillary rope in the novel system: (a) side view of horizontal
and vertical parts of the capillary cord; (b) view from top. [blue arrowheads are cord direction
for capillary].

In the second phase, capillary rise experiments were conducted under controlled labo-
ratory conditions to assess the ability of the cords to transport water from the storage layer
toward the soil zone, and to evaluate the feasibility and performance of a capillary wick
system for subsurface irrigation. Vertical capillary rise tests were performed by immersing
one end of each cord into the inked water reservoir and suspending the remaining length
vertically, allowing the upward movement of water to be measured over time (Figure 8a,b).
In addition, horizontal capillary tests were carried out to simulate subsurface irrigation
conditions in which water must be distributed laterally beneath the soil layer (Figure 8c).
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(a) (b) (c) 

Figure 8. Capillary rise measurement in capillary wicks: (a,b) vertical capillary measurement;
(c) horizontal capillary measurement. [blue arrowheads are cord direction for capillary].

To ensure the reliability and minimise experimental uncertainty, each test was repeated
three times under identical laboratory conditions, and the average values were used for
analysis and evaluation.

3. Results and Discussion
This section presents the experimental results from laboratory investigations to vali-

date the feasibility of the proposed novel system. The results are presented in two sections:
first, the hydraulic behaviour and retention capacity of the filters alone and within the
soil substrate; and second, an assessment of the performance (capillary rise in vertical
and horizontal directions) of the capillary wick system for passive subsurface irriga-
tion. The discussion focuses on the application and feasibility of the proposed system
for green roofs and similar vegetated nature-based solutions, rather than on optimisation
or long-term performance.

3.1. Hydraulic Behaviour and Retention Potential of the Novel System

Infiltration tests were conducted on four filter types to investigate their hydraulic
response and potential contribution to stormwater retention, along with the soil substrate.
The experimental infiltration results of the selected filters and proposed system configura-
tions (drainage filter and soil media) are shown in Figure 9.

Standard soil infiltration rate values depend primarily on soil texture and are generally
expressed as constant vertical fluxes, ranging from approximately 0.5 mm/h for clay soils
to over 200 mm/h for sandy soils [52,53]. However, the infiltration behaviour observed in
the proposed system differs fundamentally from classical soil infiltration processes. While
infiltration in soil layers is mainly one-dimensional and vertical, with a constant infiltration
area, drainage through the proposed system occurs mainly through the vertical side walls
of the filter, resulting in a radial flow mechanism similar to an inverse well.

https://doi.org/10.3390/app16052292
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(a) 

(b) 

Figure 9. Infiltration rates: (a) Infiltration rate of standalone filters as a function of pore size
(0.1–50 µm) at different water levels (100%, 50%, and 20% of initial head); (b) Infiltration rate of
the combined soil–filter system (50 µm polypropylene filter) as a function of water level (% of
initial head).

The experimental results demonstrate that the infiltration rates for just filters ranged
from approximately 0.01 mm/min in a ceramic filter to 20 mm/min in a polypropylene filter
with a 50-micron pore size, depending on filter pore size and water level (Figure 9a). While
the infiltration rate of the system (combined soil–filter) ranges from 0.8 to 2.0 mm/min
(Figure 9b), it decreases as the water level declines. The observed decrease in infiltration
rate with declining water level can be theoretically explained using radial flow principles
of Darcy’s law in cylindrical coordinates. For radial drainage through a vertical filter,
discharge Q can be expressed as Equation (1) [54]:

Q =
2πkh(H1 − H2)

ln(r2/r1)
(1)

where k is the hydraulic conductivity, h is the wetted height of the filter, H1 − H2 is the
hydraulic head difference, and r1, r2 are the inner and outer radii of the drainage path.
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Unlike one-dimensional vertical soil infiltration, radial flow depends directly on both
hydraulic head and the active wetted surface height. As water depth decreases, both the
hydraulic gradient and the active drainage surface (the effective wetted surface area of
the filter wall) are reduced. Consequently, discharge and apparent infiltration rate decline
with water depth, resulting in lower infiltration rates, and this depth-dependent hydraulic
behaviour confirms the adaptive drainage mechanism of the proposed system in Figure 9b.

