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s  Abstract. A rain garden is a stormwater management system designed for on-site water control. Suboptimal rain 
garden designs may compromise hydrological performance during operation, necessitating developing and validating a 
mathematical model for engineering calculations and design assessment. This study aimed to model infiltration processes 
in a rain garden using a mathematical framework that accounts for the height of the water column (HWC) on the surface 
and the filtration coefficient of soil materials, simulating system behaviour during an extreme rainfall event (36 mm/h). The 
developed model generated performance curves illustrating the rain garden’s efficiency as a function of design parameters: 
construction depth, catchment-to-garden area ratio, filtration coefficient, and water retention capacity (WRC). Key soil 
material parameters were determined experimentally under laboratory conditions. The infiltration performance of the 
system was evaluated by analysing the variation in infiltration time, saturation of all layers, and the water filling level of 
the rain garden resulting from adjustments to its parameters and changes in HWC on the surface. The modelling results 
indicated that the primary parameters influencing the predicted time for complete system saturation and HWC formation 
are the catchment-to-garden area ratio and the filtration coefficient. The WRC of soil materials and the depth of the system 
layers significantly impact the time required for full saturation and water filling but have minimal effect on the surface 
HWC. It was demonstrated that a rain garden with a depth of 1.2 m, a catchment-to-garden area ratio of 15, and a filtration 
coefficient of 100-200 cm/h functions effectively under critical rainfall intensities. The developed model and the resulting 
data, providing precise calculations and design recommendations, can be utilised by engineers and planners to optimise 
rain garden designs, thereby enhancing stormwater management efficiency

s Keywords: stormwater management; filtration coefficient; water retention capacity; catchment to garden area ratio; 
height of the water column
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s Introduction
Rapid urbanisation and increasing development signifi-
cantly reduce the permeability of natural land surfaces. This 
leads to intensified stormwater runoff, a heightened risk of 
urban flooding, reduced infiltration rates, and higher con-
centrations of heavy metals and other pollutants in storm-
water. Additionally, climate change disrupts precipitation 
patterns across various regions, resulting in unpredictable 
rainfall volume and intensity increases. In many countries, 
including Ukraine, the situation is further exacerbated by 
insufficient drainage systems for stormwater collection and 
the limited efficiency of existing sewerage infrastructure, 
contributing to prolonged waterlogging. These urban chal-
lenges cause substantial economic losses, such as damage 
to agricultural production, urban and rural property, and 
hydraulic infrastructure, while also exerting significant 
negative impacts on the environment.

According to C.  Jiang et al.  (2019), stormwater man-
agement technologies can be classified into two primary 
categories: systems based on water infiltration and sys-
tems designed for stormwater retention. Infiltration-based 
systems facilitate the restoration of stormwater flows by 
replenishing groundwater and subsurface water reserves. 
Examples include catchment basins, infiltration trench-
es, bioretention systems (rain gardens), sand filters, and 
porous pavement. Retention systems, such as wetlands, 
ponds, green roofs, and rainwater harvesting systems 
(storage tanks and basins), are intended to slow the flow of 
water. The operational efficiency of rain garden structures 
largely depends on three key factors influencing their ca-
pacity to manage stormwater. The primary factor affecting 
infiltration capacity and the volume of retained stormwater 
is the hydraulic conductivity or filtration coefficient of soil 
materials, making soil type a critical determinant in retain-
ing stormwater runoff and removing pollutants, as noted 
by G. Li et al.  (2021). Furthermore, С.  Jiang et al.  (2019) 
highlighted that the water retention capacity (WRC) of soil 
materials is another important characteristic influencing 
the hydraulic processes within rain gardens. Concerning 
the structural features of rain gardens, the retention and 
treatment of stormwater can be enhanced by optimising 
key design dimensions, such as the depth of the surface de-
pression zone and the thickness of soil layers, as indicated 
by E. Burszta-Adamiak et al. (2023).Variations in environ-
mental conditions across different geographic regions re-
sult in differing hydrological process outcomes for identi-
cal rain garden designs. Consequently, various models have 
been developed to provide more precise tools for evaluat-
ing the efficiency of rain garden structures, aiding urban 
planners in stormwater management strategy development.

One widely used model is the Storm Water Manage-
ment Model (SWMM), which features a flexible infiltra-
tion module suitable for landscape-scale applications. 
This module incorporates surface infiltration using the 
Green-Ampt method, porous media flow governed by 
Darcy’s law, and groundwater infiltration, as discussed 
by W.A. Lisenbee et al. (2022). The DRAINMOD model, 

highlighted by J. Kim et al. (2023), is commonly employed 
for rain garden simulations, with infiltration described by 
the Green-Ampt equation. It requires users to input the 
soil-water characteristic curve and the parameter for satu-
rated hydraulic conductivity. According to W. Lisenbee et 
al.  (2020), DRAINMOD has recently been adapted for 
urban stormwater management applications. In Austral-
ia, the Model for Urban Stormwater Improvement Con-
ceptualisation (MUSIC) serves as the industry standard 
for modelling rain gardens and other stormwater control 
measures, as noted by A. Hoban & C. Gambirazio (2021). 
In MUSIC, infiltration in rain gardens is described us-
ing Darcy’s equation for flow through porous media, ac-
counting for soil texture and moisture content. Richards’ 
equation is employed to model flow within rain gardens, 
enabling predictions of peak runoff rates and reductions 
in stormwater volume. One such numerical model, as ref-
erenced by G. Li et al.  (2021), is known as RECHARGE. 
This model facilitates the analysis of rain garden infiltra-
tion behaviour to support their design and performance 
evaluation. Since its development, the RECHARGE model 
has only been validated under isolated phenomena in con-
trolled experimental conditions. However, it has not yet 
been tested in real-world scenarios or over extended pe-
riods encompassing multiple rainfall events. The study by 
W. Nichols et al. (2021) discussed the HYDRUS software 
packages, which are finiteelement variably saturated mod-
els that numerically solve Richards’ equation to describe 
unsaturated water flow. While this approach provides a 
physically robust and high-resolution simulation of infil-
tration processes, the model is not specifically tailored for 
rain gardens. In the study of М. Kravchenko et al. (2024a), 
a universal mathematical model was developed using Dar-
cy’s equation. This model offers a detailed description of 
infiltration processes at specific moments in time, incor-
porating the height of the water column (HWC) on the 
surface of the structure.

