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Moisture content distribution model for the soil wetting body under moistube irrigation

Yanwei Fan', Weifan Yin', Zhiwei Yang', Yanxiang Wang' and Liangjun Ma'

'College of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou 730050, China

This study investigated the moisture distribution characteristics of a soil wetting body under different
influencing factors to inform the design and management of a moistube irrigation system. A mathematical
model of soil moisture movement under moistube irrigation was established based on Hydrus-2D software.
The suitability of the Hydrus-2D simulation model was verified by laboratory experiments. Numerical
simulations were carried out with Hydrus-2D to investigate the influence of soil texture, initial moisture
content, moistube specific discharge and irrigation time on the moisture distribution of a soil wetting body.
The soil moisture content is highest at the moistube, and its value is related to the moistube-specific discharge
and soil texture. The soil moisture content at any point in the wetting body decreased linearly with increasing
distance from the wetting front to the moistube in the five set directions (vertical downward, 45° downward,
horizontal, 45° upward and vertical upward). This trend is applicable to fine-textured and coarse-textured
soil. An estimation model of soil moisture content including soil saturated hydraulic conductivity, initial soil
moisture, the specific flow rate of the moistube and the maximum value of the wetting front distance in all
directions is proposed. The model estimation is good (root mean square error = 0.008-0.018 cm?cm=, close
to 0; Nash-Sutcliffe efficiency coefficient = 0.987, close to 1), and it can provide a practical tool for moistube
irrigation design and agricultural water management.

INTRODUCTION

Water loss in irrigated agriculture can be reduced by using high-efficiency irrigation systems.
Moistube irrigation technology is a new form of subsurface irrigation using a moistube made from a
semipermeable polymer membrane. The micro-irrigation system is composed of three parts — a water
tower, a pressure-reducing valve, and a moistube — and the system structure is simple. It is a popular
irrigation system because of its high water use efficiency. The membrane technology is installed in
the irrigation field, and moistubes leak water to the soil in the root zone of crops for absorption and
utilization (Namara etal., 2007; Niu et al., 2013; Li et al., 2016). With this technology, the moistube allows
water to flow continuously over the entire lateral length. The water seepage rate is mainly adjusted using
the applied water pressure (Zhang et al., 2017; Kanda et al., 2018; Fan et al., 2018a; Fan et al., 2018b).
Compared with traditional surface irrigation methods, micro-irrigation systems are simple to operate,
the working pressure head of micro-irrigation is generally in the range of 1-2 m (Niu et al., 2013; Yao et
al.,, 2021; Qi et al., 2021), and micro-systems have a better water-saving and yield-increasing effect on
field and greenhouse crops (Wood et al., 1987; Shirgure et al., 2012; Dirwai et al,, 2021). Since moistube
irrigation is relatively new, a better understanding of the soil moisture distribution around moistubes
can help to improve the water utilization efficiency to fully leverage the potential of moistube irrigation
technology and improve the success rate of moistube irrigation systems.

Research on the laws of soil water movement under different irrigation methods is performed using
field experiments, laboratory experiments and numerical simulations. Field tests are able to assess
the infiltration process of irrigation water entering the soil through the surface. However, spatial
differences in the field soil characteristics (such as soil texture, porosity, moisture, soil temperature,
pH, etc.) may result in such tests having poor repeatability. In addition, these tests are difficult to
analyse quantitatively (Flury et al., 1994; Weiler et al., 2003). Therefore, the field test method is
unsuitable for studying soil infiltration mechanisms (Flury et al., 1994; Weiler et al., 2003). Soil
parameters (such as the soil texture, bulk density, initial water content, etc.) and irrigation parameters
(such as the water pressure head, dropper flow, dropper burial depth, etc.) can be better controlled
with laboratory experiments, and therefore this method is widely used in the study of irrigation
mechanisms (Xue et al., 2013; Zhang et al., 2017; Zhong et al., 2020; Appels et al., 2021).

To analyse the characteristics of soil moisture under moistube irrigation, the dynamic changes in the
advance of the wetting front can be directly observed in laboratory tests, and the moisture content
of the soil can also be measured at the end of the test. However, it is not easy to obtain the dynamic
distribution law of the soil moisture content from laboratory experiments (Vereecken et al., 2014;
Xu et al., 2021). When using soil moisture sensors, such as time-domain reflectometers, frequency-
domain reflectometry and other soil moisture sensors to observe the moisture content of the wetting
body, because the wetting body of the moistube irrigation soil box test is not large, and the monitoring
equipment will cause disturbance of the soil, it is difficult to accurately observe the change in moisture
content in the wetting body. With the rapid development of computer technology, Hydrus and other
software have been widely used to evaluate the water use efficiency of irrigation system designs (Saito
etal., 2006; Kandelous et al., 2010; Bufon et al., 2012 Han et al., 2015; Simtinek et al., 2016). Compared
with laboratory tests, Hydrus-simulated micro-irrigation can more intuitively reveal the infiltration
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process, such as the shape of the wetting front, especially the
dynamic distribution law for the moisture content of the wetting
body over time (Kanda et al., 2020b; Kanda et al., 2020c). The
reliability of soil water movement estimation model based on
numerical simulation needs to be verified by experimental results
(Paterson et al,, 2015). Therefore, combining the two methods of
numerical simulation and laboratory testing to study the law of
soil water movement can result in these methods complementing
each other and improving the reliability of the research results.

