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Abstract: The study was aimed at the determination of the dynamics of spatial distribution of
moisture front, caused by pointwise application of water under conditions of high pressure. This
was effected through a series of simulations of water injection to a porous material with particle size
distribution corresponding to that of sand. The study was composed of six independent experimental
series in which the sand monolith was supplied with water doses of 250, 500, 750, 1000, 1250, and
1500 cm?® under pressure (4 bar). At the same time, measurements of volumetric moisture were
conducted with the use of TDR sensors, which were positioned within the soil in a regular grid
pattern. It was demonstrated that the primary cause of water movement at the moment of injection
is the pressure potential gradient of water molecules. The spatial reach of moisture change in relation
to the injected water dose was also defined. It was also observed that in the course of water injection
there is a risk of disturbing the structure of the porous material. The correctness of the adopted
method was verified through the calculation of the water balance.

Keywords: injection irrigation; sand; time domain reflectrometry; volumetric moisture

1. Introduction

Fresh water is a fundamental element of the natural environment and ensures the
continuity of life on Earth [1]. It is estimated that the current annual world water consump-
tion is approximately four thousand km?, 16.7% of which is used by industry, 15.6% is
household consumption, and as much as 67.7% is used in agriculture [2]. Therefore, special
attention should be paid to the segment related directly to food production [3]. Water
consumption in agriculture relates a.o. to the use of irrigation systems, and a measurable
effect of their use is an increase in the level of yields [4-6]. For this reason, in open field
cultivations there is an extensive application of such irrigation systems as mobile or fixed
sprinkler systems, which are used globally on an area of approximately 35 million ha [7].
An increasing popularity is also observed in the case of water-saving drip lines, for which
the area of use in 2030 will be doubled relative to that of 2000 [8]. Selected features of those
irrigation systems became the base point for a concept of an injection irrigation system for
crop plants, which is being realized within the framework of the project “Mobile system of
injection irrigation and fertilisation meeting the individual requirements of the plant” by
the consortium Mobile Irrigation and Fertilisation (MSINiN) [9-11]. The concept consists
in subsurface application of a specific dose of water, within soil space containing plant root
systems, which is characteristic of the subsurface drip line. In addition, the application
of water is to proceed in a mobile manner, and that will allow the use of the system on
the largest possible area, which is an advantage of mobile sprinkler irrigation systems
(Figure 1) [12]. According to this idea, a one-time injection for one plant should last several
seconds at maximum. Such an approach to irrigation is in conformance with the idea and
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solutions of “precision agriculture” [13,14]. One of the issues that should be addressed
during the research and development work on this concept is to determine the form of the
body of moisture that is formed during pointwise application of water to soil under high
pressure of the liquid.

‘\“ N N Mobile platform with
‘ injectors
S|
A“' Crop plant
al!
- Distribution of the

moisture front

Figure 1. Schematic presentation of the concept of a platform for injection irrigation with a possibility of fertilization [9].

1.1. Distribution of Soil Moisture Dynamics during Injection Irrigation

The fundamental difference between the process of injection irrigation and the irriga-
tion systems used so far is the method of water application and the dynamic of an increase
of soil moisture within the root system of the crop plant. In the case of the conventional
methods of irrigation, the phenomenon of moisture dynamics can be defined as water
movement within the aeration zone, caused primarily by the heterogeneity of the sum of
gravity potential and pressure equivalent of soil water potential. The gravity potential is
related with the effect of gravity on water, while the pressure equivalent is defined by the
difference between pressure in water and the atmospheric pressure in the environment
of the water particle (so-called matrix or pressure potential) [15,16]. The unique concept
of injection irrigation relates to the case when a dose of water is applied to soil in the
conditions of a high hydraulic pressure (at the intensity of several hundreds of cm? of
water within a few seconds). Therefore, the dynamics of volumetric moisture in the soil
monolith is not determined by the gravity gradient and the pressure equivalent, but solely
by the hydraulic pressure of the injected liquid [17]. After the process of injection, the
hydraulic pressure disappears and water movement takes place as a result of the difference
in the total potential composed mainly of the gravity potential and the pressure equivalent.

Whereas the problem of moisture dynamics caused by the gradient of the sum of the
potentials mentioned above has been described by the Richards equation, whose basis is
the description of the soil medium by means of physical and empirical parameters [18],
the solution is arrived at using a method of finite differences or elements, with the use of
explicit or implicit schemes [19,20]. In the case of water application to soil under pressure,
there are many aspects which no equation describing water movement in soils (the Richards
equation included) takes into account. These include, e.g., the appearance of water potential
resulting from hydraulic pressure, soil structure deformation, the necessity of describing
the phenomenon within a small space, i.e., the necessity of dividing the entire space into
small elements and also with a very short time step. Taking the above assumptions into
account makes it difficult to maintain stability in a mathematical model.