Despite the extensive body of research on rain gardens, 
the principles for designing effective systems and accu-
rately predicting their stormwater retention performance 
during operation remain pressing issues requiring further 
investigation and refinement. This study aimed to examine 
the influence of engineering parameters – such as the depth 
of the structure, the catchment-to-garden area ratio, the fil-
tration coefficient, and the WRC – on the efficiency of hy-
drological processes, using a universal hydrological model. 
Based on the results obtained, an optimal system configu-
ration was proposed to enhance rain garden performance.

s Materials and Methods
To achieve the research objective, a previously devel-
oped hydrological mathematical model (Kravchenko  et 
al.,  2024a) was utilised, and implemented in Scilab soft-
ware. The parameters incorporated into the hydrological 
infiltration model, accounting for HWC and the filtration 
coefficient, are described in Table 1.
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Assuming that rainfall occurs at a relatively constant in-
tensity over a given period, the total volume of water that a rain 
garden can retain can be considered as the sum of the water 
volumes that can be stored on the surface within the depression 
zone and infiltrated during the rainfall event. This relationship 
can be used to determine the required surface area of the rain 
garden according to the equation proposed by the authors: 

𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏×𝑐𝑐𝑐𝑐×𝑃𝑃𝑃𝑃
ℎ0×𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓×𝜏𝜏𝜏𝜏𝑟𝑟𝑟𝑟

  ,                      (1)

where c is the average runoff coefficient of the catchment 
area; P is the maximum rainfall depth calculated for the 

rain garden, m; kfsponge is the filtration coefficient (saturated 
hydraulic conductivity) of the rain garden, cm/h; and τr de-
notes the duration of stormwater inflow into the structure, 
hours. For small catchment areas, the time difference be-
tween rainfall and runoff is usually minimal, allowing τr to 
be approximated as the rainfall duration. The parameter h0 
is particularly significant for predicting the rain garden’s ca-
pacity to manage runoff from highintensity rainfall events 
and in scenarios where infiltration capacity diminishes due 
to factors such as system clogging or a decrease in ambient 
air temperature. The value of HWC was calculated using 
the following equation: 

Table 1. Parameters included in the mathematical infiltration model considering HWC and the filtration coefficient

Parameter Description Unit of measurement

Abassin Catchment basin area m2

Asponge Area of the rain garden structure m2

Hsponge The total depth of the rain garden structure m
Ah0

Rain garden area as a function of height h0 from the upper level m2

vr Inflow rate of stormwater into the system m/c
h0 HWC m
w Initial moisture content of soil mixtures m3/m3

wsat WRC of soil mixtures in a saturated state m3/m3

kf Filtration coefficient of soil mixtures cm/h
δj The thickness of the j-th layer of the rain garden m
τ Saturation and filling time of the rain garden c

yi
Depth of penetration and saturation of the rain garden structure with 

stormwater at the current time step τ m

i, j, n, m Soil layers of the rain garden, starting with the first layer (j = 1) and ending 
with layer (m – 1) where saturation occurs at a specific moment in time No.

Source: developed by the authors
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where d is the differential or variable of h0 × Ah0
; dτ is the 

differential or variable of the time parameter τ. The process 
of water percolation and saturation through the layers of 

the structure, from the depression zone in the uppermost 
layer of the rain garden to the depth yi​, is described by the 
following equation:
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The position yi at time τ, accounting for the height h0​ 
on the surface of the structure, was determined using the 
equation:
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.
    (4)

By integrating Darcy’s equation from the boundary ya​ 
in layer na​ to the boundary yb​ in layer nb​, with consideration 

of HWC and the filtration coefficient, the rate of stormwa-
ter infiltration into the system was determined using the 
following equation:

𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟 × 𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
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𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
  .          (5)

Under the condition of full water saturation of the 
structural layers, the rate of water inflow into the rain 
garden or drainage system was determined according to  
the equation:
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  .               (6)

The methodology is detailed further in M. Kravchen-
ko et al. (2024b). Infiltration represents a portion of the to-
tal stormwater inflow into the rain garden structure, mov-
ing vertically into the soil rather than being diverted to an 
overflow pipe. The infiltration rate decreases exponentially 
with increasing rainfall intensity (P), with the most signifi-
cant reductions observed during low and moderate-inten-
sity events (P < 10 mm). Therefore, the developed model 
was applied to optimise the parameters of the rain garden 
for maximum water retention within the structure and 
enhanced infiltration. The hydrological model simulates a 
single event with a rainfall intensity of 36 mm/h to evaluate 
the rain garden’s performance under extreme conditions. 
This event was selected based on meteorological observa-
tions from the Borys Sreznevsky Central Geophysical Ob-
servatory, which recorded a historic rainfall event over the 
past 16 years (2007-2023) in Kyiv, Ukraine, on 22 July 2023. 

