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Abstract. The solution of the problem of increasing water regulation areas in the Polissia zone of Ukraine
requires investigation and development of new, more effective methods for determining structural parameters
of drainage systems when developing projects for their reconstruction in accordance with the requirements
aimed at ensuring water regulation during systems’operation. The paper considers the problem of improving
the efficiency of water regulation on dual-action drainage systems by using mathematical modelling tools
to determine the structural parameters of the systems and the parameters of their operational management.
The proposed means are based on the use of Richards equation stated in terms of water head. As a tool for
scenario modelling, an initial-boundary value problem of modelling moisture transfer on dual-action systems
is formulated and a finite-difference scheme for obtaining its numerical solution is given. We consider the
problem of determining the depth of drains installation and the distance between them at which the system
provides not only the drainage of soil s surface layer, but also the maintenance of its moisture supply level in
a given range with a minimum need for irrigation during the growing season. The algorithm for solving such
a problem is presented. It is based on the construction of a set of admissible values of systems parameters
using, in particular, the bisection method, followed by the minimization of an objective function on this set.
Under the conditions when the implementation of underground water supply technology is economically
impractical, the possibility of supplementing the drainage system with an irrigation system is considered.
In this case, the cost of building a drainage system and an additional irrigation system is a criterion for
the optimality of system s parameters. Additionally, we consider the problem of operational management of
water regulation, i. e., the determination, given the initial distribution of moisture, of the optimal control
influences necessary to ensure an acceptable level of moisture availability during a given period of time.
This minimization problem is proposed to be solved by a genetic algorithm. The results of modelling the
operation of a dual-action system and the optimization of its parameters under the conditions of drained
peat soils of the Panfyly Research Station (Ukraine, Kyiv region) are presented.
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Actuality of research. The problem of
increasing the efficiency of water regulation is
relevant for the territory of Ukrainian Polissia
where 3.2 million hectares of drainage systems
of various types are concentrated. These systems,
built in 1970-1980s, were primarily intended
to solve the problem of removing excess water
in spring and creating a sufficient capacity in
vadose zone for the accumulation of summer
precipitation, the amount of which at that time
was sufficient for water supply of most crops
grown on drained lands. As a result of climate
change, due to which the territory of Ukraine
is characterized by one of the highest rates of
growth in the average annual temperature in
the world, conditions with an insufficient level
of natural moisture supply are now forming in
Ukrainian Polissia starting from July. Therefore,
the approved “Irrigation and Drainage Strategy
in Ukraine for the Period Until 2030 provides

for the implementation of measures for the
reconstruction and modernization of existing
drainage systems by supplementing them with
the function of water regulation during the entire
growing season.

Implementation of this function is ensured
through the possibility of using groundwater
by regulating its level, or conducting irrigation,
or a combination of these two options. The
effectiveness of water regulation largely depends
on the applied decision-making support tools.

Literature review. The main source of
predictive data for physically-based decision-
making support in water regulation is
mathematical modelling of moisture transfer. On
its base, forecasts of the dynamics of moisture
availability to plants, necessary for operational
water regulation, are obtained, and scenarios are
simulated within the growing season to support
medium-term planning of reclamation systems’
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operation. Initial data for modelling are the
data on the hydro-physical properties of soils,
preferably obtained experimentally, and the data
of field measurements of current state indicators
of the “soil-plant-atmosphere” system.

The most commonly used class of models is
based on the Richards equation [1]. The methods
of solving direct problems stated for such models
vary from analytical [2] to fully numerical [3]. In
particular, when modelling changing groundwater
level using the moving simulation domain’s
boundary, one of the effective numerical methods
is the method of conformal mappings [4].

Decision-making  support systems  for
water management mostly focus on one of its
components (irrigation or drainage) and consist
usually of only scenario modelling or operational
management tools (see, e. g., [5]).