Many scholars have carried out related research on moistube
irrigation in recent years. Xie et al. (2014) found through indoor
soil tank experiments that the correlation between wetting front
migration distance, wetting front advance speed and infiltration
time is significant, and conforms to the power-function
relationship (R* > 0.99). Based on indoor soil box experiments,
Zhang et al. (2014) found that the moisture distribution in the
wetting body is concentric circles with the moistube as the
axis. The uniformity of the moistube irrigation increases with
increasing initial water content, whereas the average water
content of the wetting body is less affected by the initial water
content. The soil moisture diffusivity index in different directions
ranges from 0.5 to 0.6, and the evenness of moistube irrigation
is as high as 95.62%. Fan et al. (2020) established a model for
estimating the size of the wetting body of homogeneous soil
with moistube irrigation through numerical simulation and
experimental verification, in order to discover the influencing
factors and changing relations for wetting body migration in
the slightly moistened soil. Li et al. (2014) found that moistube
irrigation realizes continuous and dynamic irrigation for crop
water demand, with high irrigation uniformity, and when the
soil evaporation intensity increases, the surface water gradually
decreases, and the water content is gradually decreased. The
coefficient of variation is low for the water content of the 0-30 cm
soil layer. Fan et al. (2018a) performed numerical simulations and
showed that the contours of the soil wetting body for moistube
irrigation are all approximately ‘concentric circles. For fine-
textured soil, the migration rate of the wetting front is slower, and
the moisture content near the moistube is higher. Xue et al. (2013)
showed through laboratory experiments that the greater the water
pressure head, the farther the soil moisture migration distance,
with the soil water content around the moistube being closer to
saturated water content.

Kanda et al. (2020¢) studied the water distribution in soil (loam
and sandy clay loam) under micro-irrigation conditions through
numerical simulation and laboratory experiments. The simulated
value of the wetting distance for the two soil textures was close
to the measured value, and it was shown that soil texture has a
significant effect on the movement of soil moisture. The soil
moisture content above the moistube was significantly lower
than that downward and laterally from the tube (p < 0.05). The
abovementioned research mainly addressed the shape and size
of the wetting body under moistube irrigation; research on the
distribution characteristics of the moisture content of the wetting
body has primarily been qualitative and empirical research, and
there has been a lack of quantitative research (Zhang et al., 2012;
Xie et al., 2014; Zhang et al.,, 2016; Kanda et al., 2020a; Kanda
et al., 2020b; Kanda et al., 2020c; Fan et al., 2020). It is imperative
to study soil moisture distribution characteristics in moistube
irrigation in order to select optimal parameters in the design of
moistube irrigation systems and thus achieve appropriate and
accurate crop water management in the field.

This research simulated and studied the distribution law of the
moisture content of the soil wetting body resulting from moistube
irrigation using Hydrus-2D. Based on the previous qualitative
research on the factors influencing the moisture distribution of
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the wetting body under moistube irrigation, this study increased
the simulation volume and used the Hydrus-2D software to obtain
moisture content data for the wetting body based on different
factors: the mathematical relations for the simulation data were
analysed and used to establish an estimation model for soil
moisture content distribution under moistube irrigation. Finally,
the model’s validity was evaluated by laboratory experiments to
provide a theoretical and technical reference for selecting the
optimal parameters in the design of the micro-irrigation system
and for appropriate and accurate field crop water management.

MATERIALS AND METHODS
Laboratory experiments
Experimental design

The experimental set-up consisted of a height-adjustable stand,
a Mariotte bottle, a hydraulic hose, a moistube and a soil box
(Fig. 1). The soil box was made of 10 mm thick plexiglass, and
the dimensions were 60 cm (length) x 60 cm (width) x 100 cm
(height). There were multiple ventilation holes (diameter 2 mm)
at the bottom of the soil box to prevent air resistance in the soil.
After the test, the soil was collected from the sampling soil hole
(Fig. 1) to measure the soil moisture content. To facilitate the
observation of the shape and size of the soil wetting body, the
moistube was placed close to the inner wall of the soil box when
the soil was loaded and placed horizontally at the set buried depth
of 40 cm. In the experiment, a Mariotte bottle provided a constant
head and the contour of the wetting body at different times was
drawn with a marker.

Determination of test soil parameters

The silt loam from Qilihe District, Lanzhou City, Gansu Province,
was used for the experiments, and the soil depth was 0-50 cm.
The soil samples were air-dried, rolled, evenly mixed, and
passed through a 2 mm sieve for later use. Before starting the
experiments, water was added to the soil sample according to the
desired initial moisture content, and then the sample was mixed
evenly, sealed with plastic film and allowed to stand for 1 day.

Height adjustable stand

)

[ — Mariotte bottle

e
——1

~— Soil surface
Y
I Soil box

Hydraulic hosé¥x ) — Soil wetting pattern

Moistube | i i
e Hole for soil sampling

—— Air hole

Figure 1. Diagram of the test device (H represents the water pressure
head of the moistube)
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To obtain as uniform a soil profile as possible, soil moisture was
evenly distributed. The soil was loaded in layers according to the
set bulk density (5 cm per layer). The experiment was stopped for
1 day after the soil was loaded. The relevant parameters of the test
soil used in the evaluation are shown in Table 1, where the specific
flow rate of the moistube is the actual measured value when the
burial depth is 40 cm.