The rainfall amounted to 36 mm/h, equivalent to 36 dm3/
m2 in one hour.

Modelling the infiltration processes occurring within a 
rain garden requires the input of actual values for the WRC 
and filtration coefficient of the soil layers in the system. Ex-
perimental cylindrical columns replicating the basic struc-
ture of a rain garden were established in the Environmental 
Parameter Control Laboratory at Kyiv National University 
of Construction and Architecture (Ukraine). The model 
structure consisted of three main layers: an upper layer of 
natural soil, an intermediate sand layer, and a lower grav-
el-based drainage layer (Fig.  1a). The upper natural soil 
layer, characterised as loamy sand, is designed for planting 
vegetation and collecting rainfall through a surface depres-
sion zone. This soil material, used for experimental investi-
gations, was sampled from an area in Kyiv at a depth of up to 
200 mm. The intermediate layer, responsible for infiltration, 
comprised river sand. The lower layer functions as drainage 
to divert water from the system, with gravel of particle siz-
es ranging from 3 to 7  mm selected as the soil material.

Figure 1. Experimental rain garden constructions
Note: a – general view; b – determination of WRC of the soil layer; c – determination of the filtration coefficient of the sand infiltration 
layer; d – determination of the filtration coefficient of the natural soil layer
Source: developed by the authors

a b c d

The primary aim of the experimental setup was to 
investigate the filtration capabilities of rain gardens, spe-
cifically their ability to remove petroleum pollutants from 
simulated rainwater. Diesel fuel and used motor oil, the 
most common pollutants in this category, were selected 
for modelling petroleum hydrocarbons, as described in 
M.  Kravchenko  et al.  (2024b). Concurrently with the ex-
perimental investigation, the WRC (Fig. 1b) and filtration 
coefficient (Fig. 1c; Fig. 1d) of the soil materials were de-
termined under laboratory conditions. The filtration co-
efficient was assessed under vertical water flow from top 
to bottom, following saturation of the studied soil sample, 
following DSTU B V.2.1-23:2009 (2009). The experiments 
were conducted with constant pressure on the soil and var-
iable water head. The WRC of the soil materials was deter-
mined using a method validated by J.T. Nelson et al. (2024), 
employing a funnel and filter paper. This parameter was  

determined after complete saturation of the sample and 
free drainage, which lasted for two hours.

s Results and Discussion
Rain gardens: General characteristics
A bioretention system or rain garden structure is a land-
scaped depression designed to manage stormwater runoff 
effectively in urban areas. As outlined in М.  Kravchen-
ko et al. (2024c), the primary components of a rain garden 
system (Fig.  2) include a depression zone for collecting 
rainwater, vegetation on the surface, a substrate (growing 
medium), an infiltration layer, a drainage layer, and an un-
derlying drainage system (if required). Stormwater runoff 
is captured and temporarily stored within the rain garden 
structure and on its surface in the depression zone. Subse-
quently, the water infiltrates vertically into the soil medium 
or discharges into the existing stormwater drainage system.



Modelling infiltration processes in rain gardens...

Ecological Safety and Balanced Use of Resources, 2024, Vol. 15, No. 22626

Special attention should be given to the depression 
zone in the upper layer of the rain garden, which is designed 
to collect stormwater runoff from the catchment area and 
rainwater during precipitation. In this zone, a water col-
umn forms, the height of which depends on rainfall inten-
sity and the hydraulic permeability of the system (Fig. 3).

The value of HWC is a critical parameter for predict-
ing the infiltration performance of the structure and the 
potential for overflow. If the rain garden medium becomes 
fully saturated and the depth of the depression zone reach-
es its maximum height, overflow occurs. The depth of the 
depression zone is typically designed within a range of 15 
to 30 cm. The presence of a water column in the depression 
zone is essential for supporting plant and microbial com-
munities during prolonged dry periods and for creating an 
anaerobic environment that facilitates pollutant removal 
processes (Goh et al., 2019). However, during frequent rain 
events, the depression zone may remain continuously filled 
with water, increasing the risk of mosquito proliferation, 
overwatering of plants, and soil compaction.

At the onset of a rainfall event, surface runoff is gener-
ated, with its volume directly proportional to the intensity 
of precipitation. Stormwater from the catchment area flows 
into the depression zone in the upper layer of the rain gar-
den, where it infiltrates vertically through the multi-layered 
structure. If the inflow rate exceeds the infiltration capacity 
of the rain garden layers, water accumulates in the depression 
zone, forming a column with a height of h0​. During highin-
tensity rainfall, the depression zone may become fully satu-
rated, resulting in overflow. The infiltration process within 
the rain garden continues as long as water inflow persists 
or until the depression zone is completely emptied (h0 = 0).

Rain garden models can be categorised into two main 
types. The first category comprises nonphysically-based 
models, which are predominantly statistical and tailored 
to specific experimental sites. These models require only a 
limited number of parameters for implementation but are 
often case-specific and challenging to adapt to varying cli-
matic conditions. Additionally, they offer limited predictive 
capabilities. The second category includes physically-based 
models, which are numerically more complex. As noted by 

Figure 2. Key elements of a rain garden construction, cross-section
Note: 1 – depression zone for collecting and forming a column of rainwater; 2 – a layer of soil cover materials (mulch); 3 – plant layer; 
4 – grass cover; 5 – overflow system; 6 – upper soil layer (for planting plants); 7 – intermediate infiltration layer; 8 – gravel layer; 9 – 
drainage system
Source: developed by the authors

Figure 3. Examples of water column formation  
on the surface

Note: a – Ivan Mazepa Street, Kyiv, Ukraine; b – San Mateo, 
California, USA; c – Melhus, Norway
Source: a – created by the authors; b, c – Rain gardens (2023)

a

b

c
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N. Alamdari & D.J. Sample (2019), such models typically 
require significant calibration efforts or access to detailed 
soil parameters that are difficult to estimate, such as the soil 
water retention curve. The simulation of infiltration pro-
cesses in rain gardens is conducted by modelling rainfall 
events to predict the system’s response to changes in precip-
itation characteristics. Rainfall characteristics are a critical 
factor to consider during the design phase of rain gardens. 
Regardless of the arrangement of structural layers within 
the system, the intensity of prolonged rainfall events may 
exceed the infiltration rate of the soil layers, leading to sur-
face water accumulation and system overflow.