To solve the considered problems on dual-
action systems, the following principles of using
mathematical modelling tools in decision-making
support systems in irrigation described in [6; 7]
are applicable:

* the use of the Richards equation stated in
terms of pressure/water heads to more accurately
determine the availability of moisture to plants
and manage it exclusively in the root-containing
zones of the soil taking into account the structure
of plants’ root systems;

+ adaptation of the model to actual conditions
by laboratory determination of soil’s hydro-
physical characteristics and introduction of
empirical parameters into the model [6]. The
values of these parameters are further selected
by solving inverse problems to obtain the best
possible description of moisture dynamics within
wetting-drying cycles;

* the use of swarm intelligence methods [8] to
determine the parameters of design and operation of
reclamation systems based on scenario modelling.

The aim of the research is the development
of mathematical modelling tools that can be used
for the determination of the design and operational

(7]

parameters of dual-action systems that combine
the functions of drainage and irrigation.

Materials and methods. We consider the
problem of modelling the dynamics of water
heads in a soil massif, on which water regulation
is carried out by a double-acting system, under
the following conditions ([9], Fig. 26):

— drains are installed without a slope and
connect two canals;

— drains are considered to be constantly
completely filled with water;

— the same water level is maintained in both
canals.

If there is a large distance between the canals,
filtration from them can be neglected and,
considering the uniform distribution of moisture
along the drains, modelling can be carried out in
a two-dimensional approximation by considering
a section parallel to the canals, in the middle
between them (Fig. 1). At the same time, the
simulation domain can be limited to the zone of
influence of one drain. The lower boundary of the
domain is the confining bed.

The Richards equation stated in terms of water
heads, which takes into account the transition of
soil from unsaturated to saturated state, is used in
the simulation in the form described in [10]:
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where A(x, z, ¢) is the water head, m, C(h,z) = %

is the differential moisture capacity, 6(x, z, £) is the
volumetric soil moisture,%, 0,(z) is the saturated
moisture content,%, S(z) is the specific storage,
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Fig. 1. Simulation domain
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1/m, k(h, z) is the hydraulic conductivity, m/s,
S(x, z, t) is the function, //s, that models moisture
extraction by the roots of plants.

Soils are considered to have a layered structure.
Their water retention curves are described
according to the van Genuchten model [11] in

the form 8(h) =0, + 09, =
[u{maMY}

values ofthe coefficients 0, 0, a, nthatchange from
layer to layer. The dependency between hydraulic
conductivity and water head is represented
according to the Mualem model [12] in the

form  k(h)= k_/.GE (h)[l - (1 - ej/(n—l)(h))lfl/n T ,

0(h)-0,
el Yo
hydraulic conductivity,  is a fixed exponent.

The values of the coefficients of the models
are determined by the least squares fitting of the
data of laboratory studies.

The specific storage is also estimated from
0()—6(h,)

hl - ho
the measured water heads that correspond to the
close-to-saturated state of soil.

The width L of the simulation domain is equal
to the distance between drains. One drain is
modelled. It is considered to be located at a point
with x = L / 2. At the location of the drain, water
head equal to the water level in the canals above
the drain is set [4; 13]. We assume that water head
in the drain is fixed along its length.

The level [, m, of water in the canals changes
taking into account the flows in the drains Q, m/s,
and the evaporation from water surface E, m/s,
as follows:

dl 2nR -1, -k,

dt hO—E.k L
where R is the radius of the drain, /, is the length of
the drain, w, is the width of the canals (their shape
is considered rectangular), £, is the coefficient of
linear dependency between pressure and flow in
the drain. The evaporation from water surface is
considered proportional to the evaporation from
soil surface.