Numerical simulation
Basic equation

To simplify the numerical model, it is assumed that the soil is
uniform and isotropic during the infiltration process of moistube
irrigation. The water seepage rate of the moistube is evenly
distributed along the direction of the moistube belt. Based on
these assumptions, the soil water movement of moistube irrigation
can be simplified as the two-dimensional motion of a point source
on the vertical plane, and its flow governing equation is the two-
dimensional Richards equation Richards (1931):

h h
% _9 K(B)a— -i—2 K(0) 8——1 (1)

ot 0x ox | 0Oz 0z
where z is the vertical coordinate and defined as positive
downward (cm), x is the horizontal coordinate, h is the matrix
potential (cm), 6 is the soil moisture content (cm®*cm™), ¢ is the

infiltration time (min), and K(0) is the unsaturated soil hydraulic
conductivity (cm-min™).

The relationship between 6, h and K(6) in Eq. 1 is fitted by the
Van Genuchten-Mualem (VG-M) model (Van Genuchten, 1980):
95 — 97

@
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where S, is the relative saturation of the soil, with S, = (6 - 6))/
(6, — 0); K, is the saturated hydraulic conductivity of the soil
(cm'min™); 6, and 0, are the residual moisture content and

saturated moisture content of the soil, respectively (cm*cm™); n
and m are empirical constants, where n > 1, m =1 — 1/n; and «a is
the empirical parameter (cm™).

Condition of a definite solution

Figure 2 shows the initial and boundary conditions considered
when simulating different modelling scenarios in this study.
Considering the axial symmetry of the horizontal moistube in
the field, the area shown in Fig. 2 is selected as the simulation
calculation domain. The selection principle of the simulation
calculation domain is that the vertical direction is from the
moistube, as the starting point, to the soil surface and down to
the depth not affected by irrigation, and the horizontal direction
is half the distance between the two moistubes.

Before the simulation starts, the moisture content of the different
soil types is the given initial moisture content. During the
irrigation process, the soil surface is dry. Although the upper
boundary is affected by the atmosphere, the evaporation is
minimal and can be set as a nonflux boundary. The bottom was a
free drainage boundary where water flow is driven by gravity (Fan
et al., 2018b; Qi et al., 2021). The left boundary is the centreline
passing downward through the moistube. The right boundary is
the centreline of the adjacent moistube, which is all set according
to the nonflux boundary (Fan et al., 2018b; Qi et al., 2021).
The specific discharge of moisture for a unit length is constant
(Zhang et al., 2012; Zhang et al., 2017), which is set according to
the constant flow boundary. Equation 4 established by Fan et al.
(2018Db) is used for the calculation:

Q=K(H+M+ayB+b) (4)

where Q is the specific flow rate of the moistube (mL-cm min™");
K is the comprehensive permeability coefficient of the moistube
(cm'min™'); H is the water pressure head in the moistube (cm); M
is the calculation node and the distance between the water inlets
(cm); B is the buried depth of the calculation node (cm), and a and
b are the fitting parameters. It should be noted that Eq. 4 is obtained
through experiments when the moistube is placed vertically in the
soil. When the moistube is placed horizontally, the calculation node
is the placement point of the moistube, that is, M = 0, B = D.

Table 1. Characteristic parameters and technical irrigation parameters of the experimental soils

Soil texture Soil bulk densityy  Saturated hydraulic conductivity K, Initial moisture content 6, Specific discharge Q
(g-cm™) (cm-min") (cm3-cm3) (mL-cm™"-min~")
Silt loam 1.33 0.0143 0.015 0.021
Silt loam 1.35 0.0085 0.189 0.0167
w2 w2
Soil surface | No flux -
T * T - X
j i Constant flow l
& > {‘r"
1\ Moistube / I
I Di |
| g -1 |
I 2 = [
> Initial 2
] condition !
: 6=0; !
I [
1 |
V Free drainage boundary condition

Figure 2. Simulation diagram of soil water movement under moistube irrigation
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Simulation scheme

Eight typical soil textures in the field were selected to reflect the
diversity of soil types and ensure the universal applicability of
research results. The VG-M model parameters were taken from
Carsel et al. (1988), and the soil bulk density (y) was taken from
Pachepsky et al. (2015), shown in Table 2.

After determining the soil texture, 3 moisture burial depths
(D = 30, 40, 50 cm) and 3 water pressure heads (H = 100, 150,
200 cm) were selected based on the literature (Zhang et al,
2012; Liu et al., 2012; Zhang et al., 2017). For selecting the initial
water content simulation value, each soil texture’s field water-
holding capacity is used as the benchmark, and different initial
water content values can be obtained by multiplying different
coefficients. The field capacity (FC) of 8 soil textures was obtained
by Hydrus-2D/3D simulated saturated soil water redistribution.
Due to the different water-holding capacities of different soil
textures, the value of field water-holding capacity varies greatly.
Therefore, the initial water content of soil textures is not the
same. See Table 3 for details.