In addition, the character of moisture changes caused by injection irrigation depends
on the kind of soil into which the liquid is applied. Distinct differences were demonstrated
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in water distribution in sandy and loamy media [21]. Porous media with various particle
size distributions are characterised by various physical parameters such as porosity, struc-
ture, filtration coefficient, hydraulic conductivity, or retention capacity [22]. All of those
physical properties have a direct impact on the parameters which are used in the numerical
description of water movement in soil [23]. Another important variable is the pressure at
which the liquid is applied to the ground. As mentioned earlier, one of the components
of the total potential of water molecules is the pressure potential. The higher the gradient
of the potential, the more dynamic the character of the changes [24]. The dose of applied
water is still another important variable. In the case of the drip line systems, the range of
moisture changes is proportional to the water dose applied [25].

In the study presented here the experiments were conducted on a physical model.
Therefore, before the actual experiment, we should take into account the issues defined
in the project as standards of injection irrigation [9]. These aspects are presented in the
next section.

1.2. Standards of Injection Irrigation of Field Cultivations
1.2.1. Plant Spacing in Cultivations Dedicated for Injection Irrigation

The functionality of the mobile irrigation machine consists in, among other things,
that the modules of the machine move between plant rows and supply water, through
injectors, into the vicinity of plant roots systems (Figure 1). This means that this irrigation
system will be dedicated only for specific plant species, grown in systematic spacing,
such as vegetables or root crops and excluding cereals. The crop plant species selected
within the scope of the MSININ project include, e.g., species of leek, root celeriac, or
sugar beet [9]. In the cultivation of those species, plant spacing depends on a number
of factors, such as the time of planting or sowing—early/late cultivars, area dedicated
for the cultivation, possibility of using agricultural machinery. In the case of leek, plants
can be spaced within rows at distances from 10 to as much as 20 cm, depending on the
cultivar (early-late), with row spacing being 25-50 cm [26-28]. In the case of celeriac,
plant spacing within rows is 30-50 cm, depending on the cultivar (strong-weak), with
row spacing of 30-50 cm [29,30]. Examples of plant spacing within rows of sugar beet are
15-20-25-30-35 cm, optimal yields being obtained at plant spacing of 15 cm. Row spacing
in sugar beet cultivation is 35 cm [31]. Based on the above, a widely used row spacing is
45 cm and plant spacing is 20 cm. Therefore, it was decided that 40 cm x 45 cm should be
sufficient dimensions for the physical model (plan view).

1.2.2. Irrigation Dose in the Case of Injection Irrigation

To determine the dose of applied water, reference should be made to the conventional
description of irrigation doses. Generally, one-time irrigation dose depends on the water
requirements of the plant, irrigation frequency, the soil capacity for water retention, and
irrigation techniques [32,33]. In practice, a single irrigation dose in the case of a sprinkler
irrigation system varies from 10 to 30 mm [33]. However, from the aspect of water economy,
a technique closer to injection irrigation is the use of subsurface drip lines. One-time
irrigation doses in the case of such irrigation systems amount to 5-15 mm. This is a starting
point for the determination of water doses for injection application, but one should keep in
mind the fundamental difference relating to the irrigation time which in the case of drip
lines is several hours, and in the case of the injection method is several seconds. For this
reason, one should not attempt direct comparison of the two irrigation techniques.

The aspect of individualisation of water application for a specific plant means that the
unit of water dose is not the water column height but the water dose volume which can be
expressed with the following formula:

dx A)

_
V=" @)
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where: V—water dose volume in the case of injection irrigation (cm?), d—water dose
determined as liquid column height in the case of irrigation using a sprinkler system
or a drip line (mm H,0), A—surface area per a single plant (cm?), 10—unit correction
number (—).

Surface area per a single plant was established based on the shorter spacing between
plants. The area of 20 cmx 20 cm was adopted for the calculations. Assuming water doses
at the level of the previously described irrigation systems, i.e., 5, 10, 15, 20, 25, 30 mm,
water doses for injection irrigation, for the above plant spacing, and thus for a single plant,
amount to 200, 400, 600, 800, 1000, 1200 cm3, respectively.

1.2.3. Depth of Water Injection Relative to Ground Surface

In order to determine the depth of the injection irrigation, reference should again be
made to the technique of applying water via a subsurface drip line. Installation depth
of subsurface drip lines varies from 5 to as much as 30 cm and depends on the kind of
soil, crop plant species, and cultivation technique (flat or in ridges) [34-36]. This is related
with the fundamental condition in the determination of the depth of drip line installation,
i.e., avoidance of water evaporation from the soil [37]. In addition, consideration should
be given to the reach of the rhizosphere, i.e., the zone of the soil ecosystem containing
plant roots. As an example, after 60 days from leek planting, the main root mass of the
plants is situated at a depth of 15-45 cm [38]. However, such information applies to a
specific case (plant, soil, cultivation technique, irrigation system). In turn, in a study on the
growth of the root mass of maize in the conditions of pot experiments, it was demonstrated
that the reach of the root system depends on soil compaction and on irrigation frequency.
As an example, maize plants watered at 3-day intervals were characterised by almost
double the reach of the root system compared to plants watered every day [39]. When
determining the depth of injection, one should take into consideration also the engineering
recommendations which relate, among other things, to the strength of ground resistance
that must be overcome by the injector during the penetration beneath the ground surface.
Taking the above into account, it was decided that, within the scope of the experiment,
water would be injected at the depth of 10 cm.