To Equation (1) we set the following boundary
condition on soil surface z=0 [14; 17]:

k(h,z)g—f:Qem—Qp (1)~ 0,(x.1),

where Q,(1), Q,(1), O(x, t) are the fluxes, m/s, of
evaporation, precipitation, and irrigation. The
absence of flux condition is set on the side faces

with the

0,(h)= where k, is the saturated

this dataas S, = where h,> h, are

c

of the domain, and the condition @ =1 is set on
the bottom face. dx

The function S models the extraction of
moisture by the root systems of plants the way
it is described in [14]. Here the distribution of
transpiration on the depth z is described according

5 ey~ TOLE)

to [18] in the form TL(z)dz’ m/s,
0

where z, is the depth of the root-containing layer,

2
L@)th—OJ¢i—O6{£J —0&{3J is
z

z z

r r r

the function of the distribution of root length density
and its specific form used in this paper, 7(¢) is
the transpiration rate, m/s. We assume that n,
plants with the centres of root systems, the depth
of which is equal to 7,, located in the points
X,, i =0 .., n, — lin the simulation domain.
The density of root systems is assumed to
decrease linearly subject to the horizontal
coordinate x that is described by the function

O Lok )20
S xi (x ) = rpi >

Oarpi _('x—xpi) <0

1/m.

Then the total moisture extraction function has
1 np—l
the form S(x,z,7) = —SZ(Z,I)Z S (x), 1/s.
n, i=0
Numerical solution of the initial-boundary
value problem for the model based on Equation (1)
is performed according to the implicit finite-
difference Crank-Nicholson scheme [19] on
a uniform grid with respect to the space variables
with the use of the algorithm for adaptive time
step selection [15].
Similarly to [15], we consider the uniform
finite-difference grid

o={ (x, =ih,.z, =kh_t, = j1):
d=0m k=0,m7=012,.}

where £, h_are the steps with respect to the spatial
variables, T is the time step. Here and further
the grid analogue of the water head function 4
and, similarly, other functions, is designated as
hy = h(x,;,z,t,). As the results of discretization
we obtain [15] the following linear system that
is further solved by the TFQMR algorithm [20]:

J Jj-1 J j-1 J
B XAl B ) A R %
j-1 J J-l _pJ J-1 _ -1
Bl Ak X B —h xR =D,
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To adapt the model to the actual conditions
of the processes, the coefficients of the van
Genuchten and Mualem models can be varied to
achieve a better correspondence of the simulation
results to the measured water head dynamics. In
particular, the procedure of applying the particle
swarm optimization approach for solving such
a problem is given in [6].

In the process of modelling, we calculate the
minimum and maximum water head levels in the
root zone, averaged in each column of grid nodes
with the values of root system’s distribution
function as weights.

Modelling of water regulation in order to
increase water content in the root zone of the
soil is modelled as follows. At first the increase
in water level in the canals is simulated for no
more than a given period of time. After that,
the simulation is carried out without control
actions until the maximum water head level stops
increasing and the minimal one starts increasing
(thus determining the maximum influence of the

(2]

increase in water level in the canals on moisture
content in the root layer).

If the maximum water head level is lower
than the upper limit of the maintained range or
the minimum water head level is lower than the
pre-irrigation threshold, then the surface supply
of irrigation water is simulated, similarly, for no
more than a given period of time.

When the maximum water head level in the
root zone increases above the threshold value for
which drainage is necessary, a decrease in water
level in the canals is simulated.

The controlled change in water level in the
canals is simulated with a given fixed speed.

Results. The main problem that should
be solved by decision support systems when
designing  dual-action  drainage  systems
consists of determining their main constructive
parameters, in particular, the depth of installation
and the distance between drains.

Given the known characteristics of drainage
pipelines, we assume that a double-action system
fulfils its functions if, by setting a fixed water
level in the canals, it allows

» for a given period of time, transfer the
upper layer of the soil of a given thickness from
saturated to non-saturated state in order to ensure
at the beginning of the season the passability of
machinery that must carry out soil cultivation;

* at a fixed low level of evapotranspiration
at the initial stages of plant development, ensure
a given range of moisture availability in the root
layer without additional irrigation;

e at a fixed high level of evapotranspiration
and the maximum level of root system’s
development, similarly to the initial stages,
ensure the availability of moisture.

In the case when the system is not able
to provide water consumption for plants, the
possibility of additional construction of a surface
irrigation system should be considered.

