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Abstract: Rain gardens are used to solve urban problems related to the negative impact of stormwater.
(1) Scientific contributions from different countries provide general guidelines for the design and
operation of rain gardens in different geographical areas. Given the small spatial scale of rain gardens,
the use of existing infiltration models often leads to design errors. (2) The purpose of this paper is
to develop a hydrological model by introducing a system of equations that extends the ability to
calculate the rate, flow rate and time of saturation of layers with moisture and rainwater leakage
from the rain garden system. (3) The results obtained allow us to describe the dynamic processes of
passage and saturation of layers of the rain garden at a certain point in time, which extends the ability
to calculate the flow rate. It was established that the smaller the area of the rain garden compared to
the area of the catchment basin, the faster it reaches its full saturation. Increasing the thickness of the
rain garden layers allows for an increase in the efficiency of water retention at a lower value of the
area ratio. (4) The practical significance of the results obtained is especially important for the correct
description of hydrodynamics in the system and determining the optimal conditions for the effective
functioning and management of the rain garden structure for any climatic region.

Keywords: rain garden; rainwater; green infrastructure; urban runoff; stormwater management;
infiltration; saturation; water holding capacity

1. Introduction

Progressing urbanization process in the modern world, inadequate planning of sew-
erage networks, extreme climate change, and outdated drainage systems pose numerous
challenges for scientists, architects, politicians, and administrators, among which the
biggest problem is the increase in the area of impervious areas in settlements, which leads
to urban flooding [1,2]. The sewerage system, which has a lifespan of only 20-30 years,
is unable to effectively discharge sufficient stormwater due to the increase in runoff, and
increasing its capacity is an extremely uneconomic solution [3,4]. In addition, stormwater
runoff from roofs, roads, and car parks is often contaminated with bacteria, organic com-
pounds, and heavy metals, which negatively impact the aquatic environment and require
special treatment [5,6].

As a result, conventional stormwater management is criticized and characterized as
an unsustainable solution. Promoting sustainable stormwater management (SSM) is an
important issue that requires developing and implementing effective strategies [7].
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We focus on a specific type of green infrastructure—rain gardens—which are imple-
mented in residential areas and allow localized management of stormwater runoff from
surrounding sidewalks, car parks, and roofs, directing rainwater from impermeable sur-
faces into multilayered structures with vegetation cover, where water is filtered, retained,
and slowly discharged into groundwater, local drainage systems, or reservoirs [8,9].

A typical rain garden design consists of three main functional blocks: (1) a topsoil layer
for planting, (2) a transitional infiltration layer, and (3) a gravel layer for water drainage [10].
There can be a different number of such layers. The topsoil layer, which is a mixture of
soil, sand, sandy loam, or loam, is a growing medium for plants and partially determines
the infiltration rate, pollutant removal potential, and stability of rain gardens [11]. The
infiltration layer is designed to increase the permeability of the upper soil layer and usually
consists of fine gravel or coarse sand; in addition to being well drained, it must also be
strong enough to support the weight of the upper layers [12]. A gravel layer is a layer of
medium or coarse gravel designed to drain infiltration water to the drainage system or
water table [13].

Thus, the introduction of rain gardens allows for solving such important problems as
reducing the volume of rainwater runoff from the catchment area, reducing the speed and
delaying the peak flow of water in the sewerage system, recharging groundwater through
infiltration and removing pollutants from water before it enters local streams [14].

Rain gardens require less documentation, do not require specialized expertise or complex
design, unlike green roofs, and do not necessarily require the use of heavy machinery [15].

One of the main weaknesses of rain garden designs is the relatively high need for
land, the area of which depends on the type of soil environment. Thus, the garden area
should be equal to 20 to 30% of the catchment area for sandy soil and about 60% for clay
soil [16]. The optimal size of the rain garden design area is considered to be 4-7% of the
area from which runoff will be collected (catchment area) [17]. Similar recommendations
are proposed in [18], according to which the design of a rain garden should be from 5 to
10% of the catchment area.

When designing rain gardens, the most important aspect is to take into account their
main parameters and the hydrological processes that take place in them. The main factors
that determine the hydrological performance of rain gardens are soil composition and
thickness of the layers of the structure, their water-holding capacity, choice of plants,
consideration of the height of the water column on the surface of the structure, choice of
the structure area and effective volume for water retention [19,20].

Scientific contributions from different countries provide general guidelines for the
design and operation of rain gardens in different geographical areas, as shown in Table 1.

Table 1. Classifications of rain garden systems according to recommendations from around the world.

Hydraulic Plant
Recommendations Depth (m) Soil Compositions Conductivity Selection Reference
(ks, mm/h) Guide
<3% clay and silt, <3%
Adoption Guidelines for ef‘m?ﬁéa;iASJS 3003/(())0 Y
Stormwater Biofiltration Min 0.5 very ! ? 100 to 300 Yes [21]
. fine sand, 40 to 60%
Systems, Australia
coarse sand, and 0 to
10% very coarse sand
. , 0 to 30% topsoil, 50 to
Prince George’s County (PGC) 75 to 1.2 60% sand, and 20 to 30% Min 25 Yes [22]
Bioretention Manual, USA
leaf compost
New Jersey Stormwater BMP 045 10 0.6 85 to 95% sand 2 to 5% Max 250 Yes (23]

Manual, USA

clay 3 to 7% organics
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Table 1. Cont.

Hydraulic Plant
Recommendations Depth (m) Soil Compositions Conductivity Selection Reference
(ks, mm/h) Guide
Pennsylvania Stormwater BMP . 20 to 30% compost and o
Manual, USA Min 0.45 70 to 80% soil base Not specified Yes (24]
Minnesota Stormwater Manual. 50-85% sand and .
St. Paul, Minnesota, USA 0.4t0 0.8 15-50% leaf compost Min 25.4 Yes (25]
Conservation Practice Standard
1004: Bioretention for 50-85% sand and .
infiltration. Madison, 0-4t0 1.0 15-50% leaf compost Min 25 Yes [26]
Wisconsin, USA.
Urban Stormwater 20 to 25% topsoil, 50 to
Management Manual 045t0 1.0 60% medium sand, and 13 to 200 Yes [27]
(MSMA), Malaysia 12 to 20% leaf compost
Active, Beautiful, Clean (ABC)
Waters Design 0.4 to0 0.6 100% sandy loam 50 to 200 No [28]

Guidelines, Singapore

Recommendations that do not take local climatic conditions into account often lead to
malfunctioning of systems. For example, Wang et al. [29] noted that the low efficiency of
rain garden designs installed in tropical countries is because the systems were designed
based on recommendations from temperate zones.