The experimentally determined water retention ca-
pacities (wsat) were as follows: the top layer of natural soil 
wsat1 = 0.33 m3/m3; the middle sandy layer wsat2 = 0.31 m3/
m3; and the bottom gravel layer wsat3 = 0.1 m3/m3. Similar 
water retention values were also reported by J.  Wang  et 
al. (2019). Using the RECHARGE model, the authors eval-
uated rain garden performance as a function of three pa-
rameters: retention depth, the ratio of catchment area to 
rain garden area, and the saturated hydraulic conductivi-
ty of the soil medium. The simulated rain garden design 
was analogous to the experimental setup presented in this 
study, consisting of the following layers: the root zone (up-
per soil layer), transition zone (intermediate infiltration 
layer), and subsoil layer (gravel). The water retention ca-
pacities of these layers were determined by the authors as 
0.3/0.35/0.2 m3/m3.

The activity coefficients of the soil mixtures were deter-
mined as follows: upper soil layer kf1 = 7.0 cm/h; interme-
diate/infiltration sandy layer kf2 = 45.0 cm/h; bottom gravel 
layer kf3 = 200.0 cm/h. H. Takaijudin et al. (2019) experi-
mentally identified the filtration coefficient of loamy sand 
soil (50% river sand and 50% natural soil) as 107.2 mm/h, 
equivalent to  10.72  cm/h. Furthermore, the filtration co-
efficient of a predominantly sandy soil mixture (90% riv-
er sand and 10% natural soil) was  569.67  mm/h (56.967 
cm/h), which aligns closely with the values obtained in this 
study. R. Liu & E. Fassman-Beck (2018) measured the un-
saturated hydraulic properties of artificial media with var-
ying compositions, determining an unsaturated hydraulic 
conductivity (kf) for marine sand at 0.013 cm/s, equivalent 
to 48.6 cm/h, which also corresponds to the results presented.

Design parameters of rain gardens
According to G. Li et al. (2021), the optimal depth of a rain 
garden system is influenced by soil conditions, the rooting 
depth of the planted vegetation, and the intended function. 
B. Zhang et al. (2020) investigated the impact of soil layer 
thickness on the performance of rain gardens. Their study 

found that a taller structure (1.2  m) retained stormwater 
effectively at a rate of 80%, whereas shorter configurations 
(0.5-0.6  m) achieved only 44% efficiency. The upper soil 
layer consists of a mixture of organic soil, sand, loamy sand, 
or loamy, providing suitable conditions for plant growth. 
The thickness of this layer in a rain garden should depend 
on the flood tolerance and water permeability of the plants 
and typically ranges from 10 to 40 cm (Sittisom et al., 2022). 
This layer should also have sufficient organic matter con-
tent to support vegetation growth and a high infiltration 
capacity. The intermediate layer enhances the permeability 
of the upper soil and is crucial for the infiltration process. 
It usually comprises fine gravel or coarse sand. This layer 
should be well-drained and robust enough to support the 
weight of the upper layers. The porosity of the intermedi-
ate layer should range between 20% and 40%, and its depth 
should be between 20 and 60 cm (Sittisom et al., 2022). The 
bottom drainage layer consists of medium to coarse gravel 
and is designed to retain and temporarily store water before 
discharging it into the drainage system. The thickness of 
the gravel layer is calculated based on the density of the 
infiltration layer but should be no less than 30 cm.

Rain garden designs are generally suitable for small 
catchment areas. According to design guidelines, the catch-
ment area should not exceed 0.8 hectares (Rain garden and 
bioretention…,  2017). Larger catchment areas may result 
in intense and voluminous runoff, increasing the risk of 
erosion and forming a substantial water column on the sur-
face. To manage large catchment basins, these can be divid-
ed into smaller sub-catchments with multiple rain gardens 
constructed to accommodate runoff effectively. Guidelines 
recommend that the rain garden’s area should constitute 
4-10% of the total catchment area (Bioretention…,  n.d.). 
This ratio is considered somewhat conservative; in some 
cases, specific design requirements, such as rainfall volume 
and event duration, should also be taken into account. Using 
laboratory-determined values for WRC (0.33/0.31/0.1 m3/
m3) and filtration coefficients (7/45/200 cm/h) of the soil 
layers, the hydrological behaviour of the rain garden was 
modelled. The model considered HWC as a function of 
varying area ratios (Table  2). The layer thicknesses were 
set at fixed values of 0.25/0.4/0.3 m (total depth of 0.95 m) 
based on the authors’ assumptions. As recommended by 
D. Rinchumphu et al. (2023), the effective area of the rain 
garden is considered to be 4-10% of the catchment area. 
The simulation examined the hydrological behaviour of the 
rain garden by varying the Abassin/Asponge ratio from 5 to 25. 
The analysis accounted for a rainfall intensity of 36 mm/h, 
the time for complete saturation and filling of the structure, 
and the resulting HWC on the surface.