1.3. Research Objective

The objective of the study was the identification of the dynamics of the front of
volumetric moisture during pointwise application of water to the soil profile under pressure.
In addition, the scope of the study included the verification of the correctness of results
obtained experimentally, with the use of a calculation of the water balance. The results
obtained from the present work can provide a basis for verification and validation of
a numerical model describing water movement in a porous medium under injection
irrigation conditions.

2. Materials and Methods
2.1. Scope and Run of the Experiment

To analyse the dynamics of volumetric moisture caused by injection application of
water to the porous medium, a series of experiments were conducted on the laboratory
scale. The experiments were conducted at the Laboratory of Soil Physics and Modelling of
Environmental Processes, Institute of Environmental Protection and Management, Wroctaw
University of Environmental and Life Sciences. A physical model was prepared, the
main elements of which were a sand monolith, a water injection device, and sensors of
volumetric moisture (Figure 2). The monolith had the form of a cuboid with dimensions
of 45 cm x 40 cm x 30 cm. The base and the side walls of the monolith were limited by
impermeable barriers, and the upper surface was exposed to contact with atmospheric air.
The particle size distribution of the mineral parts of the material used for the construction
of the monolith was determined with the sieve method, and according to the USDA
classification it corresponded to that of sand (100% of sand fraction, 0.050-2.000 mm) [40].
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Such a choice of material ensured the homogeneity of the system. The bulk density of the
monolith was 1.70 g-em 3, and porosity was 0.425 (-) [41].

Water source

Electric source

Water injection
device

Injector

Soil monolith

Water application
under pressure

Volumetric moisture
Sensor

Figure 2. Schematic presentation of the experiment setup.

Water application to the porous medium under high pressure was conducted with
the use of a unique device developed by the MSINiN project team [11,42]. The device
allows precise dosage of water with the accuracy of +10% of the volume of the injected
liquid [43], at a pressure corresponding to the conditions of the water supply network. The
key element of the device is the injector, with length of 20 cm, outer diameter of 1 cm, and
inner diameter of 0.5 cm. On the side of the injector, 1 cm from its tip, there is the nozzle
hole with diameter of 0.5 cm. At distances of 5, 10, 15, and 20 cm from the nozzle there
are incisions meant to help when inserting the injector to a desired depth. The device also
provides the intensity of liquid outflow from injector nozzle of 144 cm3-s~1 (£10%) and
under pressure of 4 bar, which is in conformance with the concept of injection irrigation
presented in the introduction.

The design of the experiment in every trial included: preparing the sand material
(drying), installing sensors monitoring the status of water content, pouring sand material,
inserting the injector to the preset depth (10 cm), performing the injection and monitoring
of volumetric moisture (measurement period: 12 h). The experiment was conducted in
six independent replicates. Each replicate involved the injection of one of the following
water volumes—250, 450, 750, 1000, 1250, and 1500 cm3. The dimensions of the monolith,
injection depth, and the volume of the applied water doses with the required outflow
intensity were determined on the basis of the theoretical considerations presented in the
introduction and verified in pilot experiments.
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2.2. Monitoring of Volumetric Water Content

The main requirements imposed on the choice of measurement technique were the
small dimensions of the sensor (to minimise the effect of the sensors on the conditions
of water filtration) and the highest possible frequency of measurements (water injection
is a process with a dynamic character). These conditions can be met by a number of
measurement techniques: neutron, gammascopic, capacitive, TDR (time domain reflec-
trometry) or FDR (frequency domain reflectometry) technique, resistance, and telemet-
ric [44-48]. In the experiments conducted within the scope of the study, the monitoring
of volumetric moisture was performed with the use of sensors type LP/ms (laboratory
probe/moisture salinity) which make use of the TDR technique [49-52]. The sensors are
characterised by a high correlation coefficient (>0.9) in relation to the basic technique of
moisture determination—the gravimetric method [53,54]. Correct operation of TDR sensors
has also been demonstrated in measurements in sandy soils, i.e., such as those used in the
experiment described herein [55].

When conducting experiments, apart from the choice of the type of sensors, one
should also determine the optimal frequency of observations. The process of injection
irrigation is dynamic in character. It was determined that the application of the dose of
1000 cm?® of water to the soil profile lasts about 7 s. In addition, the filtration coefficient of
sand is in the range from 10~® to 1073 m-s~1 [56]. For this reason it was decided that the
measurements would be taken at the highest possible frequency for apparatus calibrated
for those parameters, i.e., at 30-s intervals.

In the case of laboratory and field experiments aimed at the identification of the
dynamics of moisture caused by the operation of an irrigation system, an aspect that
must be determined is the spacing of moisture sensors. The optimum spacing of the
sensors is one that ensures the highest possible number of such measurement points. This
guarantees more accurate identification of the process. At the same time, the number
of sensors installed in the sand should not have any impact on water movement in the
porous medium. In the case of using a sprinkler irrigation system, it is sufficient to analyse
the vertical direction of water movement [57,58]. The vertical orientation (1D) plays a
particularly important role in moisture dynamics caused by the operation of sprinkler
systems, because the wetting of the soil profile takes place through its top surface, in a
descending movement. Whereas, in the case of point-wise application of water, like with
the use of drip lines, 2D descriptions are employed [59,60]. For such cases, analyses are
performed especially for a vertical section through the soil profile, and through the main
plant root mass [61,62]. In such cases it is assumed that water movement relative to the
vertical axis, along which the emitter is situated, is symmetrical (under the condition that
the soil structure is homogeneous).