The objective function to be minimized is the
cost of constructing a dual-action system, which
consists of the cost of drainage pipelines, the cost
of their installation, and, if necessary, the cost of
constructing a surface irrigation system.

The proposed decision-support algorithm
consists in finding a set of values of system’s
constructive  parameters, under which it
properly performs at least the drainage function,
followed by finding, by the greedy algorithm,
of such values from this set that minimize the
objective function.

Building of a set of allowable values of
constructive parameters under known hydro-
physical properties of the soil is performed
according to the following algorithm:
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 the depth of drains installation decreases
with a given step starting from the depth of the
bottom of the canals and ending with the depth
of the layer that needs drainage. For each depth
value three tests are performed:

o test 1: the maximum distance between
drains at which the system performs the
drainage function at the beginning of the season
is determined (initial water head distribution
h= —z corresponds to fully saturated soil, the
water head in the drain is set to be constant at the
level of 4=0). We assumed that the dependency
between the inter-drain distance and the depth
of the drained layer is monotonic and solve the
corresponding problem by the bisection method.
If drainage cannot be carried out at the minimum
inter-drain distance, we proceed to the next depth
of drains installation;

o test 2: for the distance between drains
determined on the previous step, the minimum
value of the fixed maintained water level in the
canals is found by the bisection method, for
which, in a close-to-steady state, the minimum
weighted average water head in the vertical
section of the root zone is greater than the level
of pre-irrigation threshold in a situation of low
water consumption. The test is considered passed
if the above-described condition regarding the
maximum weighted average water head in the
root zone is met;

o test 3: similar modelling is carried out for
the situation of high water consumption;

o in the case when tests 2 or 3 are not passed,
the cost of constructing a surface irrigation system
is added to the value of the objective function.

For an active dual-action system, which
contains both a network of drainage pipelines
and a surface irrigation system, the problem of
operational management is also considered. It
consists in finding, for a given initial distribution
of water heads, the control actions (changes in
water level in the canals and, if necessary, surface
irrigation) necessary to maintain moisture
availability in a given range during a given
period of time. Given the known cost of water
level regulation and the cost of surface irrigation
application we determine a regime (using the
genetic algorithms approach [16]), in which the
total cost of water regulation is minimal.

Since water regulation by changing water level
in the canals has a delayed effect on the moisture
content of the root layer of the soil, on the first step
of the algorithm we determine the time when, in the
absence of water regulation, the minimum weighted
average water head level in the vertical section
will become less than the pre-irrigation threshold.
Water regulation is further modelled in a way to
finish at this specific moment of time. If, after water
regulation is performed, water heads do not belong
to the maintained range, a given large penalty value
is added to the value of the objective function.

The operation of a dual-action system was
simulated for the conditions of drained peat soil
of the Panfyly experimental station (Ukraine,
Kyiv region, 50°13'16.9"N31°45'46.4"E).

The coefficients of the van Genuchten and
Mualem models for soil layers, obtained on the base
of experimental study, are presented in Table 1.

The model parameters had the following values:

* The radius of the drain is 0.2 m, the length
of the drain (distance between canals) is 150 m.
The depth of simulation domain is equal to 3 m.

* The depth of the canal is 2 m. The width of
the canal is 3 m.

* The maintained range of average water
heads in the root zone is —40 — —15 kPa. Drainage
by lowering water level in the canals is carried
out when the average water head level in the root
zone is greater than —5 kPa.

* Evapotranspiration for the high water
consumption case is equal to 5 mm/day and for the
low level case —to 2 mm/day. The distance between
plants is 66 cm, the depth of the root system is
50 cm at the high water consumption case, and 20
cm at the low water consumption case.

e The rate of change in water level in the
canals is 2 m/day. The flow of irrigation water is
7 mm/hour.

* The cell size of the finite-difference grid is
10x10 cm, the maximum length of the time step
is 100 s.

The results obtained by applying the
procedure for determining the permissible values
of system’s constructive parameters, provided
that at the beginning of the season the minimum
depth of the saturated zone should become more
than 40 cm due to the drainage during no more
than 5 days, are shown in Fig. 2 and 3.