Model solution

Using Hydrus-2D to simulate the moisture content of the soil
wetting body under different combinations of soil texture, water
pressure head, moistube burial depth, and initial moisture
content and considering the actual irrigation conditions and
calculation accuracy requirements, simulations were performed
of the area, which was set as a rectangular area (D, = 100 cm and
W/2 = 60 cm), with a space step of 1 cm, and a time step of
0.1 min. When solving, the Galerkin finite element method is used
for the spatial discretization of the soil profile, and the implicit
difference scheme is used for the discretization of time.

Table 2. VG-M model parameters of eight typical soils

Statistical analysis

The root mean square error (RMSE) and Nash-Sutcliffe efficiency
coefficient (NSE) are used to evaluate the model’s performance.
If the comparison results show that the RMSE is close to 0
and the NSE is close to 1, then the model has good predictive
performance. The parameters are calculated using the following
equation (Moriasi et al., 2007):

[1& :
RMSE = ﬁg‘(o,. -C) (5)

20,-C)
NSE=1-2—— (6)
2.(0,-0,

where O, is the i measured value; C, is the i calculated value;
O,, is the average of the measured values, N is the total number
of data points.

RESULTS AND DISCUSSION

Influencing factors and distribution law of moisture
content of wetting body

To explore the distribution law and influencing factors of soil
moisture content in moistube irrigation, the moistube was used as
the endpoint and 5 directions (vertical downward, 45° downward,
horizontal, 45° upward and vertical upward) were selected to
characterize the values for soil moisture content distribution.
Referring to Liu et al. (2012) and Fan et al. (2020), the initial
soil moisture content, soil texture, irrigation time and specific
discharge of the moistube were selected as the influencing factors.
Origin 9.0 and Excel were used for the simulation data analysis.

Soil texture y (g-cm™3) 0, (cm3-cm™3) 6, (cm*.cm™) a(cm™) n K, (cm-min~')
Silt 1.35 0.034 0.46 0.016 1.37 0.0042
Clay loam 1.35 0.095 0.41 0.019 1.31 0.0043
Silty loam 1.35 0.067 0.45 0.020 1.41 0.0075
Loam 1.36 0.078 0.43 0.036 1.56 0.0173
Sandy clay loam 1.62 0.100 0.39 0.059 1.48 0.0218
Sandy loam 1.61 0.065 0.41 0.075 1.89 0.0737
Loamy sand 1.66 0.057 0.41 0.124 2.28 0.2432
Sand 1.71 0.045 0.43 0.145 2.68 0.4950
Table 3. Initial moisture content of eight typical soils
Soil texture FC (cm3-cm™) 6;(cm3cm™3)
50% FC 60% FC 70% FC

Silt 0.286 0.143 0.172 0.200
Clay loam 0.376 0.188 0.226 0.263
Silty loam 0.391 0.195 0.235 0.273
Loam 0.323 0.162 0.193 0.226
Sandy clay loam 0.221 0.111 0.133 0.154
Sandy loam 0.200 0.100 0.120 0.140
Loamy sand 0.123 0.062 0.074 0.086
Sand 0.086 0.046 0.052 0.060
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Effects of soil texture and initial moisture content on
moisture content distribution of soil wetting body

To analyse the influence of soil texture and initial moisture
content on the moisture content distribution in the wetting body,
two kinds of fine soil and two kinds of coarse soil were selected
(D =40 cm, H =150 cm, T = 24 h). As an example, three initial
moisture contents (0.143,0.172 and 0.200 cm?®.cm™3) were selected,
and the results are shown in Fig. 3.

Figure 3 shows that under silt conditions the distribution law of
the moisture content of the wetting body in the vertical downward,

horizontal, 45° downward, 45° upward and vertical upward
directions is the same: when the initial moistube content was 0.143,
0.172 and 0.200 cm®-cm, the soil moisture content (6) at any point
inside the wetting body and the distance (S) from any point inside
the wetting body to the center of the moistube are in line with a
linear function relationship, and the coefficient of determination
(R?) is greater than 0.93 for the fitted regression line. Under different
initial soil moisture contents, the wetting front migration distance
increases with increasing initial moisture content. In addition, due
to the high initial soil moisture content, less water is required to fill
the soil voids, thereby accelerating the migration of the wetting front.
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Figure 3. Distribution of moisture content for silt wetting pattern with different initial moisture contents under 24 h moistube irrigation
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To further determine the law obtained under the condition of fine
soil, the silty loam (D = 40 cm, H = 150 cm) was selected, and the
results plotted for 5 samples under 3 conditions of initial moisture
content (0.196, 0.235 and 0.274 cm?-cm~). The distribution law of
soil moisture content along the five directions is shown in Fig. 4.

Figure 4 shows that under the conditions of silty loam, the
distribution law of the moisture content of the wetting body in the

vertical downward, horizontal, 45° downward, 45° upward and
vertical upward directions is the same, that is, when the initial
water content is 0.162, 0.194 and 0.226 cm?®-cm™3, the soil moisture
content (0) at any point inside the wetting body and the distance
(S) from any point inside the wetting body to the centre of the
moistube are in line with the linear function relationship, and the
coefficient of determination (R?) greater than 0.93 for the fitted
regression line.