Table 2. Impact of the area ratio Abassin/Asponge on the stormwater retention efficiency  
of the rain garden system considering HWC 

Parameters
Rain garden design

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6

Abassin, m
2 100 100 100 100 100 100
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The modelling results, presented as curves in Figure 4, 
indicate that the area ratio significantly influences the infil-
tration process within the rain garden structure. The curves 
in the upper section of the graph correspond to changes 
in HWC in the upper layer of the rain garden, while those 
in the lower section represent the saturation depth within 
the system. Each curve representing the depth of satura-
tion in the rain garden is divided into four segments: three 
correspond to full saturation of the respective layer of the 
structure, and the fourth segment, a horizontal line parallel 
to the abscissa axis, corresponds to the state of complete 
filling of the system with stormwater.

performance, as evidenced by a longer filling time and a 
lower water column height. However, based on an analysis 
of logarithmic relationships, J.  Lee  et al.  (2022) observed 
that pollutant removal efficiency tended to improve with an 
increase in the area ratio.

The modelling results indicate that the optimal Abassin/
Asponge ratio is 15, corresponding to a rain garden area of 
6.6 m2, which falls within the recommended range of 4-10% 
of the catchment area. At this ratio, the system filling time 
is 1 hour and 28 minutes (5,289  seconds), with a surface 
water column height of 0.3329 m. This finding aligns with 
the study by W.  Nichols  et al.  (2021), which utilised the 
HYDRUS-1D model to assess the efficiency of rain gardens 
for improved stormwater management. The study found 
that maximum rain garden efficiency could be achieved at 
an Abassin/Asponge ratio of 15. Similarly, research by L. Zhang et 
al. (2020) demonstrated effective rain garden performance 
at an area ratio of 13.78, using a mean rainfall intensity of 
28.18 mm/h, comparable to the intensity used in the present 
study’s simulations. The findings of L. Bortolini & G. Za-
nin (2019) further support these results, showing that in the 
flat environment of Veneto, rain gardens sized at 10-15% 
of the roof drainage area can provide sustainable storm-
water management alongside high aesthetic functionality.

The effectiveness of rain gardens with areas exceeding 
the recommended values of 4-10% of the catchment area 
was evaluated for areas of 13 and 20 m2 (area ratios of 7.5 
and 5, respectively) were evaluated. As shown in Figure 
4, at Abassin/Asponge  =  7.5, no complete filling of the struc-
ture occurs at a depth of 0.8 m within a simulation time of 
τ = 2 hours (7,200 seconds), and a surface water column 
forms with a height of 0.1367 m. The smallest HWC value 
(h0 = 0.0725 m) is observed at an area ratio of 20; however, 
at this ratio, the system becomes fully saturated after 1 hour 
and 44 minutes (6,264.5 seconds), reaching a depth of 0.487 
m. A comparative analysis of marginal retention increases 
across four area ratio values by J. Wang et al. (2019) demon-
strated that as the catchment area increases, the percentage 
of stormwater retained by the rain garden decreases. This is 
attributed to the infiltration volume approaching the total 
inflow, imposing a limit on further retention. Higher infil-
tration rates can be achieved not only by increasing the rain 
garden area but also by modifying the depth of its layers. 
Moreover, J.  Wang  et al.  (2019) identified that the filling 

Table 2, Continued

Parameters
Rain garden design

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6

Asponge, m
2 4 5 6.6 10 13 20

Abassin/Asponge 25 20 15 10 7.5 5

h0, m 0.5995 0.4656 0.3329 0.2016 0.1367 0.0725

τ, s 4,231 4,665.5 5,289 6,385 - 6,264.5

Note: - – the time is not specified because, during the 7,200 seconds of the simulation, full saturation and filling of the structure were 
not observed
Source: developed by the authors

Figure 4. Dependence of the depth of saturation  
of the rain garden design and changes in HWC over time 

on the value of the area ratio Abassin/Asponge
Note: green line – rain garden design No. 1; blue – No. 2; pink – 
No. 3; black – No. 4; light blue – No. 5; red – No. 6
Source: developed by the authors

The results demonstrate that at an area ratio of 25, the 
rain garden structure reaches full saturation at a depth of 
0.95 m within 1 hour and 10 minutes (4,231 seconds). At 
this point, the HWC value is 0.5995 m, exceeding the rec-
ommended range of 0.15-0.3 m (Ellis & Bettin, 2022). For 
instance, if a rain garden with an area of 4 m2 is construct-
ed to manage runoff from a 100 m2 catchment area under 
a rainfall intensity of 36 mm/h, the system would not op-
erate efficiently. Increasing the rain garden area (and con-
sequently reducing the area ratio) enhances hydrological 
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volume of the surface depression in a rain garden depends 
more on the structural characteristics of the garden than 
on the infiltration flow rate. By increasing the construction 
depth by 0.3 m, changes in stormwater retention efficiency 

considering HWC were obtained (Table 3). Figure 5 illus-
trates the relationship between the saturation depth of rain 
garden layers and HWC variation over time as a function of 
total construction depth Hsponge, m.