The above assumptions, however, are not sufficient in the case of water injection under
high pressure, where the outflow of water is aimed in any horizontal direction. It is then
necessary to take into account the point of insertion of the injector nozzle and also the
orientation and sense of injection. The adopted solution was determined in reference to the
space presented in Figure 3. In the analysed space there is a point 0, which is the origin of
the XYZ system, and point 0'—the origin of the X'Y!Z! system, which is the location of the
tip of the injector nozzle oriented along the 0Y' axis. The fundamental condition is that the
moisture sensors cover the entire space XYZ, dividing it into equal elementary volumes.
Thus, the space was divided into 5 cm cubes. This creates the possibility of analysing the
volumetric moisture in every direction (not only in directions 0'Xi, 0'Y!, and OiZi), and
also allows the construction of water balance which verifies the correctness of the adopted
method. In relation to the above, in the experiment conducted within the scope of this
study the LP/ms sensors were distributed in a regular grid. The adopted solution can be
compared to the grid of the calculation area in the finite difference method. It is a numerical
method used for the solution of differential equations [63], such as the Richards equation,
used for the description of soil water movement [64].
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Figure 3. The space of the physical model in dimetric projection.

In parallel, the distances between the LP/ms sensors were determined. It was assumed
that at the initial stage of injection application of water to the porous medium, a spherical
moisture front is formed, its centre point being situated at the point of water outflow from
the injector. It was also assumed that within the radius of the sphere the pores are fully
saturated with water. Therefore, the radius of such a sphere is:

r=3 3% Vsphere ?)
4 X 7T X (91‘—91‘”)

where: r—radius of the sphere (cm), V;ppere—volume of applied dose (cm3), §;/—moisture
of the solid after injection, moisture in the saturated zone for coarse-grained sand is
65 = 0.425 cm3.cm 3 [65], 0;,—initial moisture, 6;, = 0.1 cm3-cm 3.

With the minimal water dose of 250 cm?, the radius of the sphere is 5.7 cm, while
for the maximal dose of 1500 cm?, the radius is 10.3 cm. In relation to the above it was
assumed that, for the analysed water doses, changes in moisture should be expected at
distances of approximately 5-15 cm from the injection point. For this reason, in the adopted
distribution of the TDR sensors the distances between neighbouring sensors were 5 cm.

A potential shortcoming of the adopted solution is the risk of an excessive interference
of the LP/ms sensors with the structure of the model. The volume of the body of a TDR
sensor type LP/ms is about 0.027 cm? [66]. The adoption of sand monolith dimensions of
40 cm x 45 cm x 30 cm and the division of the model into elementary volumes in the form
of cubes with dimensions of 5 cm x 5 cm x 5 cm resulted in 432 sensors that should be
placed within the model. The resultant total volume of the sensors relative to the entire
volume of the model would be 0.026%. However, symmetry of moisture distribution in
planes normal in relation to axis 0Y! was assumed, due to which the number of sensors was
reduced. Such an assumption is typical in the study of the spatial and temporal distribution
of moisture during the operation of drip lines [21]. The distribution of the sensors was
therefore simplified, which is presented in Figure 4. The figure presents also the division of
the monolith into columns (along axis 0X), rows (along axis 0Y), and layers (along axis 0Z).
The localization of individual spaces in relation to the assigned axis is very important. As
an example, the spaces situated along a horizontal line identical with the direction of water
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Number of ———

rows/columns/layers

Injection point —— 5

Elementary block
LP/ms sensor
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injection (axis 0Y') were also presented. The centre points of volumes h, g, f, e are situated
at distances of 17.5,12.5, 7.5, and 2.5 cm from the point of injection, and distributed in the
direction of water outflow from the injector, and points d, c, b, a at distances of 2.5, 7.5, 12.5,
17.5 cm, respectively, and oriented in the opposite direction.
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Figure 4. Schematic of the sensor distribution within the physical model and the division of the sand monolith into columns,

rows, and layers. Dimensions in centimetres.

The proposed TDR sensors distribution allowed the visualisation of the spatial layout
of volumetric moisture at any moment in time. The surface distributions were generated in
the program Surfer®10 [25], on the basis of 48, 54 (vertical planes), and 72 (horizontal plane)
measurement points. Between the indicated points, the values of volumetric moisture were
interpolated with the kriging method. It is a geostatistical method of interpolation which
was applied a.o. for the presentation of changes of volumetric moisture in selected sections
with the use of a drip line [67]. Kriging is also used in the monitoring of moisture changes
caused by the operation of sprinkler irrigation systems [68].