0.45 . 0.45 .
0 07019 01 70235 A g~0274Vertical downward 0 070196 0 670235 & 070274 Horizontal
0.36 0.36
0=-0.00615+0.4122 0=-0.01505+0.4300
) R*=0.966 9 R*=0.992
£ ) g
0027+ & ©027¢
= £
2 2 s
S 0.18 F < 0.18 F 0=-0.00635+0.4097
: 6=-0.01455+0.4313 ’ R*=0.957
R=0.990 "y 0.00985+0.4199 HZ'O'O'Oif_*g;‘:;O
0.09 fE=0.9%6 0.09} '
0 1 1 1 1 l 0 1 1 1 L ]
0 6 12 18 24 30 0 6 12 18 24 30
S/em S/em
0.45 0.45
O 070143 O 670172 & 60200  45° downward O 070.196 ) 670235 & 070274 45° upward
036 0.36
0=-0.00885+0.4119 0=-0.00875+0.4062
" R*=0.963 % R=0.938
£ g a
©0.27 C ©0.27F
g =
2 2
S S~
018 p-0.02065+0.4299 0181 p=0.02055+0.4251
2 \l 2
R*=0.988 0=-0.01445+0.4211 R=0991 6=-0.01445+0.4162
0.09 F R3=0990 0.09 Bwioee
0 1 1 1 1 J O 1 1 L 1 ]
0 4 8 12 16 20 0 4 8 12 16 20
S/em S/em
0.45 _
0 67019 0 670235 A 60274  Vertical upward
0.36
0=-0.01525+0.4270
= R=0.993
S 0.27F M
E
L 0=-0.00655+0.4074
018} R*=0.949
=-0.01025+0.4146
2=
0.00k R=0.980
0 1 1 1 ]
0 6 12 18 24 30

S/em

Figure 4. Distribution of moisture content for silty loam wetting pattern with different initial moisture contents during 24 h moistube irrigation
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To compare and analyse soil texture’s influence on the moisture
content distribution in the wetting body of the slightly moistened
soil, we selected coarse sandy loam, (D =40 cm, H = 150 cm). We
plotted the results for three initial moisture contents (0.1, 0.12 and
0.14 cm®cm™). The distribution law of soil moisture content in
five directions under these conditions is shown in Fig. 5.

A further analysis of Fig. 5 finds that under the condition of sandy
loam, the distribution law of the moisture content of the wetting

body in the vertical downward, horizontal, 45° downward, 45°
upward and vertical upward directions is the same, that is, when
the initial water content is 0.1, 0.12 and 0.14 cm’-cm™>, the soil
moisture content () at any point inside the wetting body and the
distance (S) from any point inside the wetting body to the centre
of the moistube are in line with the linear function relationship,
and the coefficient of determination (R?) is greater than 0.90 for
the fitted regression.
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Figure 5. Distribution of moisture content for sandy loam wetting pattern with different initial moisture contents during 24 h moistube irrigation
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To further determine the law obtained under the condition of
coarse soil, the coarse sandy soil (D = 40 cm, H = 150 cm) was
selected, and 5 samples were drawn under the conditions of
3 initial moisture contents (0.046, 0.052 and 0.060 cm?-cm~3). The
distribution law of soil moisture content along the directions is
shown in Fig. 6.

A further analysis of Fig. 6 finds that under the sandy soil
conditions, the distribution law of the moisture content of the
wetting body in the five directions is the same, that is, when the
initial water content is 0.046, 0.052 and 0.060 cm?-cm~, the soil
moisture content () at any point inside the wetting body and the

distance (S) from any point inside the wetting body to the centre
of the moistube are in line with a linear function relationship, and
the coefficient of determination (R?) is greater than 0.893 for the
fitted regression line.

According to the above analysis, under different soil textures and
different initial moisture contents, the soil moisture content (6)
at any point inside the wetting body and the distance (S) from
any point inside the wetting body to the centre of the moistube
conform to a linear function relationship. Whether this functional
relationship is affected by irrigation time was the next aspect
investigated.
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Figure 6. Distribution of moisture content for sand wetting pattern with different initial moisture contents during 24 h moistube irrigation
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Effects of irrigation time on moisture content distribution
of soil wetting body

The silt loam soil was selected. The variation curve of 8 with S in
five directions of the silty loam soil at different irrigation times
was drawn under the condition of initial moisture content of
0.196 cm*cm’. The specific situation is shown in Fig. 7.

A further analysis of Fig. 7 finds that the initial moisture
content of silt loam is 0.196 cm’cm™; different irrigation time
has no significant effect on the law of variation of 6 with § in
five directions for silt loam. However, the slopes of the different
straight lines decrease with the increase in irrigation time. The
coefficient of determination (R?) is greater than 0.990 for the fitted
regression line.
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Figure 7. Distribution of moisture content in silty loam under different irrigation times (6,= 0.196 cm?.cm?)
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The sandy loam soil was selected. Under the initial moisture
content of 0.14 cm?cm™, the variation curves of 6 with S in five
directions of the sandy loam soil at different irrigation times were
drawn. The specific situation is shown in Fig. 8.