Modeling plays an important role in rain garden research as it allows for the prediction
and evaluation of the hydrological characteristics of systems operating under different
climatic conditions [30]. In addition, modeling provides an opportunity to take into account
different operating parameters and obtain relevant data for designing rain gardens in real-
world conditions, which is not always possible to achieve through experiments.

Infiltration is the main hydrological process in rain garden structures, which determines
the productivity and efficiency of rainwater management [31]. Models designed to describe
the infiltration process aim to provide a reliable tool for estimating the design parameters of
specific rain garden designs rather than focusing on estimating catchment-level capacities.

The first models of infiltration water flow in soil layers were based on the Richards
equation [32-34], which describes a single-phase incompressible flow through the soil layer,
taking into account thermal effects and the absence of air resistance. One of these numerical
models is called Recharge, which allows us to describe the hydrological behavior of rain
gardens to design and evaluate their efficiency [35]. According to the authors’ theory,
the flow of water through the soil layer of a rain garden is simulated at three levels: the
root zone, the middle layer with high water conductivity, and the lower soil layer. The
developed model assumes a single-phase vertical matrix flow under isothermal conditions
and no air influence. The Recharge model was further developed in 2009 as part of a
research study [36], leading to the creation of the R2D model to model infiltration in rain
gardens. However, it was noted that this infiltration model was very difficult to apply, so
models based on other equations were developed. To improve the accuracy of the Recharge
model, Roy-Poiret et al. [37] developed a one-dimensional hydrological model of water
retention by rain gardens. This model can accurately reproduce the hydrological behavior
of rain gardens throughout a low-to-medium-intensity rain event. Later, the authors of [38]
applied the Recharge model to analyze the hydrological performance of rain gardens in
the tropical climate of Singapore. Models based on the Richards equations allow for the
quantification of the average efficiency of rain gardens in managing rainwater, provided
they operate in a continuous simulation mode. However, there is a question of obtaining
the parameters used to model the detailed infiltration/saturation processes.
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An alternative version of the Recharge model is the Recarga model, which uses the less
complex Green-Ampth equation instead of the Richards equation to describe the infiltration
process. It was developed and discussed by Dussaillant et al. [39]. It showed that it can
produce results similar to the Recharge model and was recommended for use in sizing
rain gardens by the state of Wisconsin. However, some authors [40] noted that the water
retention efficiency of rain garden systems cannot be simply described using equations
based on the constant permeability of water to the soil medium, such as the Green-Ampt
equation [41], which does not allow for a description of the infiltration process in rain
gardens in the field.

The next stage in the development of infiltration modeling was the use of the Hy-
drologic Engineering Centre-Hydrologic Modelling System (HEC-HMS), developed by
the authors [42] in 2006 to assess hydrological modifications of rain gardens. This model
introduces the concept of a «sub-basin» to describe the drainage area of a rain garden.
Using the characteristics of the sub-basin, incoming rainfall is converted into runoff. The
model also includes drainage elements that simulate hydrological conditions and the effect
of changes in soil moisture on infiltration rates. The model uses a «stage-flow» relationship
to control runoff, and the rain garden in this model is represented by a reservoir covered by
a dam. This model has been used to monitor data from rain gardens located at Villanova
University to predict water levels in the gardens [43,44].

Considering that the HEC-HMS model is one-dimensional and does not take into
account horizontal exfiltration into surrounding soils, the authors of [45] proposed a two-
dimensional mechanical model to analyze the influence of the surrounding soil and the
initial water content of the substrate. This model allows taking into account different types
of substrate, lateral and bottom exfiltration into surrounding soils, as well as the size of the
rain garden structure.

In 2013, the authors of [40] proposed the use of the Drainmod model to predict the
hydrological response of rain gardens to runoff fluctuations in a continuous and long-
term observation mode. Some of the advantages offered by the Drainmod model include
the ability to account for substrate characteristics, pre-saturation of the system, and the
ability to model the drainage configuration of the internal water storage area. Recently, the
Drainmod model has been used for modeling the evaluation of rain garden systems by [46],
which allowed for the continuous modeling of a detailed water balance and a region that
represents the volume of water stored in the system. Infiltration in the Drainmod model is
described using the Green-Ampt equation and requires the user to specify a characteristic
curve at the soil-water interface and saturated hydraulic conductivity.

A more recent model that allows describing infiltration processes is Hydrus. This is
a finite element variable saturation model that uses the Richard equation to describe the
movement of saturated and unsaturated water and is widely used in research to model
infiltration systems [47-49]. In [46], the authors used the Hydrus-1D model to analyze
hydrological processes in different scenarios and optimized key parameters that affect the
control effect. Both software products provided comparable modeling results; however,
there were no field data to verify the results.

One approach to simulating the hydrological operation of rain gardens is the use of
analytical equations that take the influence of local climatic conditions into account [50].
In [51], an analytical probabilistic approach was used to study the hydrological performance
of rain gardens. The authors developed analytical equations that can be used in different
locations to design the critical dimensions of rain gardens to ensure the desired stormwater
retention efficiency. The effectiveness of the analytical equations was tested by comparing
them with the results of a series of continuous simulations using long-term rainfall data
from Atlanta, Georgia. However, the resulting models developed based on the analytical
approach do not allow for the current position of water in the layers, treating each layer as a
separate capacitive object that holds a certain amount of water. In particular, the models do
not take into account the degree of saturation of each layer of the system and the processes
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that occur during the drying of the layers after precipitation. These limitations can affect
the accuracy and realism of hydrological process simulations.

Recently, modern computer technologies have been used to model hydrological pro-
cesses, in particular, infiltration processes [52-54]. The authors of [55] proposed the use
of computer simulation to predict the rate of infiltration through various soil media. The
study [56] compared the performance of several machine learning models, Support Vector
Machine (SVM), artificial neural network (ANN), and Adaptive Logical Inference System
(ANFIS), to estimate the infiltration rate through the soil. Study [57] compared the per-
formance of an artificial neural network with other artificial intelligence tools, such as the
Gaussian Process (GP), Gene Expression Programming (GEP), and General Regression
Neural Network (GRNN), to estimate the rate of soil infiltration.

Despite the large number of existing models that can describe hydrological processes
in rain gardens, an important aspect that remains insufficiently studied is the consideration
of key dynamic processes, such as the passage and saturation of water through the layers of
the rain garden system at a certain point in time and the loss of vertical filtration flow head
concerning the filtration coefficient. This is especially important for the correct description of
hydrodynamics in the system and the determination of optimal conditions for the rain garden.