2.3. Water Balance

One of the methods of verifying the accuracy of measurement data obtained from
a physical model is to perform calculations aimed at the analysis of water balance. Cal-
culations of the volume of water in the sand monolith were performed on the basis of
measurements of volumetric moisture, with the use of the TDR technique, within repre-
sentative points of the elementary volumes [45]. The basis for the assumption of the water
balance construction is the law of conservation of mass expressed by the continuity equa-
tion. The law relates to, among other things, the physical interactions within an isolated
system—such as the physical model analysed in this study. Irrespective of the intensity of
changes on the boundaries and within the analysed area, the mass of the system remains
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constant [69,70]. Correctness of the water balance not only informs about the goodness of
the adopted experimental assumptions, but also constitutes the basis for the analysis of
stability and convergence of numerical computations allowing the description of water
movement in a porous medium [71-73]. Applying the law of conservation of mass to the
process of injection—the volume of water supplied to the porous medium should be related
to an increase in the readings of volumetric moisture. The current volume of water in a
monolith can be calculated on the basis of knowledge of moisture dynamics:

n
Vi=) Vix6 ®3)
=1

where: V!—current volume of water in porous monolith at moment ¢ (cm?®), V;—elementary
i-th volume, representative for TDR sensor type LP/ms (cm?), §!—volumetric moisture of i-
th volume at moment ¢ (cm3-cm—3), n—number of elementary volumes of the monolith (—).

Knowing the current total volume of water in the porous monolith at moment ¢t and at
moment ¢ 4+ At we can calculate the change in that volume within time At. It is expressed
by the formula:

n
AVe =Y Vi x (05F8F — o) (4)
i=1
where: AV,—change of water volume in the physical model (cm?), Of ~1_volumetric
moisture in i-th volume at moment t — 1 (cm3-cm™3), Gf“—volumetric moisture in i-th
volume at moment ¢ + 1 (cm3-cm~2), remaining symbols as in the formula above.
In the case of injection irrigation, the formula defining the change in water content in
the porous monolith assumes the form:

tin+1
i

in L in—1
AV =Y vix (6 —6]" ) ®)
i=1

where: AVC“M —increase of water volume in the physical model caused by injection irriga-
tion, calculated on the basis of measurements with TDR sensors (cm?), Gfinﬂ—volumetric
moisture in i-th volume immediately after injection, pin+1 (Cm3~cnf3 ), 9f+1—volumetric
moisture in i-th volume immediately prior to injection, ! (cm3.cm~3). The value of
AVcti" can then be compared with the actual dose of water applied by the injector.

3. Results and Discussion
3.1. Dynamics of the Volumetric Moisture

The dynamics of volumetric moisture in an elementary volume in the case of injection
of 1500 cm? of water is presented in Figure 5. This is the dynamics of moisture for a
point which is 2.5 cm distant from the injector nozzle and which is situated in accordance
with the orientation and sense of injection. In other words, this is the first encountered
moisture sensor on the path of the water outflow from the injector nozzle. Prior to the
start of water application under pressure, in a 30-min period lasting from moment t;
to tp, the volumetric moisture was constant at ;, = 0.11 cm3-cm™3. In the period from
moment t, to t3, lasting for 12 s, the injector delivered to the physical model 1500 cm?
of water under high pressure. This caused a jump increase of volumetric moisture, from
0,, =0.11 cm®>cm 3 to 0,0y = 0.47 cm3-cm 3. The mean rate of moisture increase was as
much as 18 cm3-cm™3-min~!. Such an intensive increase of volumetric moisture is not
observed in the case of other irrigation systems. As an example, Mmolawa and Or [74]
studied the changes in water content in soil during the operation of a surface drip line.
For a point situated 5 cm beneath the emitter, an increase of moisture from 0.25 cm3.cm—3
to 0.42 cm3-cm ™2 was noted. That moisture increase was observed as late as after about
3 h (the intensity of water outflow from the emitter was 1.6 L-h~!). To elucidate such a
jump in soil moisture, we need to reach for the theory of soil water movement. Water
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movement in soil is due to differences in the total potential which is the sum of the matrix,
gravity, osmotic, and pressure potentials [16]. In the course of injection, the cause of
the jump increase of moisture is the gradient of the pressure potential resulting from
the pressure of the liquid applied. The remaining gradients can be left out. However,
this is a hypothesis which needs to be verified. The maximum measured volumetric
moisture of 0,y = 0.47 cm3-cm 3 is higher than the value of 85 = 0.425 cm?-cm 3 defined
as moisture at the state of full saturation in the case of sand [65]. This is evidence of a
disturbance of the structure of the porous medium, caused by the high pressure of liquid
from the injector nozzle. This is supported by the fact that during injection the surface of
the monolith building the model became deformed—the surface in the area of the fixed
injector moved up. In addition, after the injection was completed, the surface settled
down. The observed phenomenon of ground settlement is a known process which takes
place at the moment of saturation of pores with water to the level of 5 and subsequent
decrease of volumetric moisture [75]. The period from moment t3 to t4, lasting for 3 min,
is a period of rapid decrease of moisture. During that time the volumetric moisture
dropped from 0.47 cm®-em 3 t00.22 cm3-em 3, i.e., by 0.25 cm®-ecm 3, atan average rate
of 0.083 cm3-cm~3-min~. Therefore, the rate of volumetric moisture decrease in that stage
is over 20-fold lower than the rate of moisture increase in the period from moment t, to ts.
In the next 3-min period, from moment t; to t5, the rate of moisture decrease is lower still
and amounts to only 0.007 cm?-cm~3-min~!. The process of slow decrease of volumetric
moisture lasts till the end of the experiment (12 h), and it is now caused by a difference of
total potential which is the sum of the gravity potential and the pressure equivalent [15].