A further analysis of Fig. 8 finds that for the initial soil moisture
content of 0.14 cm’cm™, the irrigation time has no significant
effect on the variation of 6 with S in five directions of the sandy
loam soil. Comprehensive analysis of Figs 7 and 8 shows that: for
fine soil, with the extension of irrigation time, the linear function
relationship between water content and wetting front migration
distance is highly consistent; for coarse soil, with the prolongation
of irrigation time, the conformity of the linear function relation-
ship between 6 and S decreases slightly. The reason for this may

be that when the soil texture is coarse, the saturated hydraulic
conductivity of the soil is higher. At the same time, the moistube
irrigation is continuous, the outflow is slow, the specific discharge
of the moistube is minor relative to the soil saturated hydraulic
conductivity, and the irrigation mode is that of inadequate water
supply — the soil around the moistube is not fully saturated. At the
same time, the water-holding capacity of coarse soil is relatively
low. During actual irrigation, the initial water content of coarse soil
is low, and the soil water content will drop sharply at the wetting
front. The relationship between 6 and S in five directions under
silty loam and sandy loam is consistent with the law obtained
above. Therefore, considering the influence of soil texture, the
obtained laws are applicable to both fine and coarse soils.
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Figure 8. Distribution of moisture content in sandy loam under different irrigation times (6,= 0.14 cm*cm?)
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Effects of specific discharge of moistube on moisture
content distribution of soil wetting body

To analyse the effect of the specific discharge of the moistube on
the moisture content of the soil wetting body, a fine-textured silty
loam was selected and studied under three different specific flow
conditions. The results are shown in Fig. 9.

The variation of silty loam water content with the migration
distance of the wetting front under the three Q conditions was

compared and analysed. As shown in Fig. 9, when the initial
soil water content was 0.235 cm®cm™, the larger the Q value,
the greater the migration distance of the soil wetting front. For
example, if the irrigation was continued for 24 h, the migration
distances of the wetting body in five directions under 3 values
for Q (0.0158, 0.0207, 0.0256 mL-cm'-min™' increased with
increasing specific flow rate. However, the variation of 6 with S in
five directions of the silty loam soil has no significant effect under
different specific discharges of the moistube.
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Figure 9. Distribution of moisture content in silty loam under different specific discharges of moistube
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To further analyse the effect of the specific discharge of the
moistube on the moisture content of the wetting body of the
coarse-textured soil, sandy loam was selected and studied under 3
specific flow conditions. The results are shown in Fig. 10.

The variation of sandy loam water content with the migration
distance of the wetting front under 3 values for Q was compared
and analysed. Figure 10 shows that when the initial soil water

content is 0.12 cm*cm™, the larger the Q value, the greater the
migration distance of the wetting front. If the irrigation was
continued for 24 h, the migration distances of the wetting front
in five directions under three values for Q (0.0143, 0.0187,
0.0230 mL-cm™-min! increased. However, the variation of 6 with
S in five directions of the silty loam has no significant effect under
the conditions of different specific discharges of the moistube.
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Figure 10. Distribution of moisture content in sandy loam under different specific discharges of moistube
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Model building

Based on the above analysis, the relation between 6 and S can be
summarized as follows: The relationship between soil moisture
content and S in the selected five directions is a linear function,
and is not affected by irrigation time. As the soil particles change
from fine to coarse, there is a linear functional relationship
between 6 and S in all directions. Based on this, an estimation
model for the moisture content distribution of the wetting body
of fine soil and coarse soil is established as follows:

By analysing the obtained law, it is found that the relationship
between water content and wetting distance has common
characteristics for both fine and coarse soils: that is, the value of
the vertical coordinate of the starting point of the curve is the
maximum water content that the soil can actually achieve; the
value of the vertical coordinate of the end point is the initial water
content of the soil, and the horizontal coordinate value is the
maximum distance of the wetting front migration.

If maximum water content, initial water content and the maximum
value of the wetting front migration distance of different soils are
expressed by symbols 6., 6, and L, respectively, then the primary
form of the linear function relationship can be expressed as
0=AS + 6. A schematic diagram of the model relating 0 and S can
be drawn according to the assumed conditions, as shown in Fig. 11.

Figure 11 shows that the coordinates of point C are (0, 6,), the
coordinates of point D are (L, 8,), and L is the maximum distance
of the wetting front migration in each direction. Based on the
conditions given above, substituting the coordinates of points C
into 6 = AS + 4, the following formula can be obtained:

5=0 @)

Further substituting the coordinates of point D into the formula
0=AS + § gives:

0,=AL+5 )

A 0/cm? - cm™

]
I
i S/em
e )
I -

Linear functional relation

Figure 11. Model of relation between 6 and S

With further processing of Eqs 7 and 8, the following can be

obtained:

_b _9;
L

A

&)

After arranging Eqs 7, 8 and 9, the model for estimating the
distribution of moisture content in the wetting body of a slightly
moistened soil is as follows:

0= (9;-9,)(?] +9,

where 0, is the highest actual soil moisture content, that is, the
actual saturated moisture content (cm?cm™).

(10)

To further improve the estimation model for the distribution of the
moisture content of the wetting body, the saturated moisture content
of 8 typical soils under simulated conditions was selected, and the
burial depth D and the water pressure head H were converted into
the specific flow Q of the moistube by Eq. 4. The fitting parameters
0, and Q by Origin 9.0 conform to a power function relationship,
that is, 0,'= AQPF and the coefficient of determination (R?) was not
less than 0.97. The fitting results are shown in Table 4.

Table 4. Fitting results of soil saturated moisture content and specific discharge of moistube

Soil texture Ks/(cm-min™) 6, Coefficient A Indis 8 R?