The purpose of this study is to develop a universal hydrological model based on
Darcy’s law and Bernoulli’s equation, which allows for the description of dynamic pro-
cesses and hydrological features in the rain garden design. The model requires knowledge
of one of the main indicators of the quality and productivity of soil materials—water reten-
tion capacity. This parameter should be determined by experimentation in experimental
filter columns.

The scientific novelty of this study is the creation and verification of the efficiency of
the model of the passage and saturation of the layers of the rain garden system with water
at a certain point in time and the loss of head of the vertical filtration flow, taking into
account the filtration coefficient. Assessment of the infiltration efficiency of a rain garden,
calculation of its area about the corresponding area of the catchment surface, and selection
of the optimal thickness of the layers are important tasks in the decision-making process to
solve the problems of urban rainwater management. The practical significance of the study
is to expand the possibilities for calculating rainwater flow and its outflow from the system
when designing rain gardens, which, in turn, will increase the efficiency of their operation.

2. Materials and Methods
2.1. Rain Event

A rain garden is designed for a large or intense number of rain events, so conventional
methods developed for average rainfall events are not suitable for rain garden design. It is
recommended that extreme rainfall events should be considered for the dynamic analysis
of the parameters to be considered in the design phase of rain gardens, and the structure
should be sized to retain at least 80% of the local distribution of rainfall depth [58].

The rain event used to test the developed model was simulated based on the data
obtained from the meteorological station of the Borys Sreznevsky Central Geophysical
Observatory. For example, on 22 July 2023, a record rainfall of 36 mm /h or 0.00001 m/s
was recorded in Kyiv (Ukraine), a record for the last 16 years. Specific data for this rainfall
event are not available. Typically, intense rains in the temperate climate of Ukraine do
not last more than an hour, so we assumed the duration of the rain event to be 3600 s.
It was necessary to model the non-stationary mode of the infiltration process from the
beginning to the end of the rain, including the full rise-peak—decline process over time. At
the input to the mathematical model, the inflow of rainwater, which is variable in time, is set
by Figure 1.

The onset and cessation of rain were assumed to ensure a smooth curve within 5 min.
The nodal points were (0;0), (600;0.01), (3000;0.01) and (3600;0). A Hermite spline was
applied to these nodal points using the monotone algorithm in Scilab software. This is
an open-source numerical algebra system that has been successfully used to solve most
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mathematical problems related to matrices, numerical methods, etc. [59]. It ensures that
there are no additional oscillations and provides a straight horizontal line if two points
have the same ordinate. The resulting spline is smooth.
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Figure 1. The curve of rain intensity changes over time.
Using the example of an experimental setup that simulates the design of rain gardens

in the laboratory (Figure 2), we determined the value of the water retention capacity, which
is important for planning, designing, and simulating rain garden structures.

Precipitation

LA
RRRRERERER

% Evapotranspiration

Infiltration

y +dy

Layer i

Layer (i+1)

Layerp

Figure 2. Conceptual diagram of the rain garden and associated water flows.

2.2. Hydrological Model

Infiltration laws are effective in saturated layers of a structure, while diffusion laws are
manifested in unsaturated layers [60]. Therefore, when simulating the hydrological process
of the upper layer, it is important to take into account diffusion processes, particularly
saturation processes.

To write the differential equations, an infinitely thin layer of soil or substrate (Figure 2)
was identified between the levels y and y + dy. Rainwater flows from the catchment basin,
with area Ap,gsiy, m?2, to the upper surface of the rain garden structure, with an average
flow rate v,, m/s.
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For simplicity, we assume that the water is immediately evenly distributed over the
entire area of the rain garden, as a sponge, Asponge, mZ2. Otherwise, you will have to use
computational fluid dynamics programs to calculate flows in two phases.

Between the soil layers, first, there is saturation with water at the level of y, m, with
an increase in moisture content w, m3/m?3 to the saturated state wg,:, m3 /m3 without flow
advancement, and then the flow transits through the saturated layers without changing
the velocity, according to the continuity equation. Thus, the problem is simplified to a
one-dimensional one.

According to Darcy’s law [61], the head loss of the vertical infiltration flow is described
using the filtration coefficient k¢ (i), which varies along y; in a stepwise manner, according
to the layers:

dh(y;)

U:MW%dy

The process of passage-saturation of the soil layer with water is described by the
following equation:

1)

V= gL,y <y,
v-dT = ZU(y’_)'d]/, W(yl.) < Wsat, Y =VYi (2)
v=0, Y >VYi

The physical meaning of the equation is as follows: the rate of water flow through
already saturated soil layers is equal to the rate of water flow through the soil surface.
The first equation of the system is equal to the rate of water inflow to the area of the rain
garden structure, taking into account both the rainfall and runoff from the entire catchment
area. Saturation occurs in an infinitesimally thin layer, with a thickness dy, so it is almost
instantaneous. This means that the front between the saturated and unsaturated parts
of the soil moves at a speed v, as described in the second equation of the system. In the
unsaturated part, there is no water movement, i.e., v = 0.

From Formulas (1) and (2) we have the following:

(o e )ty = ky )iy ®

sponge

We integrate the transmission—saturation equation from the outer surface to the level y;:

A i T l
A::jfl;ne (‘/‘0 re )
m—1

. m=1 4)
= foyl Weqr-AdY; = ;1 (wsat/j-5-> + Wsat,m- (]/z -y (5]>

= =1
or
Al ([ o)
) m—1 m—1 (5)
= foyl wsut'd]/i = 121 (wsgt,]"(s‘> + Wsat,m- (yz - 'Zl 5])
= =

Hence, we determine the position of y; at the moment of time T:

m—1
Apassin T Z':l (wSﬂtr"éj m=1
ydf)::k’.(A)UWdT) f])+z%(% (6)
. =

Asponge Wsat,m

Any multilayer structure can be represented as a single-layer structure with a vari-
able saturation function wj,(,), in which case the sum Z?:ll d; loses its meaning, and
Equation (6) takes on the following form:

Apassin . (fT v dT)
) o Asponge 0 -r
yi(1) = Dont) )
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Formula (7) is simplified compared to (6) if we accept a spatial grid according to
the layers of the structure without dividing them, which is convenient for engineering
problems of calculating the time of filling the structure with water but subject to the
approximation of the rain rate function, for example, by the Hermite spline [62]. In this
case, it is necessary to plot this spline and make sure that there are no additional oscillations.
Such an approximation avoids the numerical integration of tabular data, which greatly
simplifies the implementation of the program. The disadvantage of the polynomial and
polynomial-spline approximations is the possibility of oscillations, i.e., fluctuations in
the approximation curve that do not correspond to the physical content and occur as
artifacts. This problem can be avoided only by reducing the degree of smoothness of the
approximation (the «monotone» algorithm) or by increasing the degree with the selection
of additional unknowns, which, in both cases, complicates the problem. Therefore, it
is advisable to plot the spline and make sure that there are no additional oscillations.
Additionally, only if they are present can the above methods be applied.