t1 f2iits ita i ts
Omax = 0.47 cm3 - cm™3
3 -3 A
0in =011cm®-cm e~ —————
0:00 0:05 0:10 0:15 020 025 030 035 040 045 050 055 1:00

Time (h)

Figure 5. Dynamics of volumetric moisture in a selected elementary volume during injection of 1500 cm?® of water.

The moisture changes in eight elementary volumes, caused by the injection of 1500 cm3
of water, is presented in Figure 6. The elementary spaces were described and visualized in
Figure 4. Prior to the application of water, the volumetric moisture in those elementary
volumes was in the range of 0.10-0.12 cm3-cm 3. In volumes d, e, and f the run of changes
of volumetric moisture was similar in character to that presented in Figure 5. In elementary
volume g there was a jump increase of moisture, but not to the level of full saturation of
pores with water. The maximum moisture in that volume was ca. 0.25 cm®.cm~3. After
the injection, no dynamic decrease of water content was noted but only a slow decrease of
volumetric moisture. In volumes a, b, ¢, and h the content of water did not change in the
course of the experiment. Therefore, the range of the effect of injection along the analysed
axis 0Y! is 12.5 cm in the direction of water outflow, and only 2.5 cm in the opposite



Water 2021, 13, 1603

11 of 21

direction. The results of measurements for the analysed elementary volumes indicate that
volumetric moisture changes caused by injection irrigation are not homogeneous, and their
intensity decreases with increasing distance from the injector nozzle. A similar character of
moisture change is noted also in the case of other irrigation systems. Nagli¢ et al. studied
the propagation of water in a sandy soil (with moisture of 0.12 cm3-cm~3) irrigated with
the use of a surface drip line [21]. The emitters of the line dosed water with the intensity of
2 L-h~ 1, which resulted in an increase of the volumetric moisture of the soil. The character
of the increase just under the soil surface was as follows: at the distance of 10 cm from the
emitter the moisture was 0.38 cm3~cm’3, at 20 cm it was 0.28 cm3~cm’3, and at 30 cm it was
only 0.16 cm®-cm~3. Badr and Abuarab determined soil moisture changes for a subsurface
drip line, installed in a sandy soil at the depth of 30 cm [25]. The results had an identical
character—the rate of soil moisture increase decreased with increasing distance from water
emitters. Also, a similar character of the volumetric moisture changes was obtained during
measuring the intensity of evaporation caused by induced irrigation [11]. In this work, the
moisture content of the top layer of the monolith during a water injection was measured.
For example, when 1000 cm?® of water was implemented into sand, the sensor located 8 cm
from the injection site showed an increase in volumetric moisture by 0.07 cm?-cm~2 at the
time of injection.

Figure 7 presents volumetric moisture distributions in two vertical planes, perpendic-
ular to each other, containing axes 0X' and 0Y}, and in a horizontal plane containing axis
0Z!. The visualisations have been prepared on the basis of data from measurements taken
at the moment of injection termination (t3). Based on the visualisations of the shape and
extent of the moisture front in the figure below, one can conclude that the range of changes
of the volumetric moisture is proportional to the volume of the applied water doses. As
an example, in the case of the injection of 250 cm® of water, the maximum volumetric
moisture was noted at 3.5 cm from the injector nozzle and it amounted to 0.47 cm?-cm 3.
In turn, for the dose of 1500 cm3, the maximum moisture was as high as 0.65 cm?.cm—3
and it was recorded at the distance of 12.8 cm from the injector nozzle. The recorded
maximum moisture content was higher than the initial porosity of the monolith due to the
disturbance of the porous structure by the water jet injected at high pressure. In every case,
the maximum values of moisture at the moment of injection were noted in the direction of
water outflow from the injector nozzle. The proportion between the intensity of changes
in water content and the volume of water applied to the monolith is visible also in the
analysis of the dynamics of moisture caused by the operation of other irrigation systems.
An example can be the spatial reach of moisture changes in the case of irrigation with the
use of a subsurface drip line [76]. When the water dose applied to the soil profile was 1 dm?,
the front of soil moisture with the value of 0.33 cm3-cm 3, in the horizontal direction, could
have the reach of 6.7 cm, while for the dose of 5 dm? it was as much as 16 cm, and for
10 dm3—even 21 cm. In the cited study, the determination of soil moisture dynamics was
conducted with the use of TDR probes. Numerical models (Hydrus software) also confirm
that in a sandy soil formation the spatial extent of changes in volumetric moisture depends
on the volume of water supplied to the porous medium [77].
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Figure 6. Dynamics of volumetric moisture in eight elementary volumes with centre points situated on the line of water
outflow from the injector—axis 0Y! (dose of 1500 cm?). Elements (a—h) were described in Figure 4.
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3.2. Water Balance in the Physical Model