Table 3. Effect of the total depth of Hsponge on the stormwater retention efficiency  
of the rain garden system considering HWC 

Parameters 
Rain garden design

No. 1 No. 2 No. 3 No. 4
Hsponge, m 0.6 0.9 1.2 1.4

δ1, m 0.1 0.2 0.3 0.4
δ2, m 0.2 0.4 0.5 0.6
δ3, m 0.3 0.3 0.4 0.4

Abassin/Asponge 15 15 15 15
h0, m 0 0.3213 0.3388 0.3415
τ, s 2,500 4,588 6,747.5 -

Note: - – the time is not specified because, during the 7,200 seconds of the simulation, full saturation and filling of the structure were 
not observed
Source: developed by the authors

At a minimum depth of Hsponge = 0.6 m, the rain gar-
den fills with stormwater within 42 minutes (2,500  sec-
onds), with no surface water column (h0 = 0). Increasing 
the depth of the structure by increments of 0.3 m extends 
the time for complete filling by an average of 38 minutes 
(2,258 seconds). However, the height of the surface water 
column changes by an average of just 0.01  m, indicating 
a minimal effect of Hsponge on this parameter. At the max-
imum depth of Hsponge = 1.4 m, the system does not reach 
full saturation within 2 hours (7,200 seconds), with a sur-
face water column height (h0) of 0.334  m, aligning with 
recommended values. A study by E.  Burszta-Adamiak  et 
al. (2023) assessed the efficiency of a rain garden in urban 
settings for capturing runoff from a 73.0 m2 rooftop. The  

Figure 5. Dependence of the saturation depth and HWC 
variation over time on the total depth of the rain garden 

design, Hsponge
Note: red line – rain garden structure No. 1; pink – No. 2; blue – 
No. 3; green – No. 4
Source: developed by the authors

total area of the rain garden was 7.6 m2. Although the sys-
tem had a maximum depth of 0.3 m, the results showed that 
the rain garden exhibited favourable hydrological perfor-
mance under rainfall depths of up to 5.3 mm and durations 
of up to 10 hours and 33 minutes. G.M. Bethke et al. (2022) 
utilised the Environmental Protection Agency’s SWMM 
(EPA-SWMM) to evaluate the hydrological performance 
of rain gardens across varying environmental conditions. 
Their findings identified the thickness of soil materials and 
soil porosity as critical factors influencing the filling and 
overflow processes in rain garden structures.

Water retention capacity of a rain garden
The relationship between water content θ and matric po-
tential ψ in soil under equilibrium conditions is referred to 
as the water retention characteristic or WRC. It represents 
the maximum volume of water that soil can retain when 
saturated. When the soil transitions from a saturated to an 
unsaturated (drier) state, the matric potential decreases 
from zero to a negative value. This parameter is significant 
because: it allows for the assessment of water availability in 
the soil environment for plants and enables irrigation man-
agement; it serves as a key hydraulic property for modelling 
unsaturated water flow in the soil layers of a rain garden; 
WRC reflects the effective pore size distribution within the 
medium. An increase in WRC is associated with higher in-
filtration rates and reduced runoff, especially during intense 
rainfall events (Williams et al., 2018). The WRC of soils is 
primarily influenced by pore quantity, pore size distribu-
tion, and the specific surface area of the soil. As bulk density 
decreases, pore distribution changes, with a higher propor-
tion of small pores emerging, particularly in coarse-tex-
tured soils (Abdallah et al., 2021). For example, sandy soils 
have a significantly smaller surface area than clay soils and 
therefore retain much less water under higher stresses.
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Additionally, the WRC of soil can also be improved 
by increasing the organic matter content (Libohova  et 
al., 2018). The addition of organic materials enhances the 
specific surface area of soil, thereby increasing its WRC. 
J. Hallam & M.E. Hodson (2020) investigated the impact of 
the anecic earthworm Lumbricus terrestris and the endogeic 
earthworm Allolobophora chlorotica on aggregate forma-
tion and WRC across different soil types (loam, silty loam, 
and loamy sand), noting a significant increase in WRC. 
F.G.A. Verheijen et al. (2019) studied the effect of biochar 
on bulk soil density and WRC under laboratory conditions 
using two agricultural soils from Portugal: sandy and loamy 
sand. The findings indicated that the addition of biochar  

effectively improved the soil’s WRC. Similarly, in a study by 
M. Nuruddin & A.A.B. Moghal (2024), soil amended with 
biochar exhibited substantial improvements in WRC, rang-
ing from 16% to 274.1%, depending on the biochar content 
(0-100%). The effects of soil layer WRC on the ability of a 
rain garden to retain stormwater, including considerations 
of HWC, are presented in Table 4. The modelling results, 
illustrated as curves in Figure  6, reveal that variations in 
WRC of the upper natural soil layer (wsat1), the middle infil-
tration layer (wsat2), and the lower gravel layer (wsat3) influ-
ence the degree of water saturation and the time required 
for full saturation of the rain garden system. However, 
the HWC value at the surface remains nearly unchanged.

Table 4. Impact of soil layer WRC (wsat) on stormwater retention efficiency in a rain garden system considering HWC

Parameters
Rain garden design

No. 1 No. 2 No. 3 No. 4
wsat1, m

3/m3 0.42 0.36 0.34 0.30
wsat2, m

3/m3 0.36 0.34 0.32 0.28
wsat3, m

3/m3 0.15 0.15 0.1 0.1
Abassin/Asponge 15 15 15 15

h0, m 0.3290 0.3320 0.3326 0.3334
τ, s 6,386 5,924 5,418 4,907

Source: developed by the authors

At the highest wsat values of soil materials (0.42/0.36/ 
�/0.15 m3/m3), the longest time to achieve full saturation of 
the rain garden system was recorded at 1 hour 46 minutes 
(6,386 s), with a surface water column height of 0.3290 m. 
Reducing WRC values resulted in a decrease in the time re-
quired for full saturation and complete filling of the system 
by an average of 8 minutes (493 s). Meanwhile, the value of 
h0 on the surface of the structure remains practically un-
changed at 0.33 m. As demonstrated by M. Kravchenko et 
al. (2024b), WRC influences the hydrological behaviour of 
rain gardens during modelling that does not account for 
the water column height. When the parameter h0 is consid-
ered, WRC is not a primary characteristic for controlling 

or modifying the functional efficiency of the system. These 
findings align with the conclusions of J. Wang et al. (2019), 
where WRC was evaluated through sensitivity testing. 
It was established that this parameter has a significantly 
smaller impact on hydrological processes in the rain gar-
den compared to hydraulic conductivity.