Integrate Darcy’s law from level y, in layer n, to level y; in layer n;:

0,e Abassin dh

- Dbassin _ gy 21 8
Asponge () dy (8)

After the transformation and integration of the pressure loss between the levels y, and
Yp, we obtain the following:

"a e — _ nb—l .
Altyy -y, = (v Hsassin ) (5f1) e + nbzl N M
—Ya — r
Yo=Y Asponge kf,n1 [ kf,j kf,m

To integrate from the free surface y, = 0 to the current level y;, = y in the current layer n:

. n—1 §£. — m S
hy—O _ <Ur' Abpassin > (Z 5] + Y <Z]—1 ) ) (10)

sponge j=1 kf,]‘ kf,n
Bernoulli equation between levels y, and y; for the zero level at y;:

gy P V2 Pelyy v
(yb yu) + pg + zg - pg + zg +Ahya_yb (11)

where % is the excess static pressure head, which characterizes the specific potential

pressure energy at a given point (at a given level); the sum of (y, — ya) + % is the total
hydrostatic or simply static head, which expresses the total specific potential energy at a
given point (at a given level); and % is the velocity or dynamic head, which characterizes
the kinetic energy at a given point (at a given level).

We move on to the excess static pressure Ap, = p. — ps, Pa, above atmospheric
pressure by subtracting the atmospheric pressure p,, Pa, divided by pg, from both parts of
the equation. We have the following:

BPe) | V2 _ BPey,) | V2
(yb E/u) + 0g + 29 08 + 2¢ +Ahya*yb (12)
At the level y;, there is complete absorption of water with no downward movement,
and at an infinitesimal downward distance, there is no water. Therefore, Pe(y;) = 0. The
static pressure at y = 0 is found from the Bernoulli equation for the layer below the top
layer of the water column and for y with zero level. At this level, there is no static pressure
and no head loss in the free column, so it can be written as follows:
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o _ Ap(0) o7
22 pg 2

(13)

Bernoulli’s equation for the rain garden structure from the upper boundary y, = 0 to
the current coordinate 1, = y after removing the same dynamic head on both sides:

Ap ()
= —fed/ 14
y 02 (14)

After the transformations with the substitution of Equation (10), we have the following:

A Apgssi n-l 5. -y .6
y= pc(Y) + (UV'AWSSZ”>'<Z k7]+y 5 j=1%] (15)
24 sponge /. \ j=1 Kf fn

If y = y;, then the excess static pressure in section y is zero, due to the absence of water
under this section. We have the following;:

Abassin > (S 5j Yi— 2;121 (5]-
y-:<v- YL+ (16)
! ' Asponge ]; kf,j kf,n

If all layers are saturated, the rate of water infiltration into the soil or drainage, voy¢,
m/s, is determined accordingly:
A
Vout = 0y Abassm (17)
sponge

The value of v, can be changed until the rain event is completely over.
The water flow rate Qo (m3/s) will be defined as follows:

A .
Qout = <vr_Ahassm> 'ASPOngE (18)

sponge

When a rainfall event occurs, some of the water becomes surface runoff and flows
toward the rain garden structure, penetrating the layers. Provided that the rate of inflow
exceeds the infiltration capacity of the rain garden layers, a water column level /1y appears
in the depression on the surface of the rain garden. During an intense rainfall event,
the surface depression can be filled with water, and the excess water is discharged as an
overflow. Infiltration occurs whenever there is an inflow or water column level in the rain
garden structure.

If the rain intensity during a rain event can be well approximated by a function, then
the grid spacing is not essential. Otherwise, the grid spacing should correspond to the
meteorological data recording spacing. Additionally, the smaller the grid step, the more
accurate the result will be.

For each grid step (between nodes), we used Equation (7) in the following form:

Apassin [T .
o Asponge le Ur dT 19
Yij1+1 = (19)
Wsat(y,)

Provided that y; 111 is in the next layer, the sum of the thicknesses of the layers from
the soil level to the current layer inclusive is substituted into Equations (2) and (18) instead
of y;, and the equation is solved concerning ;1.

Thus, we obtain the time 7., at which the saturation depth crosses the layer boundary,
and then Equation (7) takes the following form:

Abussin . T+1 Z)r'dT m
Yigg = o +Y.5 (20)
Wsat(yi11) i=1
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The process continues until the entire thickness of the layers is covered. If y; 1 exceeds
the thickness of the rain garden structure, then at time 7, the structure will be filled with
water. The depth of filling will be determined by the total thickness of all layers, and the
velocity v, will be determined by Formula (8).

2.3. Algorithm and Software

Using Equations (1)-(20), an algorithm for the simulation of water retention and
transmission by sponge facilities has been developed. After the beginning of the algorithm
(block 1) in Figure A1 Appendix A, the data are entered according to the list and description
in block 2. Next, the results and service variables are initialized in block 3. By default, time
TauFil is assumed to be insulfficient to fill the entire structure. We start from the top level of
the structure (y = 0). Thus, we should assign the number of the current layer j = 1 for the
first layer from which the filling started. The number of layers is accepted to correspond
to the number of rows in the Layers matrix. The Ab_As_wsat parameter is calculated by
dividing the ratio of the areas Ap,gsin / Asponge (in the program, the Ab_As variable) by the
water holding capacity wsati. The last is selected from the Layers matrix as the first row of
the second column. The total thickness is taken as the thickness of the first layer since it is
the only one used at the beginning. Next, we start the loop (block 4) through the nodes
of the time grid. Since the state is assumed to be dry at the beginning of time, the first
node already contains the correct depth value y = 0. Therefore, we start the loop from the
second node. The depth value at the current time step y(i) is calculated (block 6) based on
the known value at the previous time step y(i—1) and the increment of this depth using
Formula (7). It is necessary to check (block 6) whether the layer boundary has been crossed.
If the boundary has not been crossed (“—"), then it is possible to continue the loop to the
next time grid node.

If the boundary has been crossed (“+”), the equation by the water saturation depth (y)
of the layer boundary structure (TotalTh) should be solved (block 7). The equation is solved
relative to the time taucr. As an initial approximation, we take the arithmetic mean between
the time of the given node (taus(i)) and the previous one (taus(i—1)). The equation can be
solved using various numerical methods. In this paper, the solve function in the Scilab
system. To do this, a subroutine is created—blocks A-E—which will be discussed below.