Silty loam 0.0075 0.0158 0.420 0.616 0.092 0.992
0.0207 0.432
0.0256 0.439

Loam 0.0173 0.0158 0.376 0.617 0.119 0.998
0.0206 0.389
0.0255 0.398

Clay loam 0.0043 0.0158 0.407 0.434 0.015 0.985
0.0207 0.409
0.0256 0.410

Silt 0.0042 0.0158 0.444 0.571 0.060 0.977
0.0207 0.453
0.0256 0.456

Loamy sand 0.2432 0.0140 0.228 0.542 0.203 0.999
0.0183 0.241
0.0255 0.251

Sandy clay loam 0.0218 0.0143 0.356 0.530 0.093 0.999
0.0186 0.365
0.0229 0.372

Sandy loam 0.0737 0.0143 0.288 0.623 0.182 0.999
0.0187 0.302
0.0230 0.314

Sand 0.4950 0.0137 0.192 0.489 0.218 0.999
0.0179 0.204
0.0221 0.213

Average value 0.553
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A further analysis of Table 4 finds that coefficient A changes
irregularly with the increase of the soil saturated hydraulic
conductivity, K. However its value fluctuates little, and its
average value is 0.553. Further analysis found that the exponent
B increased logarithmically with the increase in soil saturated
hydraulic conductivity, K, as shown in Fig. 12.

Based on the above analysis, the actual saturated moisture content
of the soil (6,) can be expressed by the specific flow rate (Q) of
moisture irrigation and the saturated conductivity (K) of the soil:

9; = 0.553Q0-0379LN(K5)+o.2574 an

Equation 11 was substituted into Equation 10. Finally, the soil
wetting body’s moisture content distribution estimation model
under moistube irrigation is obtained:

0= (0.553Q0.0379LN(KS)+0.257479')(14 _Sj+0i (12)

! L
Model evaluation
Verification with simulated values

During the establishment of the model, the simulated data were

025 used to explore the distribution law of the moisture content of
the wetting body. However, after simplification to a mathematical
model, the simulated value of the moisture content of the wetting

02} . o
body was not used in the formula derivation. Therefore, the
B—-0.0379In(K)+0.2574 simulation data can be used to verify that the mathematical
0.15 R=0.914 model is an appropriate simplification of the distribution law. The
= model’s ability to estimate the moisture content distribution in the
0.1F wetting body of the slightly moistened soil can then be evaluated.
Four kinds of soil, including fine soil (silt and silt loam) and
' coarse soil (sand loam and sandy soil) were selected to explore the
0.05 S : 4 ;
distribution law of moisture content in the wetting body. The fine
& soil was selected as a loam in the model evaluation. The coarse soil
00 ()II 0'2 0'3 0' 4 0' 5 is loamy sand soil and two simulation schemes were selected for
R cirffing each soil (as shown in Table 5). Figure 13 show the comparison
2 between the simulated value and the calculated value for moisture
Figure 12. Relation between § and K, content of the wetting body under the two soil textures.
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Figure 13. Comparison between the simulated value and model-calculated value for soil moisture content: (a) loam, K.,=0.0173 cm'min~',
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K.=0.2432 cm-min~', 6,= 0.086 cm*cm™?
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Table 5. Four simulation schemes for model evaluation

Soil texture K, (cm-min~") 6;(cm3-.cm™3) 0, (cm3cm™3) Q (mL-cm™-min™")

Loam 0.0173 0.162 0.430 0.0206
0.226

Loamy sand 0.2432 0.062 0.410 0.0183
0.086

Figure 13a and Figure 13b show the simulated and model-
determined water contentsin the vertical downward, 45° downward,
horizontal, 45° upward and vertical upward directions of the loam
wetting body for the two initial water contents. The points with
coordinates are all distributed near the 1:1 line, and the simulated
and calculated values are in good agreement, demonstrating that
simplifying the model to the given mathematical problem was
appropriate. A further analysis of Fig. 13c and Fig. 13d shows that
when the initial moisture content is 0.062 cm*cm™>, the simulated
value of the moisture content of the soil wetting body of loam sand
in the vertical downward, 45° downward, horizontal, 45° upward
and vertical upward directions agrees with the model-calculated
value. When the initial moisture content is 0.086 cm?®*cm™, the
simulated value of the soil moisture content in the five directions
is in good agreement with the model-calculated value. This shows
that the model can estimate the moisture content distribution
of the wetting body of coarse- and fine-textured soil under the
condition of slightly moist soil from moistube irrigation.

Verification with measured values

To further evaluate the model’s accuracy, the indoor soil box test
was used to verify the model. The calculated value from the model
was compared with the measured data, and the calculated and
measured values were statistically analysed by Eqs 5 and 6 (Table 6).

Figure 14 shows that when the initial water content is
0.196 cm®*cm3, the measured values and model calculations of

the water content of the soil wetting body in the five directions
are in good agreement. When the initial water content is
0.274 cm®.cm’", the measured values of the soil moisture content
in the vertical downward, 45° downward, horizontal, 45° upward
and vertical upward directions are in good agreement with the
model-calculated values, indicating that the model can estimate
the water content distribution of the soil wetting body with finer
soil texture under the condition of slightly moist soil.

Figure 15 shows that when the initial water content is 0.10
cm’cm~* and 0.14 cm®-cm, the measured values of soil moisture
content in five directions are in good agreement with the model
calculated values, indicating that the model can also estimate the
distribution of water content in the soil wetting body with coarser
soil texture under the condition of slightly moist soil.