Filtration coefficient of rain garden systems
The filtration coefficient of a rain garden is a measure of 
the hydraulic capacity of the system, which affects its abil-
ity to infiltrate surface water before the next rainfall event 
and manage prolonged low-intensity precipitation. For rain 
gardens in temperate climates, the recommended range of 

Figure 6. Relationship between rain garden saturation depth and HWC changes over time as a function of WRC (wsat)
Note: green line – rain garden design No. 1; blue – No. 2; pink – No. 3; red – No. 4
Source: developed by the authors
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Table 5. Impact of filtration coefficient (kfsponge) of soil layers 
on stormwater retention efficiency in rain gardens with consideration of HWC

Parameters
Rain garden design

No. 1 No. 2 No. 3 No. 4 No. 5
kfsponge, cm/h 122.0 190.0 258.0 326.0 394.0

kf1, cm/h 7.0 15.0 23.0 31.0 39.0
kf2, cm/h 15.0 25.0 35.0 45.0 55.0
kf3, cm/h 100.0 150.0 200.0 250.0 300.0

h0, m 0.3368 0.2476 0 0 0
τ, s 5,968.5 3,653 2,826.5 2,352 2,039

Source: developed by the authors

Figure 7. Dependence of the saturation depth of the rain garden structure layers 
and changes in HWC over time on the filtration coefficient kfsponge

Note: red line – rain garden structure No. 1; black – No. 2; pink – No. 3; blue – No. 4; green – No. 5
Source: developed by the authors

kf values is 100-300 mm/h (Adoption guidelines…, 2015). 
When selecting the filtration coefficient, previously re-
corded values from field studies of rain gardens can be 
used, or the parameter can be determined under lab-
oratory conditions, as in the present study. If the soil is 
welldrained and possesses a high infiltration capacity (e.g., 
greater than 10 cm/h), it can be used as a material for rain 
gardens. In cases where the soil has a low infiltration ca-
pacity, replacement with a specially designed soil mix may 
be required. For example, loamy sand and sand enhance 
infiltration, whereas a high clay content reduces soil per-
meability and pore size, diminishing the system’s retention 
capacity (Putri et al., 2023). 
Based on scientific findings, it is challenging to recommend 
a precise proportion of sand, clay, or silt in rain garden 
soil mixtures to achieve a sufficiently high filtration coef-
ficient. However, H.  Takaijudin  et al.  (2019) suggested a 
widely accepted soil mix composition of 30-60% sand, 20-
40% compost, and 20-30% natural soil. Additionally, in-
filtration tests conducted in rain gardens by D.  Técher & 
E. Berthier  (2023) demonstrated that plant roots and the 
biological processes occurring around them increase soil 
porosity, thereby enhancing the infiltration rate of storm-
water. Thus, it can be argued that the infiltration capacity 
of rain gardens will be sufficient if: sand predominates in 
the soil composition; plants with a developed root system 

are planted in the upper soil layer; and there is no me-
chanical compaction of the soil medium. A low infiltration 
rate reduces the vertical movement of water through the 
soil and increases the HWC on the surface. As noted by 
J. Wang et al. (2019), lower infiltration capacity in rain gar-
dens prolongs the presence of the surface water column, 
which may take up to 48 hours to recede. This condition 
can result in waterlogging of the vegetation and facilitate 
the proliferation of mosquitoes. Therefore, modelling the 
relationship between the stormwater retention efficiency of 
a rain garden and the variation in the filtration coefficient 
of its structure is critical during both the design and opera-
tional phases of these systems. In laboratory conditions, the 
filtration coefficients of soil layers in experimental rain gar-
dens were determined as 7.0/45.0/200 cm/h. By altering the 
values for each layer, the overall filtration coefficient of the 
system (kfsponge) can be adjusted. For the given water reten-
tion capacities (0.33/0.31/0.1 m3/m3), layer thicknesses of 
0.25/0.4/0.3 m (total rain garden depth of 0.95 m), and an 
area ratio of Abassin/Asponge = 15, the dependency of stormwa-
ter retention efficiency on variations in kfsponge was derived 
during the modelling process (Table 5). As can be seen from 
the graphs of changes in the saturation depth of the rain 
garden layers and HWC over time depending on the filtra-
tion coefficient kfsponge (Fig. 7), this parameter has a signif-
icant impact on the hydrological behaviour of the system.
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At the minimum kfsponge of 122 cm/h, the rain garden 
structure reaches full saturation and fills with stormwater 
within 1 hour and 40 minutes (5,968.5 seconds). During 
this period, a water column 0.3368 m high forms on the sur-
face of the rain garden. As the filtration coefficient increas-
es, the system fills with water more quickly, and the surface 
HWC value decreases. For example, at kfsponge values of 326 
and 394 cm/hour, the value of h0 is 0 m, but the structure 
fills up quite quickly, in 39 minutes (2,352 s) and 34 min-
utes (2,039 s), respectively. In such cases, to ensure effective 
system operation and prevent overflow, it is necessary to in-
clude a drainage system that diverts excess stormwater into 
underground storage tanks or the sewer network. These 
findings align with results reported by J. Wang et al. (2019), 
which demonstrated that the highest productivity increase 
in rain gardens occurs when the filtration coefficient in-
creases from 0.1 to 1 cm/h, with an area ratio of 17.5. Be-
yond kf of 10 cm/h, the incremental productivity gain per 
unit increase in kf diminishes, indicating a sharp decline in 
water retention time for kf values below 10 cm/h. This high-
lights the particular sensitivity of rain garden performance 
to low kf values (e.g., below 10 cm/h). Thus, at critical rain-
fall intensities (36 mm/h), a rain garden structure with a 
depth of 1.2 m (layer thicknesses of 0.3/0.5/0.4 m), an area 
ratio of 10 to 15, and a system filtration coefficient ranging 
from 100 to 200 cm/h can function effectively for up to 2 
hours. This configuration significantly reduces the volume 
of stormwater and decreases surface runoff velocity. The 
main reasons for the differences with other studies are the 
different parameters of the rain garden structure setup, in 
particular, the properties of the soil materials.