After that, the next layer, j+1, should be accepted as the current one j (block 8). Now,
it is necessary to check (block 9) whether we have not gone beyond the structure. If the
structure is filled (“+”), then all subsequent mesh nodes should be filled with the total
depth of the structure, which automatically appears in the TotalTh variable as the sum of
the thicknesses of all layers. The time of filling is taken as the critical time of crossing the
boundary of the last layer. Finally, the algorithm returns the data, as described in block 11,
and finishes (block 12).

If the entire depth of the structure (“—") is not reached in block 9, then the algorithm
determines a new value of the Ab_As_wsat parameter (block 13) by dividing the ratio
of the areas Ajpggsin/ Asponge (in the program, the Ab_As variable) by the water-holding
capacity wsati, which is selected from the Layers matrix as the j-th row, second column. The
structure’s water saturation depth at the current time node should be determined (block
14). The depth of immersion at time taucr corresponds to the value of the TotalTh variable,
so this depth is defined as the sum of the value of the TotalTh variable and the increment of
this depth from time taucr to the current time node using Formula (7).

After that, the total thickness of the layers involved is changed by adding the thickness
of the new current layer j to it (block 15). After that, the loop (block 4) should be continued.
If all the nodes are calculated, then the program jumps to the data output in block 11.

The equation in block 7 is written as a separate subroutine. After it is run at block A,
the program takes all data described in block B as arguments. Next, the deviation of the
equation is calculated as the difference between the water saturation depth of the structure
if the current layer is continued without restrictions, and the total thickness of the involved
layers (Block C). As the equations are solved, this deviation will decrease to a negligible
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value close to zero. The function returns (block D) this deviation and the execution returns
(block E) to the point of the function call. The algorithms of the functions that perform the
numerical solution are not given in this paper nor are they give in the integration algorithm
because computer algebra systems have such built-in functions.

2.4. Water Retention Capacity of Soil Materials

The hydraulic characteristics of soil materials used in multilayer rain gardens are
important indicators of their rainwater retention efficiency. One of the key parameters
of the developed hydrological infiltration model is the water-holding capacity of the soil.
This parameter determines how much water a soil material can hold per unit mass before
water begins to infiltrate or leak out of the system. The value of the soil’s water-holding
capacity has a direct impact on the ability of the rain garden to control water flows and
reduce the risk of overflow or flooding. To verify the correctness of the proposed model, it
was necessary to know the value of the water retention capacity wss for each layer of the
structure. This parameter is not a constant physical quantity, so models that use a fixed
value may describe hydrological processes incorrectly. Using the example of experimental
columns that simulate the design of rain gardens in the laboratory (Figure 3), the value of
the water-holding capacity of soil materials was determined.

Figure 3. Laboratory samples of rain garden design.

The experimental setup was constructed in the form of cylindrical columns using trans-
parent PVC materials, 100 mm in diameter, to create economical and compact samples with a
diameter that would limit the potential edge effect and dispersion in the columns [63]. Typical
rain garden designs typically use a mixture of 10-15% gravel by volume, 50% construction or
river sand, 20-30% topsoil, and 20-30% mulch [64]. The bulk layers in our samples (in the
sequence from top to bottom) were as follows: 330 mm of soil, 330 mm of sand, and 180 mm
of gravel. Since the main functions of the mulch layer in rain garden designs are to inhibit
weed growth, increase the moisture supply to plants, and reduce the risk of waterlogging of
the soil environment [10], we decided to neglect this layer in the laboratory.

The water holding capacity was determined using the method proposed by Bernard [65]
and validated by Nelson [66] using a funnel and filter paper after 2 h of gravity drainage from
a saturated sample. This method is sometimes referred to as «gravity-drained» or «container
capacity» [67]. In this method, soil samples were placed in a 100 cm? funnel with filter paper
placed at the bottom. The funnel was placed on top of a 500 cm® graduated cylinder. To
each sample, 100 cm? of water was added and left for 72 h to allow the water to drain. The
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water retention capacity (wss) was determined as the difference between the amount of water
added to the funnel and the amount of water collected in the cylinder after 72 h.

3. Results and Discussion

The experimentally determined values of water holding capacity ws,+ were as follows:
topsoil: wg,p = 0.33 m?3/m3; intermediate/infiltration sand layer: wggp = 0.31 m3/m3; and
bottom gravel layer: wsq3 = 0.1 m3/m?3.

Similar soil materials were chosen by the authors for the implementation of the urban
rain garden in Taipei (Taiwan) [68]. According to the results of the study and taking into
account climatic conditions, the authors established the value of the water-holding capacity
of the layers of the structure, which ranges from 28.2% to 41.0%. In another study [69], the
water-holding capacity of environments similar to ours was measured at 24.3% to 40.5%,
which correlates with our values, depending on the type of soil mixtures.

Using the developed model, the selected rain event, and the Scilab software, at
the given values of the water-holding capacity of the loose layers of the rain garden
(0.33/0.33/0.1 m3/m?3), the hydrological efficiency of the structure was calculated, de-
pending on the change in the thickness of the layers, and the optimal ratio of areas was
proposed, at which the rain garden structure completely retains water runoff at a given
rainfall intensity.

Table 2 shows the critical values of the ratio of areas Ajpggsin / Asponge, at which there is
a complete saturation of all layers of the structure with water for the corresponding time T
with a change in the value of §; and constant values of wsat1, Wsatn, Wsar3, 52 and 3, which
allows us to predict the degree of water retention efficiency of a rain garden.

Table 2. Dependence of the rainwater retention efficiency of the rain garden structure on changes in
the thickness of the top layer for planting J;, m.

Rain Garden Design

Parameters Design 1 Design 2 Design 3 Design 4 Design 5
Hsponge, m 1.2 13 1.4 1.5 1.6
41, m 0.2 0.3 0.4 0.5 0.6
dy, m 0.7 0.7 0.7 0.7 0.7
63, m 0.3 0.3 0.3 0.3 0.3
Wsar1, m3/m3 0.33 0.33 0.33 0.33 0.33
Wsatp, M3 /m° 0.31 0.31 0.31 0.31 0.31
Watz, M3 /m3 0.1 0.1 0.1 0.1 0.1
Apassin/ Asponge 10.1 11.1 12.2 13.3 14.3