1. Coefficients of the van Genuchten and Mualem models

Layer 0, 0, o n k,, m/s B S, 1/m
0.05-0.2 m 0.37 0.81 0.1 1.5 2.3x10* -0.75 0.0823
0.2-0.4 m -0.5 0.87 0.01 1.1 6.0x10¢ -15 0.0186
0.4-0.6 m -1.5 0.962 0.01 1.1 6.0x10° -20 0.0063
0.6-0.8 m -2 0.957 0.01 1.1 1.0x10° -15 0.0156
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—— Water level at which plants' consumption is fulfilled at the initial stage of vegetation
—— Water level at which the maximum plants' consumption is fulfilled

Fig. 3. Water levels in the canals at which plant’s water consumption
is fulfilled at the specified maximum distance between drains

For the installation depth of more than 75 cm,
with high water consumption level, ensuring
the required level of moisture availability in
zone between drains was accompanied by the
saturation of soil by water in the vertical section
at the location of the drain. Thus, the depth of
75 cm with the inter-drain distance of 28 m
was determined as the greatest depth of drains
installation, at which the dual-action system
effectively performs both the functions of
drainage and irrigation.

This set of admissible values of system’s
constructive parameters was used to simulate
operational assignment of control actions to
maintain the moisture availability in the root layer
ina given range. With constant evapotranspiration
at the level of 3 mm/day, which is greater than the
level at which the system performs the function

of irrigation without the use of surface irrigation,
and the depth of the root system equal to 20 c¢m,
the water level in the canals was modelled as
being maintained at the level of at least 1.53 m.
Initial distribution of water heads was taken as
h=-04—z.

In the absence of control actions, the need
for water regulation according to the simulation
results arises in 3.3 days after the starting moment
of time. The determined optimal regime of
maintaining the given water head range consisted
in increasing the water level in the canals at the
time of 1.74 days for 1.43 days. In such case,
water regulation is possible without additional
use of surface irrigation.

The dynamics of weighted averaged water
heads in vertical section is shown in Fig. 4. In the
considered situation, water heads in the vertical
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Fig. 4 Dynamics of averaged water heads in vertical section
(water regulation period is marked with colour)

section at the point of drain installation rise in
the process of water regulation to the level at
which the drainage procedure is activated in the
model (-5 kPa) while moisture content in the
zone between drains still continues to decrease.
As aresult, the two applied control actions do the
opposite — a decrease and an increase of water
level in the canals — that lead to the fixation of
this level together with the maximum average
water head in vertical section in the period of time
preceding the completion of water regulation.

Conclusions. We propose to determine the
technologically effective and economically
feasible values of such constructive parameters
of double-action drainage systems as the
installation depth and the distance between drains
using mathematical modelling methods on the
base of the Richards equation stated in terms of
water head.

The calculated values of parameters are
considered admissible if the system is able to