The results of measurements of volumetric moisture provide a basis for the calculation
of the water balance in the physical model. Each TDR sensor is representative of an
elementary volume—a cube with the side of 5 cm. The sum of water volumes in the cubes
is the volume of water in the entire physical model (formula 3). The initial half-hour of the
measurements was the period before injection, during which no moisture changes were
observed. In the course of the series of experiments, after the 30-min period, water injection
took place. The effect was a jump increase of water content in the monolith—AV/". The
value of AV/" increased with an increase in the injection dose (Table 1). As an example, in
the case of the application of 450 cm® of water the increase was 435 cm?, and for the dose of
1250 cm3-1200 cm®. The AV{™ increments should be comparable with the volumes of water
planned for injection—V;. However, according to the instructions from the manufacturer
of the water injection device, the accuracy of the liquid dose applied is & 10% [43].

Table 1. Increase of water content at the moment of injection for the analysed water doses.

Planned Water Dose Calculated Water Dose Relative Error
Vi(em®) Vi (em?) WiVl (o)
250 285 14
450 435 3
750 675 10
1000 950 5
1250 1200 4
1500 1315 12

As can be seen from Table 1, in the case of doses of 250 and 1500 cm? the 10% relative
error between the water volume calculated on the basis of the water balance and the
planned water dose was exceeded slightly. The causes of that can be potential error
in the amount of injected water and the change of the structure of the porous medium
mentioned earlier.

The graphs in Figure 8 present changes of water content in sand monolith during
water injections. At the beginning, increases of water content are observable, which, then,
irrespective of the passage of time, should remain at a constant level. In practice, however,
already a moment after the injections, a gradual decrease of water content in the monolith is
observed. What is more, the tendency resembles the runs of moisture dynamics presented
in Figures 5 and 6. After 12 h of measurements, the loss of water resulting from the water
balance calculation for the doses of 250, 450, 750, 1000, 1250, and 1500 cm? was 110, 209,
412, 357, 495, and 346 cm?, respectively. Assuming the correctness of the measurements
and the calculations, the results clearly indicate an outflow of water from the analysed
space. To localise the flow boundary, one should analyse the values of changes in the
water balance in time, for the individual layers of the monolith, and also for the rows and
columns (Figure 4). Taking into account the greatest changes in water content, the analysis
was performed for the results of water balance calculations for the injection of 750 cm? of
water (Figure 9).
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Figure 8. Changes of water content in sand monolith during the injection of 250 (a), 450 (b), 750 (c), 1000 (d), 1250 (e), and

1500 (f) cm? of water, in a 12-h time interval.
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Figure 9. Changes of water content in sand monolith during the injection of 750 cm? of water, in a 4-h time interval, in the

individual layers: (a)—layer 1, (b)—layer 2, (c)—layer 3, (d)—layer 4, (e)—layer 5, (f)—layer 6. The layers were presented

in Figure 4.

The base and the side walls of the structure of the experimental setup were imperme-
able barriers, and the upper surface was exposed to contact with atmospheric air (Figure 2).
Therefore, the first possible explanation for the decrease of water content is the appearance
of the phenomenon of evaporation [37]. However, the partial results of the water balance
presented in Figure 9 contradict this hypothesis. The graphs illustrate the changes in water
content in division of the monolith into layers. The highest positioned first layer did not
show any changes in this respect, both before and after water injection. This means that no
process of evaporation took place. In fact, it could not, even if only due to the phenomenon
of capillary rise in porous material of this type. In sands, the value of capillary rise after
12 h is only approximately 1.1 cm [78]. In layers 2, 3, and 4 the content of water increased
within several seconds—by 266, 251, 120 cm?, respectively—but after 4 h there was a
decrease of water content, by 232, 218, and 98 cm3, respectively. This indicates a nearly
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total evacuation of water from those volumes. In layer 5 no major changes were recorded
in water content. Whereas, in the deepest situated, 6th layer, an increase of water content
was noted, but it was much less violent than in the higher parts of the sand profile. Within
8 min the increase amounted to 200 cm®. What is more, the subsequent decrease of water
content was very slight. After 4 h a decrease by 22 cm?® was noted. Changes of water
content over time, but in a division into columns and rows, were also analysed. Changes
in water content were noted only in the central rows and columns, i.e., in the immediate
vicinity of the point of injection. The run of the changes can be compared to the moisture
dynamics noted in layers 2, 3, and 4. In the extreme rows and columns no changes in water
content were observed. This indicates that there was no water escape through the extreme
vertical barriers of the monolith.