The topsoil for planting is a mixture of soil, sand, sandy loam, or loam, with a thickness
in the average range of 10-60 cm. The results show that an increase in the thickness of the
top layer 61 by 10 cm allows for achieving the optimal value of the area ratio, and therefore,
the area of the rain garden structure, which, according to recommendations [17], should
be within 4-7% of the area of the territory from which runoff will be collected (catchment
area). For example, if the catchment area is 100 m?, the optimal value of the rain garden
construction area will be 7 m?, which can be achieved for a given intensity of the rain
event with a layer thickness of 0.6/0.7/0.3 m. In this case, the rain garden will be filled
with water in 3511.9 s without overflowing the structure (Figure 4). Each curve consists of
four segments. The first segment corresponds to the saturation of the upper soil layer (the
segment is curved and starts from 0). The second segment corresponds to the saturation of
the second layer of the structure. Due to the small difference in water retention capacity, the
fracture is almost invisible. The third segment corresponds to the saturation of the lowest
layer. Due to the significant difference in water-holding capacity, the fracture is visible. The
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fourth segment is horizontal and corresponds to the complete saturation of all layers. Since
the ratio of areas was taken in increments of 0.1, it is impossible to accurately guess this
ratio because the structure is filled at the last second. Therefore, a ratio was assumed at
which the rain garden still leaks water, and when one-tenth is added, it is underfilled. This
leads to an error of up to 1% in the value of the area ratio, and the water loss is no more
than 0.82% of the total water loss of the rain event.
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Figure 4. Curves of changes in the depth of saturation of the layers of the rain garden structure over
time depending on the thickness of the top layer for planting 61, m.

It is worth emphasizing that this is a calculation of the stormwater retention efficiency
of a rain garden for the extreme case when the rain intensity is 36 mm/h or 0.00001 m/h.
Typically, precipitation of this intensity, which lasts for almost a day, causes localized
flooding in cities. In the case of this rain event, this phenomenon was not observed, as
the precipitation, despite its high intensity, was not of a significant duration. Usually, the
intensity of a rain event in Kyiv is 5-10 mm/h; therefore, the calculated parameters of the
rain garden design can be even more effective.

The parameters describing the dependence of the rainwater retention efficiency of the
rain garden structure on the thickness of the infiltration layer é, are given in Table 3. The
infiltration layer is designed to increase the permeability of the upper soil layer and usually
consists of fine gravel or coarse sand; in addition to being well drained, it must be strong
enough to support the weight of the upper layers. The porosity should be, on average,
20-40% [70] and the layer depth should be 20-120 cm [10].

Table 3. Dependence of the rainwater retention efficiency of a rain garden structure on changes in the
thickness of the infiltration layer &, m.

Rain Garden Design

Parameters Design 1 Design 2 Design 3 Design 4 Design 5
Hsponge, m 1.0 1.1 1.2 1.3 1.4
51, m 0.4 0.4 0.4 0.4 0.4
5, m 0.3 0.4 0.5 0.6 0.7
03, m 0.3 0.3 0.3 0.3 0.3
Wsat1, M3/ m 3 0.33 0.33 0.33 0.33 0.33
Weaty, M3/ m3 0.31 0.31 0.31 0.31 0.31
Weatz, M3/ m3 0.1 0.1 0.1 0.1 0.1

Apassin/ Asponge 8.2 9.2 10.2 11.2 12.2
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We increased the thickness of the infiltration layer J, in 10 cm increments. As can be
seen from the simulation results, by increasing the value of 4y, it is possible to adjust the
optimal values of the area ratio and select the appropriate area of the rain garden structure.
For example, for variant 5, with a layer thickness of 0.4/0.7/0.3 m, the complete saturation
of the structure occurs within a time of T = 3487 s (Figure 5). In this case, the size of the
structure’s area is 8.2% of the catchment area, which can also be considered an effective
indicator, according to the recommendations of [18], which suggest a range of 5-10%.
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Figure 5. Curves of changes in the depth of saturation of the layers of the rain garden structure in
time depending on the thickness of the infiltration layer d,, m.

The developed model was also used to test the dependence of the rainwater retention
efficiency of the rain garden structure on changes in the thickness of the gravel layer
63 (Table 4).

Table 4. Dependence of rainwater retention efficiency of a rain garden structure on changes in the

thickness of the gravel layer 63, m.

Rain Garden Design

Parameters

Design 1 Design 2 Design 3 Design 4 Design 5

Hsponge, m 1.2 1.3 1.4 1.5 1.6
51, m 0.4 0.4 0.4 0.4 0.4

5, m 0.7 0.7 0.7 0.7 0.7

83, m 0.1 0.2 0.3 0.4 0.5
Wsatq, m>/m 3 0.33 0.33 0.33 0.33 0.33
Wsatp, m3/ m3 0.31 0.31 0.31 0.31 0.31
Wears, M3/ m3 0.1 0.1 0.1 0.1 0.1
Apussin/ Asponge 11.6 11.9 12.2 12.5 12.8

The bottom gravel layer consists of medium or coarse gravel and is designed to retain
and temporarily store water with subsequent discharge either to groundwater or to the
drainage system. The thickness of the gravel layer is calculated by the density of the
infiltration layer but is not less than 30 cm [71]. Therefore, similarly to the previous results,
we changed the thickness of d3 by 10 cm with the given values of §; = 0.4 m and 6, = 0.7 m.
As can be seen from the parameters shown in Table 3, the change in the value of the area ratio
with the increase in d3 occurs in small increments compared to the cases when we adjusted
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the values of 1 and J;. Thus, for variant 5, the complete water saturation of a structure
with an area of 7.8 m? and a catchment area of 100 m? occurs within 3547.8 s (Figure 6).
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Figure 6. Curves of changes in the depth of saturation of the layers of the rain garden structure in
time depending on the thickness of the gravel layer d3, m.

This allows us to conclude that adjusting the thickness of the gravel layer is not an
effective method of achieving the required level of rainwater retention efficiency in terms
of the rain garden structure. This can be explained by the fact that the value of the water-
holding capacity of gravel (wss3 = 0.1 m®/m?) is negligible compared to the values of
Wsqt1 and wsarp, and it is intended primarily for temporary water storage. The gravel layer
can contain drainage pipes and tanks for accumulating water diverted from the system,
which can be used as technical water for domestic needs (if the rain garden is located near
residential buildings), for washing cars (if the rain garden is located near service stations
and petrol stations), for irrigation and irrigation of areas with green spaces on main streets
where water supply is limited (if the rain garden is located along highways).

Therefore, a critical function of rain garden design is the ability to increase the rate
of water infiltration underground. As can be seen from the results obtained, the design
of each layer and the properties of the materials are important parameters that directly
affect the hydrological performance of the rain garden and, consequently, the degree of
effectiveness of stormwater management. Various designs have been described in the
literature; for example, Australian guidelines [72] recommend the following layer sizes:
topsoil for planting 0.3 m, transition layer 0.1 m, gravel layer 0.3-0.4 m. Two variants of a
rain garden for rainwater management in Chiang Mai (Thailand) were developed in [10]:
(1) topsoil for planting 0.6 m, transition layer 0.3 m, gravel layer 0.4 m; (2) topsoil for
planting 0.4 m, transition layer 0.7 m, gravel layer 0.2 m. The materials for the structures
are soil mixed with sandy loam (top layer), sand (infiltration layer), and gravel (storage
layer). Therefore, we assumed the water-holding capacity of each layer to be similar to
our calculations.