The ceramic filter (0.1 µm) exhibited an infiltration rate of approximately 0.01 mm/min
(0.6 mm/h), which is significantly lower than typical rainfall intensities observed in temper-
ate and Mediterranean climates. Such low permeability indicates that ultra-fine pore sizes
are hydraulically unsuitable for stormwater drainage under moderate or high-rainfall con-
ditions, as they may lead to rapid surface ponding and potential waterlogging. Therefore,
while it is included to evaluate the lower hydraulic boundary of the system, the ceramic
filter is not recommended for practical stormwater management in green roofs, particularly
in regions subject to intense precipitation events.

Although the measured infiltration rates of the filter-based system are not directly
comparable to soil-only infiltration values due to differences in flow geometry and effective
infiltration area, the results clearly indicate that the proposed system provides appropriate
drainage capacity within the range typically reported for loamy sand to sandy loam soils,
which typically exhibit infiltration rates about 0.4–1.2 mm/min. Moreover, under high
water levels, the system’s drainage capacity increases, particularly during high-intensity
rainfall events, when rapid runoff conveyance is required to prevent surface saturation
and flooding. Therefore, unlike conventional soil systems, in which infiltration capacity
remains constant, the proposed system exhibits adaptive hydraulic behaviour. As water
levels increase, a larger portion of the filter wall becomes active, increasing the effective
drainage area and infiltration rate. Conversely, as water levels decrease, infiltration rates
are reduced, promoting temporary water retention within the system. This behaviour
supports stormwater management with higher performance, rather than rapid discharge
to the urban drainage network.

Compared with typical infiltration rates in coarse-textured soils (0.4–1.2 mm/min),
the combined soil–filter system demonstrated comparable hydraulic performance while
introducing adaptive drainage behaviour through its radial flow geometry. Therefore, it
indicates that the proposed configuration can provide controlled drainage without excessive
rapid discharge, thereby enhancing short-term retention capacity.

3.2. Feasibility and Performance of the Capillary Wick System in the Novel System

The feasibility of subsurface irrigation using capillary wicks for the proposed double-
layer design was evaluated through vertical and horizontal capillary rise experiments.
Capillary rise measurements were recorded until equilibrium was achieved, defined as
the point at which no further visible increase (less than 1 mm in capillary height over 24 h)
in water rise was observed along the selected cord. This quantitative criterion ensured
the objective determination of steady-state conditions and represented the maximum
(equilibrium) capillary rise (vertically and horizontally) under the experimental conditions,
as shown in Figure 10.

As shown in Figure 10, the 6 mm polyester cord exhibited the best capillary perfor-
mance, achieving a horizontal capillary rise of 39 cm and a vertical rise of 32 cm. The 10 mm
polyester cord also performed well, with 28 cm of horizontal and 24 cm of vertical capillary
rise. In contrast, the polypropylene cord with a width of 2 mm demonstrated limited
capillary performance, reaching only 11 cm horizontally and 4 cm vertically, highlighting
the influence of material properties and cord geometry (micropores) on capillary behaviour.

https://doi.org/10.3390/app16052292
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Figure 10. Maximum equilibrium capillary rise (mean ± SD, n = 3) for different cord materials under
horizontal and vertical configurations.

The observed capillary rise results are in good agreement with previous studies
and models in the capillary wick irrigation field, where achievable rise strongly depends
on wick material, geometry, and test conditions [21,31,55]. Capillary irrigation systems,
including capillary wicks and mats, have been shown in the literature to deliver water from
a reservoir into the plant root zone via capillary action, with studies reporting measurable
capillary performance across various wick configurations under controlled conditions [30].
Experimental research on capillary wick irrigation systems has also documented that
maximum capillary height and water-holding capacity vary with wick material, confirming
that ascent heights on the order of tens of centimetres are realistic for well-chosen wicking
media, thereby supporting the practical vertical rise observed in this study [31].