Among the characteristics presented above, the relationship shown in Figure 9 for
changes in water content in the lowest, 6th, layer of the monolith, is characterised by
the smallest decrease of water content. There is a possibility that the water supplied
through injection migrated, due to gravity, to the bottom of the monolith. Taking into
account the kind of porous material used, which is characterised by a high filtration
coefficient (1076-1073 m-s~! [56]), high porosity (0.425 (—) [65]), low maximum capillary
rise (3 cm [78]), and small retention capacity [79], it is certain that the orientation and
sense of water flow was identical to the orientation and sense of the force of gravity. In
the 6th layer, the TDR sensors were situated 2.5 cm above the impermeable bottom. The
zone of sensitivity of TDR sensors type LP/ms in saturated soil has the form of a cylinder
with dimensions of 5.5 cm along the sensor rods and 0.5 and 0.8 cm in the cross-section of
the rods [80]. This means that above the vertically installed sensors there is a layer with
a maximum thickness of 2.25 cm, which is included in the volumes represented by the
LP/ms sensors, but in which moisture changes are not recorded in reality. Taking into
account the section of the volumes in the plan view (5 cm x 5 cm) and 2.25 cm of thickness,
the volume isolated for a single elementary volume, in which the moisture sensors do not
register moisture dynamics, amounts to as much as 56.25 cm®. What is more, the results
of measurements demonstrated that, depending on the injected water dose, the moisture
jump in the bottom, 6th, layer was noted in varying numbers of volumes. Based on this,
it is possible to calculate the volume of pores in which there could have been water not
registered by the TDR sensors:

Visores = L X 56.25 x (65 — 6,,) (6)

where: Vores—volume of pores available on the bottom of the monolith, containing a
part of the injected water dose, which has not been registered by the TDR sensors (cm?),
L—number of elementary volumes in 6th layer, where an increase of volumetric moisture
was noted during the 12 h period of the experiment (—), 56.25—part of the volume of
the isolated space, for which no volumetric moisture was recorded (cm3 ), Bs—volumetric
moisture in the saturated zone, 0.425 cm3®.cm ™3 [65], 6;,—initial volumetric moisture
immediately before injection, 0.10 cm3-cm 3.

As can be seen in Table 2, at every injection under analysis the following relationship

is noted: Vyores > (ij,ater — V;ﬁ’;er). The sole exception is the injection of 750 cm®. This
means that in the bottom layer, with a thickness of 2.25 cm, beneath the sensors which
registered an increase of volumetric moisture, there is a sufficient volume in the form of
free pores than can accommodate water migrating down under gravity from the upper
layers of the monolith. This is the basis for the acceptance of the method employed in the
experiment as correct for the determination of the dynamics of the moisture front caused
by injection irrigation. There is a possibility of independent verification of the correctness
of the measurements—with the use of mathematical modelling [19,81]. Even conducting
an identical experiment with the use of a soil formation with a percentage of silt and clay
particles should ensure the maintenance of water balance at the level from the moment of
injection. Heavier soil formations are characterised by a notably lower filtration coefficient,
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lower porosity, and higher capillary rise. The above hypotheses will be the subject of
future research.

Table 2. Difference between the volume of pores available on the bottom of the sand monolith and the decrease of water

content over time, for various water injection doses.

Planned Water Dose

Calculated Water Dose Calculated Water

Vti _ Vtuh L

t Injection Moment Content after 12 h water | water \Y (cm3)
V. 3 at Injec _ pores

1(Cm ) Vi:mter (Cm3) V;]jzhter (CmB) (em) )

250 285 175 110 15 274
450 435 226 209 17 311
750 675 222 453 22 402
1000 950 589 361 25 457
1250 1200 705 495 27 493
1500 1315 969 346 33 603

4. Conclusions

The study presented the character of moisture changes in relation to the injected water
to sand material. In the course of injection irrigation, the resultant water movement can
be divided into stages (Figure 5). In the first stage, an increase of volumetric moisture
in the sand monolith is caused by the application of a given dose of water under a high
hydraulic pressure (period t,—t3). After the process of injection (maximum several seconds),
the hydraulic pressure ceases and there takes place a decrease of moisture, the intensity
of which reduces with the passage of time (period t3—t;—t5). Within the scope of the
experiment, the spatial reach of the changes was also determined. As an example, in the
case of the injection of 250 cm? of water, the maximum volumetric moisture was noted
at 3.5 cm from the injector nozzle, and it amounted to 0.47 cm3-cm 3. For the dose of
1500 cm3, the maximum moisture was as high as 0.65 cm3-cm~3 and it was registered at
the distance of 12.8 cm from the injector nozzle (Figure 7). It was also observed that during
water injection there is a risk of disturbing the sand structure.

The correctness of the adopted methodology was demonstrated through calculations
of the water balance, the basis for which was the division of the monolith into elementary
volumes, represented by LP/ms sensors. At the moment of injection (t3), the calculation
of the water balance showed that the amounts of water applied to the monolith were
comparable to the planned water doses (with the accuracy of £10%). The water balance
calculations revealed, however, that the content of water decreased with the passage of time
(Figure 8). There was no possibility of water outflow from the monolith, as it was enclosed
in impermeable barriers. Also, no evaporation from the surface was noted (Figure 9).
The cause of the decrease of the content of water was its migration, conforming with the
orientation and sense of the force of gravity, below the zone of sensitivity of the lowest
positioned layers of moisture sensors (Table 2). In future research, it is planned to focus on
the determination of moisture dynamics through mathematical modelling, and to extend
the scope of the research into other types of soil.
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