drain water within a specified period to the
depth sufficient for the operation of agricultural
machinery in spring, and allows maintaining,
through vertical flow of moisture, the moisture
supply of the root layer of the soil during the
period of maximum water consumption by plants
not below the lower limit of the range of optimal
moisture supply without the use of irrigation.
Under the conditions when the implementation
of such a technology is economically impractical,
the possibility of supplementing the drainage
system with an irrigation system is considered.
In this case, the criterion for the optimality
of system’s parameters is the cost of building
a drainage system and an additional irrigation
system. In order to determine the operational
necessity of applying irrigation, a suitable
decision support algorithm is proposed.
Approbation of the methodology on the data
of the existing drainage system demonstrates the
adequacy of the obtained modelling results.
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Anomauia. Bupiwenns 3a60aHHs HAPOWYBAHHS NIOW B8000pe2ynI08AlHs 8 30HI yKpaincvkoeo Iloriccs
nompeoye nouwiyKy ma po3pooneHns HO8Ux, Oinbui eqheKmueHux mMemooie 8UHAYEHHs KOHCIPYKMUBHUX
napamempis OPeHaNICHUX cucmem npu po3pooieHHi NPOEKMIB iX peKOHCMPYKYIL 32i0HO 3 8UMO2aMU 3a6e3-
newenHs 8000pe2yio8anta 6 npoyeci excnayamayii. Pozenadaemovca 3a0aua niosuwjents egpekmusHocmi
6000pe2YNI06aANHS HA OPEHANCHUX CUCTEMAX NOOGIUHOT Oii WIAXOM 3ACMOCY8anHs 3ac00ie Mamemamuy-
HO20 MOOEN08anHs OJisl BUSHAYUEHHS KOHCMPYKMUSHUX NAPAMEMPIE CUCTEM Ma ONepamueHo20 YRPasiiHHsL
numu. Ilpononosani 3acobu 6azyromucs na sukopucmanti pienauns Piuapoca, 3anucanozo y mepminax
Hanopig. Ak 3acio cyenaprHozo Mooento8anHs, chopmyibo8aHO NOYAMKOBO-KPALIO8Y 3a0ayy MOOeNI08AHHS
B0/1020NEPEHECEeHHs HA cucmemax noodsiliHol Jii ma HaA8e0eHO CKIHUEeHHO-PIZHUYesy CXeMy OMPUMAHHA il
YucenvbHo2o po38 'a3ky. Posenadacmvcs 3a0aua GU3HAUEHHA MAKUX 2TUOUHU 3AKIA0AHHA OpeH ma 8i0CaHi
MIDIC HUMU 34 AKUX cucmema 3abe3neyyc He minoku OpeHy8anHs NO6EPXHE6020 WAPY TPYHMY, aje U niompu-
Maums pieHs 1io2o 8ono2ozabesneyents 6 3ac)aH0My 0ianasomi 3a MIiHIMANbHOI HeoOXiOHOCI 3acmocy-
BAHHSL 3DOWEHHS NPOMS2OM ce30Hy eecemayii. Hasedeno ancopumm poss ’s3anns maxoi 3aoaui, axuii 6azy-
€EMbCSL HA N0OYO0BI MHOJNCUHU OONYCIMUMUX 3HAYEHb NAPAMEMPI8 CUCMeMU SUKOPUCTOBYIOYU, 30KpeMd
Memoo bicexyii, 3 N00AIbULO MIHIMI3AYIEI YiNbo8ol GYHKYIT HA Yitl MHOMICUHI. 3a YMO8, KOIu peanizayis
MEXHON02ii NIOTPYHMOBO20 IHCUBLEHHS € EKOHOMIUHO HEOOYINbHOIO0, PO32AAOAEMBCA MONCIUBICTNE OONOE-
HeHMsl cucmemu OpeHasicy cucmemoio 3pouitenns. Kpumepiem onmumansHocmi napamempie cucmemu
8 YboMy SUNAOKY € 3ampamu Ha OYOIGHUYMBO CUCTEMU OPeHaxCcy i 000amKo80i cucmemu 3POULeHH.
Taxootc pozensoaemvca 3a0aua onepamusHo20 YNpagiiHHa 6000Pe2YI08AHHAM — GUSHAYEHHS 3d 3A0AHO20
NOYAMKOBO20 PO3NOOILY BON0OU ONMUMANLHUX KEePYIOUUX GNIUGIE, HeoOXiOHux 05 3a0e3neueHtst OOny-
CMUMO20 PiGHS 0OCHYNHOCHI 80702U NPOMA2OM 3A0aH020 nepiody uacy. Lo 3adauy minimizayii nponouy-
€mbes pose ’;13y6amu 2EHEMUYHUM An2OPUIMMOM. Hageoeno pesynomamu mooeniosannsi p060mu cucmemu
docnionoi cmanyii (Yrpaina, Kuiscvka oonacmy).

Knrouosi cnosa: sodopezynosaniisi, cucmemu noositiHoi 0ii, mamemamudne MoOOeOBAHH S
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