s Conclusions
This study demonstrated that a mathematical infiltration 
model incorporating Darcy’s equation effectively simulates 
rain garden performance based on variations in its key pa-
rameters. The analysis of results enables the selection of op-
timal structural characteristics and appropriate soil mate-
rials during the design phase, ensuring effective operation 
during the system’s service life. For instance, the modelling 
results indicated that to ensure the efficient functioning of 

a rain garden under critical rainfall intensity (36 mm/h), 
the system should meet the following parameters: a depth 
of 1.2 m (with layer thicknesses of 0.3/0.5/0.4 m), an area 
ratio of 10 to 15, and a filtration coefficient ranging from 
100 to 200 cm/h.

The obtained results indicate that the ratio of the 
catchment area to the rain garden area and the filtration 
coefficient are the primary parameters determining the 
predicted time required for the system to fill complete-
ly and the formation of a water column on the surface. It 
was determined that the optimal Abassin/Asponge value is 15, 
corresponding to a system area of 6.6 m2 for a catchment 
area of 100 m2, which falls within the recommended range. 
Under these conditions, the system fills in 1 hour and 
28 minutes (5,289 seconds) with a surface water column 
height of 0.3329 m. The model is significantly less sensitive 
to parameters describing the WRC of soil materials and the 
layer depths within the structure. It was found that chang-
es to these parameters influence the time required for full 
saturation and system filling, while the surface HWC re-
mains constant. A reduction in WRC decreases the total 
saturation and filling time by an average of 8 minutes (493 
seconds). Increasing the system depth by 0.3 m extends the 
filling time by an average of 38 minutes (2,258 seconds).

For further refinement and enhancement of the pro-
posed mathematical model, future research should focus 
on implementing rain gardens under real-world condi-
tions. This approach would enable the calibration of the 
model based on empirical data, thereby improving predic-
tion accuracy and the overall effectiveness of the system. 
Additionally, an important aspect of future investigations 
is the analysis of the influence of antecedent soil moisture 
from consecutive rainfall events. This would provide deeper 
insights into how systems respond to prolonged or intense 
precipitation and assess their resilience to frequent storms.
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s Анотація. Дощовий сад – це конструкція для управління дощовими водами на місці. Недосконалий дизайн 
дощового саду може погіршити його гідрологічні властивості під час експлуатації, що вимагає розробки та 
апробації відповідної математичної моделі для інженерного розрахунку й оцінки конструкції. Метою цього 
дослідження було моделювання процесу інфільтрації у дощовому саду на основі математичної моделі, яка 
враховує висоту стовпа води (ВСВ) на поверхні конструкції та коефіцієнт фільтрації ґрунтових матеріалів, 
імітуючи реакцію системи під час екстремальної дощової події (36 мм/год). Використовуючи розроблену 
модель, отримано розрахункові криві, що описують продуктивність дощового саду залежно від параметрів 
його дизайну: глибини конструкції, співвідношення площі водозбірного басейну до площі дощового саду, 
коефіцієнта фільтрації та водоутримувальної здатності (ВУЗ). Основні параметри ґрунтових матеріалів 
визначалися експериментальним шляхом у лабораторних умовах. Інфільтраційна продуктивність конструкції 
оцінювалася за зміною часу проникнення та насичення всіх шарів, а також заповненням водою дощового 
саду в результаті коригування його параметрів і змін ВСВ на поверхні. Результати моделювання показали, що 
основними параметрами, які визначають прогнозований час повного заповнення системи водою і формування 
ВСВ, є співвідношення площ та коефіцієнт фільтрації. ВУЗ ґрунтових матеріалів і глибина шарів конструкції 
суттєво впливають на час повного насичення і заповнення системи водою, але майже не впливають на ВСВ на 
поверхні. Показано, що конструкція глибиною 1,2 м, при співвідношенні площ 15 та з коефіцієнтом фільтрації 
100-200  см/год ефективно функціонує при критичній інтенсивності дощових опадів. Розроблена модель і 
отримані результати, надаючи точні розрахунки та рекомендації щодо параметрів конструкції, можуть бути 
використані інженерами та проєктувальниками для вдосконалення дизайну дощових садів, що сприятиме 
підвищенню ефективності управління зливовими водами

s  Ключові слова: управління зливовими водами; коефіцієнт фільтрації; водоутримувальна здатність; 
співвідношення площ; висота водяного стовпа
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