Vertical (from the storage layer) and horizontal (for the irrigation zone) capillary tests
confirmed that water distribution along the cord is feasible, supporting the applicability of
the proposed system for subsurface irrigation. The results demonstrate that polyester cords
were capable of transporting water from the storage layer toward the soil zone through
capillary action, confirming that integrating appropriately selected capillary wicks with the
drainage and storage layer enables passive irrigation reusing stored runoff, without the
necessity of pumps or external energy, supporting the feasibility of the proposed system
for vegetated nature-based solutions.

Although the measured equilibrium capillary height demonstrates the feasibility of
passive water transport, irrigation performance in practical applications depends primarily
on volumetric supply rate (L/day) rather than static capillary rise alone. The measured
capillary rise does not inherently guarantee that sufficient water flux reaches the root zone
to compensate for daily evapotranspiration demand under high atmospheric evaporative
demand conditions. The present study did not quantify capillary mass flow rates, and
the system’s capacity to meet plant water demand during hot, arid periods remains to be
experimentally validated. Future investigations should measure time-dependent flow rate
to assess irrigation suitability under realistic climatic demand scenarios.

3.3. Practical Implications, Limitations and Clogging Considerations

The present study represents a laboratory-scale feasibility assessment. Although
the system demonstrated adaptive hydraulic behaviour and passive irrigation capability,
several limitations must be considered. The laboratory configuration used one filter per
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625 cm2 (25 × 25 cm). However, such scaling is not representative of practical imple-
mentation. At this scale, boundary effects and limited lateral flow paths may influence
hydraulic response compared to large-area installations. Therefore, the results should
be interpreted as a mechanistic validation of radial drainage and capillary interactions
rather than as a direct prediction of field performance. Full-scale applications would likely
employ larger-diameter drainage modules or distributed collector elements rather than
replicating the laboratory density. Future studies should investigate larger experimental
modules and field-scale systems to assess spatial heterogeneity, edge effects, and long-term
hydrological behaviour.

First, long-term clogging of fine-pore filters by sediment accumulation and biofilm
formation may reduce hydraulic conductivity. Second, scaling from laboratory to field
conditions requires optimising filter spacing and conducting an economic evaluation.
Third, while capillary rise height confirms the feasibility of water transport, the actual
irrigation flow rate required to meet evapotranspiration demand should be quantified in
future studies.

A key limitation of fine-pore drainage elements embedded within soil substrate is
the risk of physical and biological clogging. Sediment accumulation, fine-particle migra-
tion, and biofilm formation may progressively reduce hydraulic conductivity, particu-
larly in pores with diameters of 10–50 µm. Compared to conventional granular drainage
layers—where flow occurs through interconnected macropores, and clogging tends to
be spatially distributed—the proposed vertical filter concentrates flow through a defined
cylindrical surface, potentially increasing sensitivity to localised blockages.

However, unlike granular drainage systems, which are difficult to access once installed,
the proposed filter configuration could be designed as a removable or replaceable cartridge,
enabling periodic maintenance or replacement. Additional mitigation strategies may
include protective geotextile wrapping, incorporation of a pre-filtration layer above the filter
head, or periodic flushing under maintenance protocols. Long-term clogging resistance and
hydraulic degradation should be evaluated under field-scale conditions in future studies to
determine service life and maintenance frequency.

3.4. Recommendations for Future Studies

The present study assessed the feasibility of the proposed drainage and capillary irriga-
tion system at the laboratory scale; further investigations are recommended to extend and
strengthen its applicability. Moreover, further analysis and simulation of interactions among
different substrate compositions, vegetation types, and filter configurations to optimise the
system design for various nature-based solutions, with a focus on long-term performance
assessments under real climatic conditions, seem necessary. Additional research on the
system’s water-quality performance and pollutant-removal efficiency, including field-scale
experiments under real rainfall events, is suggested for future investigations. Moreover,
future studies can investigate the temporal evolution and time-dependent capillary rise
to quantify irrigation rates of the capillary wick system under different environmental
conditions. Finally, assessing the economic and environmental performance of the pro-
posed system through life-cycle assessment and cost–benefit analysis can be considered in
subsequent studies to evaluate construction feasibility relative to conventional drainage
layers. In this regard, optimising filter spacing should account for rainfall intensity, storage
capacity, structural loading constraints, and economic costs.