Table 6 shows that when the initial water content is 0.015 cm®-cm ™,
the model can estimate the water content distribution in the soil
wetting body with a finer soil texture under the condition of
slightly moist soil. It can be further seen from Table 6 that the
RMSE is between 0.009 and 0.012 cm®-cm™ for the sandy loam
with an initial moisture content of 0.1 cm*cm™ in five directions,
and the NSE is between 0.978 and 0.987. For the silt with an
initial moisture content of 0.196 cm?*cm™, the RMSE between
the measured moisture content and the calculated value of the
model in five directions is between 0.008 and 0.018 cm?-cm™, and
the NSE is between 0.911 and 0.983, indicating that the model’s
predictive ability is good.

Table 6. Statistical analysis of the measured and calculated values of soil moisture content in all directions

Soil texture 6, (cm-min~) 0;(cm3cm™3) Characteristic value RMSE (cm3-cm3) NSE
Silty loam 0.43 0.196 Vertical upward 0.009 0.987
45° upward 0.0m1 0.978

Horizontal 0.009 0.986

45° downward 0.012 0.978

Vertical downward 0.01 0.980

0.274 Vertical upward 0.008 0.965

45° upward 0.009 0.965

Horizontal 0.014 0.903

45° downward 0.015 0.896

Vertical downward 0.015 0.901

Sandy loam 0.41 0.100 Vertical upward 0.018 0.910
45° upward 0.018 091

Horizontal 0.010 0.972

45° downward 0.011 0.965

Vertical downward 0.008 0.983

0.140 Vertical upward 0.012 0.943

45° upward 0.017 0.867

Horizontal 0.015 0.899

45° downward 0.012 0.931

Vertical downward 0.008 0.962
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Although the results from the evaluation of the model are good,
three additional points need to be noted. Firstly, the accuracy
of the specific discharge of the moistube, the soil saturated
hydraulic conductivity and the initial soil moisture content must
be guaranteed. The saturated hydraulic conductivity ensures that
the highest water content (i.e, the actual saturated water content)
that the soil near the moistube can reach during actual irrigation
is accurate. Secondly, the model is suitable for fine and coarse soil
under irrigation conditions that result in the soil being ‘slightly
moist’ Finally, Eq. 12, for calculating soil saturated water content,
shows that the larger the specific discharge of the moistube, the
higher the soil saturated water content. This ignores the fact that
when the soil is fully supplied with water, the voids in the soil will

be filled with water after a certain period. However, considering
that the moistube irrigation is continuous, the outflow is slow,
the specific discharge of the moistube will not be too large, and
that the calculated value of Eq. 12 does not exceed the soil water
content, when the peak value is reached, the calculated result is
relatively accurate. Therefore, for the particular case where the
specific flow rate of the moistube is significant, the measured
value of the saturated water content of the soil can be used
directly. However, the spatial distribution of soil characteristics is
uneven, and the moisture content of the same soil is different in
different regions. Therefore, to improve the model’s practicability
in the later stage, it is necessary to study the soil’s saturated water
content further.
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Figure 14. Comparison between the simulated value and model calculation value of the soil moisture content
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Figure 15. Comparison between simulated value and model-calculated value for soil moisture content

CONCLUSIONS

This article presents the distribution law for the moisture
content of the soil wetting body of moistube irrigation, based
on simulation data from Hydrus-2D. The model for calculating
the distribution of moisture content of the soil wetting body of
moistube irrigation is established using Origin 2018 and Excel
analysis. Finally, laboratory studies were used to confirm the
model’s validity, and the following conclusions were drawn:

Selecting the initial water content (50%-70% FC), the soil
water content in five directions conforms to a linear functional
relationship with wetting front migration distance; this law is not
affected by the irrigation time. As the soil texture changes from
fine to coarse, the relationship between the soil water content and
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the migration distance of the wetting front still conforms to a
linear function in all directions.

The saturated hydraulic conductivity of the soil, the starting
moisture content, the specific discharge of the moistube, and
the maximum value of the migration distance of the wetting
front in all directions are all included in the constructed model.
The evaluation results show that for fine-textured soil, the RMSE
between the measured water content and the model-calculated in
five directions, with an initial water content of 0.196 cm?cm™, is
between 0.009 and 0.012 cm?®cm~, and the NSE is between 0.978
and 0.987. For the silty loam with an initial moisture content
of 0.274 cm®cm™3, the RMSE between the measured moisture
content and the model-calculated value in five directions is bet-
ween 0.008 and 0.015 cm®-cm3, and the NSE is 0.896 and 0.965.
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For coarse soil, the RMSE for the sandy loam with an initial
moisture content of 0.100 cm*cm™ in five directions is between
0.008 and 0.018 cm*cm™ and NSE is between 0.910 and
0.983. For sandy loam soil with an initial moisture content of
0.140 cm®cm™3, the RMSE of the measured moisture content and
model-calculated values in five directions is between 0.008 and
0.017 cm®*cm™, and the NSE is between 0.867 and 0.962. The
predictive ability of the model is good. This study can provide a
theoretical and technical reference for selecting optimal parameters
in the design of moistube irrigation systems to achieve appropriate
and accurate field crop water management.
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