Using the hydrological model developed within the framework of the study, the
effectiveness of rain garden designs proposed in the literature was tested, and the results
obtained were compared with the authors’ conclusions. The parameters of the structures
calculated by the simulation method, depending on the main values of the layers proposed
in the literature, are shown in Table 5.

The simulation results showed that the full saturation of the first rain garden structure
begins with a threshold value corresponding to an area ratio of 5.2 for a time of T =3399.9 s.
If, with a catchment area of 100 m?, a rain garden structure with an area of 19.2 m? and a
depth of 0.7 m is arranged, this will allow to completely retain rainfall of a given intensity
while avoiding overflow of the structure. Therefore, the simulation results are consistent
with the recommendations given in [72], except for the percentage of the rain garden
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structure area (19.2%) about the catchment area, which goes beyond the recommended
values [17,18].

Table 5. Dependence of the rainwater retention efficiency of rain gardens with the characteristics
proposed in the literature.

Rain Garden Design

Parameters Design 1[72] Design 2 [10] Design 3 [10]
Hsponge, m 0.7 1.3 1.3
51, m 0.3 0.6 0.4
5y, m 0.1 0.3 0.7
53, m 0.3 0.4 0.2
Weat1, M/ m 3 0.33 0.33 0.33
Wsaty, M3/ m 3 0.31 0.31 0.31
Wearz, M3/ m 3 0.1 0.1 0.1
Apgssin/ Asponge 5.2 10.7 11.9

The height of rain garden structure 1 is 0.7 m. The ratio between the area of the
catchment basin and the area of the rain garden structure as a sponge Ajpggsin / Asponge Was
assumed to be 1, 3, and 5, and a critical value corresponding to an area ratio of 5.2 (Figure 7).
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Figure 7. Curves of changes in the depth of saturation of the layers of Design one over time depending
on the ratio of areas Ay gssin / Asponge-

The height of rain garden structures 2 and 3 is 1.3 m in each case, but with different
layer thicknesses. The area ratio of the second rain garden structure was assumed to be 1, 3,
5,7, and 10, and a critical value corresponding to the area ratio value of 10.7 (Figure 8).

According to the simulation results, the full saturation of the second rain garden structure
occurs within a time of T = 3442.3 s with an area ratio of 10.7. For example, if you install a
rain garden with an area of 9.7 m? and a depth of 1.3 m on a catchment area of 100 m?, it will
effectively retain rainfall of a given intensity, preventing the structure from overflowing.

According to the simulation results, the full water saturation of the third structure
occurs in 3465.6 s with an area ratio of 11.9 (Figure 9). Effective rainwater retention without
overflowing the structure can be achieved by constructing a rain garden with an area of
8.4 m? and a depth of 1.3 m.
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Figure 8. Curves of changes in the depth of saturation of the layers of Design two over time depending
on the ratio of areas Apggsin / Asponge-
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Figure 9. Curves of changes in the depth of saturation of the layers of Design three over time
depending on the ratio of areas Apgssiy / Asponge-

As can be seen from the results obtained, with the same depth used in structures 2
and 3, complete water saturation occurs for different areas, which can be explained by
the different depths of the infiltration layers, which are the main ones in the process of
infiltration penetration. That is, the depth of the infiltration substrate directly affects the
hydrological characteristics of rain garden systems. This conclusion is consistent with the
results obtained by Li [73], who studied the effect of the depth of the infiltration substrate
on the hydrological performance of rain gardens and determined that a greater substrate
depth (1.2 m) corresponds to a water retention volume of 80%, while a smaller media depth
(0.5-0.6 m) is only 44% effective. The results obtained in [10] showed that the efficiency of
rainwater harvesting in variant 2 was high, but variant 3 was more efficient, which also
fully coincides with our findings.

A similar study was carried out by Makbul and Desi [74], who devoted their work
to the development of a rain garden model for the treatment of greywater in residential
areas of Makassar. According to the authors’ research, the time required to fill layers
of a rain garden structure that is 0.8 m wide and 1.2 m deep was 105 s at a flow rate
of v =0.3 m3/s, while the infiltration rate was set to 0.009142857 m3/s. These results
are comparable to those obtained in our work if we recalculate the water flow rate from
0.3m/s to 0.00001 m/s.

The simulation results of the hydrological processes in rain garden structures with
different layer thicknesses show that the ratio of areas and the thickness of the structure’s
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layers directly affect the rate and time of full saturation, demonstrating the different
efficiencies of the rain garden structures.

This is due to the fact that by increasing the thickness of the rain garden layers, the
value of the ratio of the areas (Apussin / Asponge) increases accordingly. The intensity of water
flow through the system increases, which leads to a reduction in the time required to
completely fill the structure. Thus, changes in the main parameters of the model directly
affect the hydrological behavior of the rain garden structure. This is confirmed by the
results of the calculations within this work and those presented in the literature.

In a study [38], the numerical model Recharge was used to simulate the hydrological
characteristics of a rain garden in the tropical climate of Singapore for six months, which
covered 80 rain events. The simulation results, compared to field studies, showed that the
performance of the design increases with increasing system depth (above 0.4 m), decreasing
area ratio (below 20), or increasing hydraulic conductivity (above 10 cm/h). The modeling
error in the study was 5.1 £ 7.5% for each rain event and 0.3% in general.

Other authors [75] investigated the effectiveness of rain gardens with different area
ratios (10, 15, and 20). The study was conducted on the campus of the University of Padua
in Italy. The test results showed that even in rain gardens with the smallest area ratio (10),
almost the entire volume of runoff from the catchment successfully penetrates the soil.

These studies, as well as the results of the simulation in this article, confirm that during
high-intensity rainfall, a column of water is formed in the rain garden structure, which
causes active passage and saturation of the layers with water, starting from the top down
and the center to the perimeter zone. On the other hand, the authors of [76] showed that
rain gardens can support the operation of insufficient sewerage infrastructure, especially
during medium-intensity rain events (15-20 mm/h).