4. Conclusions
This study proposed and experimentally validated a novel drainage and capillary

irrigation system applicable to green roofs and other vegetated nature-based solutions.
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The infiltration rate analysis of the tested filters showed their significant potential
contribution to stormwater drainage and retention beyond the soil substrate alone. The ex-
perimental results showed that infiltration rates of the filters depend on pore size and water
level, ranging from approximately 0.01 mm/min for the ceramic filter to up to 20 mm/min
for the polypropylene filter with a pore size of 50 µm. When combined with the soil layer,
the proposed system exhibited infiltration rates of 0.8–2.0 mm/min, comparable to those of
coarse-textured soils such as loamy sand to sandy loam, while maintaining stable hydraulic
behaviour under laboratory conditions. However, the governing hydraulic mechanisms
differ substantially. Soil infiltration occurs through a continuous porous matrix under
predominantly vertical gravity-driven flow. In contrast, the proposed system involves
cylindrical radial drainage toward a hollow storage element, where flow geometry and
active surface area vary with water depth. Therefore, the comparison indicates hydraulic
magnitude rather than physical equivalence.

However, while in conventional soil systems infiltration occurs vertically with a
constant effective area, the proposed system operates under cylindrical radial flow along
the vertical filter walls, resulting in depth-dependent, adaptive infiltration behaviour. In
radial systems, both hydraulic gradient and effective flow area vary with water depth.
As the water level decreases, the driving head diminishes, and the wetted filter surface
shortens, reducing discharge. This depth-dependent behaviour explains the nonlinear
decline in infiltration observed during drawdown and distinguishes the system from
conventional porous-media drainage. As water levels increase, a larger wetted filter surface
becomes active, enhancing drainage capacity during high-intensity rainfall events. The
results confirm that the proposed system provides a multifunctional, adaptive hydraulic
response, combining efficient drainage during extreme rainfall with enhanced retention
and storage during low-flow conditions. Moreover, the new system can effectively increase
the stormwater retention capacity, potentially resulting in a drainage layer with lower
depth and load.

The capillary rise experiment results confirmed the feasibility of passive subsurface
irrigation via capillary cords within the proposed system. Maximum (equilibrium) vertical
and horizontal capillary rise was observed in polyester cords, with a width of 6 mm,
while the polypropylene cord exhibited limited performance. These experimental results
highlight the importance of cord material properties and geometry, appropriate material
selection, and the relevance of vertical and horizontal distances between the water storage
layer and the irrigation zone to balance irrigation demands, water delivery rates, and
efficiency. Although the system may be conceptually suitable for arid or semi-arid regions
due to passive water reuse, irrigation adequacy ultimately depends on the balance between
capillary supply rate and atmospheric evapotranspiration demand (ET0). Since this study
quantified equilibrium height but not time-dependent flow rate, the coupling between
capillary supply and ET0 remains a limitation. Future work should integrate capillary
flux measurements with climatic demand modelling to assess system performance under
extreme heat conditions.

In conclusion, the proposed system offers a multifunctional approach that improves
stormwater management, drainage control, and irrigation efficiency within a capillary
subsurface irrigation configuration. The system demonstrates adaptive hydraulic behaviour
through radial drainage and confirms the feasibility of passive subsurface irrigation via
capillary transport. By enabling the reuse of stored runoff for irrigation, the proposed
configuration directly reduces external irrigation demand, which in conventional green
roof systems is typically supplied by municipal potable water networks. Considering
that irrigation requirements may reach several litres per square metre per day during
dry periods, substituting this demand with internally stored stormwater can decrease
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peak withdrawals from drinking water distribution systems. Consequently, the proposed
solution contributes to lowering potable water consumption and reducing the overall water
footprint of green roof installations, while enhancing the hydrological performance and
resilience of vegetated urban infrastructure and other nature-based solutions. The findings
are limited to laboratory-scale hydraulic validation and do not evaluate chemical runoff
treatment or long-term field performance. Future research should focus on large-scale
implementation, long-term performance evaluation, clogging resistance, quantification of
irrigation flow rate, and field-scale testing.
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