Similar to our model, the authors of [77] developed a simplified hydrological infiltra-
tion model for a rain garden based on the Darcy equation. The model takes into account
such factors as evaporation, overflow, infiltration in the system, exfiltration into the sur-
rounding soil, and water removal through drainage. Field data from a controlled rain
garden design in Melbourne, Australia, were used to test the model’s performance. The test
results were based on 22 rain events: two events were used for calibration and twenty for
validation. The modeled runoff infiltration rates and their temporal dynamics were well
reproduced. However, there was some discrepancy between the modeled and measured
water levels. In addition, the model did not allow for a description of the dynamics of water
levels in the rain garden structure. The authors concluded that to improve the model, it is
necessary to take into account additional hydrodynamic parameters of the soil (e.g., water
holding capacity) that allow for a more accurate description of the infiltration process,
which was achieved within our model.

Our research, as well as the research of other authors, confirms that the study of the
functional features of a rain garden is an important aspect of engineering practice, allowing
us to identify key factors in determining the size of the structure, as well as the physical
and chemical properties of the bulk layers. The results of this study provide valuable
information for urban planners and policymakers looking to implement rain gardens as
part of an urban stormwater management strategy.

4. Conclusions

In this study, a universal hydrological model based on Darcy’s law was developed
to describe the dynamic processes in a rain garden structure at a particular point in time.
The proposed system of equations expands the possibilities for calculating rainwater flow
and outflow from the system when designing rain garden structures. All rain garden
structures are designed for frequent small rain events. In this study, the correctness of the
developed model was verified by calculating the main hydrological parameters of rain
garden structures based on a real rain event, taken as an extreme case with a maximum
rainfall of 36 mm/h or 0.00001 m/s. An experiment with columns simulating rain garden
structures was designed to determine the water retention capacity of the embankments
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used in the development of the model and its validation for a real rainfall event. The
simulation results show that the time of complete saturation of rain garden structures
depends on the specified parameters of structural layers and the value of the area ratio. It
was found that the smaller the area of the rain garden structure compared to the area of
the catchment basin, the faster it reaches its full saturation. Increasing the thickness of the
layers of the rain garden structure allows for an increase in the efficiency of water retention
at a lower area ratio. The main layer of the rain garden structure in the process of infiltration
penetration is an intermediate infiltration layer, the adjustment of the depth of which allows
for an increase in the efficiency of the entire structure. The calculations established by the
developed simulation method confirm that rain gardens can help reduce stormwater runoff
in urban areas by retaining water inside the layers of the rain garden, which act as reservoirs
and allow water to penetrate the soil instead of flowing to the surface. The right choice of
rain garden parameters allows them to retain and infiltrate almost 100% of precipitation
even in extreme conditions. The proposed model is a valuable tool for understanding
the hydrological processes occurring in a rain garden structure and designing efficient
systems based on local climatic conditions. The results of the work will be used as a basis
for the development of rain gardens, which are planned to be tested in field studies. The
proposed model enables the calculation and evaluation of the impact of the main operating
parameters of the rain garden design on the hydrological features of the systems. This
will provide data for the design of rain gardens in real-world conditions to avoid water
overflows in the structure. Further research will focus on the development of a numerical
model to determine the height of the water column above the surface of the rain garden,
taking into account the filtration coefficient of each layer, which is important when the area
available for sponge tools is small compared to the area of the catchment. In addition, it will
be necessary to investigate a series of rain events, taking into account the drying process
of the upper layers, and to conduct a more in-depth study of the hydrological behavior of
rain gardens, taking into account the process of evapotranspiration, which is an essential
component of the water balance, as well as the influence of vegetation and the physical
and chemical properties of the materials used in the construction layers.
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Appendix A

[

INPUT:
taus - the time grid - a vector [s];
vrs(tau) - the rain intensity:
a function vs. time or a vector
of the same size as taus with the
corresponding values [m/s];

Layers - the data about the layers,
a nx2 matrix:
81, Wsata
62, Wsat2 E
- ,
6n, Wsatn
5 - the thickness of i-th layer [m];
wsati - the water retention ability
[m3/m3];
Ab_As - the relation between the area of the

water collection basin and the area of
the sponge facility (rain garden)

TauFil:=[];
y:=taus.*0;
jr=1;

[eo]

js:=size(Layers)(1);
Ab_As_wsat:=Ab_As./Layers(1,2);
TotalTh:=Layers(1)

v

Loop by nodes T
i = 2 to length(taus)
v

taus(i)

[=]

y(1i):=y(i-1)+Ab_As_wsat.*| vrs(tau) d tau;

[en]

taus(i-1)

o :

Solving the Equation: RainGardenFillEqn(taucr)=0 [z
The initial guess is: (taus(i)+taus(i-1))./2,
| ji=j+1 |

y(i:$):=TotalTh
TauFil:=taucr

\ 4
OUTPUT:
y - the deepness of the water in the sponge facility,
a vector of the same size as taus with the [Ei
corresponding values [m];

TauFil - the time to fill the sponge facility [s], a
scalar or an empty if the time isn't enough

=

Figure A1. Cont.
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}

Ab_As_wsat=Ab_As./Layers(j,2); |

v

taus(i)

y(1i):=TotalTh+Ab_As wsat.*| vrs(tau) d tau;

taucr

v

TotalTh:=TotalTh+Layers(j,1); |

g

Equation: RainGardenFillEgn(taucr)

S I

ARGUMENTS:
the critical time, at which the
layer boundary will be reached [s];
the depth at the previous time node [m];
the relation between the area of the
water collection basin and the area of
the sponge facility (rain garden),
multiplied by the water retention ability;
the previous time node [s];
the rain intensity:
a function vs. time or a vector
of the same size as taus with the
corresponding values [m/s];
the total thickness of involved layers

taucr -

y(i-1) -
Ab_As_wsat -

taus(i-1) -
vrs(tau) -

TotalTh -

v

taucr

D:=y(i-1)+Ab_As_wsat.*| vrs(tau) d tau - TotalTh

taus(i-1)

v

RETURNS:
D - deviation of the equation

length(Vv) —
size(M) -

v

Return to the calling program

sl >

AUXILIARY VARIABLES:

number of the current layer;
the number of layers, which is defined as the number of rows in «Layers»;
number of the current time grid node.

OPERATIONS:

variable assignment (in the most of systems «=», in Maxima - «:»;
elementwise multiplication of same-size matrices in contradiction with
matrix multiplication (if at least one operand is scalar

both operations are the same);
elementwise division of same-size matrices in contradiction with
matrix division (if at least one operand is scalar — the same);
elementwise power of same-size matrices in contradiction with
matrix power (if at least one operand is scalar — the same);
call for the numerical integration function (in Maxima it’s possible
to try sybmolic integration and if failed — use the numerical one);
taking the element of matrix M at r-th row and c-th column;
taking the k-th element of vector (1D matrix) V;
returning the number of element in vector V;
returns a vector of two elements — the number of rows and columns in M

Figure A1. Flowchart of the methodology.
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