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Abstract: As an effective method to improve saline-alkali land, the drainage from subsurface pipes
has been extensively studied in typical arid and semi-arid agricultural areas (Hetao Irrigation District).
However, there are few studies on the improvement of subsurface pipe layout and the long-term
soil salinization control in the process of leaching and soil amendment with subsurface pipes in this
area. This study investigated the water and salt migration in the process of amending the heavy
saline soil. Field experiments growing sunflowers and numerical model calculation were combined
in this research. It was found in the field experiment that the salt concentration in the surface pipe
drainage was positively correlated with the salt content in the soil and the depth of the pipe, while it
was negatively correlated with the amount of irrigation water and the spacing of crops. Thus, the
soil desalting rate (N) and salt control rate (SCR) were positively correlated with the depth of the
pipe, and they were negatively correlated with the spacing. The leaching effect of irrigation would
decrease when the soil salt content decreased. On the basis of field experiments, the DRAINMOD
model and drainmod equation were used to calculate the water and salt migration in 38 different field
plots during 2019 and 2020. When N was the same, the soil salinity in several plots with large burial
depth could be controlled below the salt tolerance threshold of sunflowers during the growth period
in the second year. The quantitative relationship between N and SCR, soil salt content before leaching,
water amount of leaching, pipe spacing and buried depth was already established. These results can
help develop strategies for desalination and salt control in the soil in the arid and semi-arid areas
with the optimal layout of subsurface pipes.

Keywords: Hetao Irrigation District; saline—alkali soil; subsurface drainage system; DRAINMOD;
water and salt transport

1. Introduction

As a global agricultural issue, soil salinization has been widely concerned because
it reduces the utilization efficiency of fertilizers, increases the loss of nutrients in the soil,
and affects the growth, yield and quality of crops [1-5]. Soil salinization has affected more
than 30% of arid and semi-arid areas worldwide [6,7]. As a typical arid and semi-arid
irrigated area, 63.8% of the soil in the Hetao Irrigated District of Inner Mongolia has been
affected by salinization [8]. Subsurface pipe drainage has been widely recognized as an
effective measure for amending saline farmland [9], due to its advantages of small land
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occupancy and high land use efficiency for improving soil conditions, reducing soil salinity
and increasing crop yield [10-12]. There have been many studies on the displacement,
drainage quality and the influence on groundwater level of the subsurface pipe with
different layout parameters [13,14]. However, the proposed layout parameters in those
studies may not be applicable to the area for desalting and long-term salt control in the arid
and semi-arid areas.

The key points of the research on the subsurface pipe mainly include the drainage,
salt and nutrient transport, the response of crop yield, and the optimal layout parameters
of subsurface pipes under different soil conditions [15-17]. Many studies have carried out
quantitative analysis of various farmland indicators with different layout parameters of
subsurface pipes. Laboratory and field experiments showed that the depth of subsurface
pipe positively affected the quantity and quality of discharged water, while the spacing of
subsurface pipe presented negative influence on these parameters [18,19].

The migration of water and salt under different pipe layout conditions cannot be fully
investigated due to the limitations of laboratory and field tests. The numerical model is
an effective and complementary method to solve this issue. Some of the effective and
widely accepted models include but are not limited to the HYDRUS [20], SWAT [21] and
DRAINMOD [22]. Dou et al. used HYDRUS-2D to simulate the subsurface pipe drainage in
the farmland compared the drainage depth of the subsurface pipe at different growth stages
of sunflowers, and they determined that the optimal drainage depth in medium salinized
soil was 50 cm [23]. Addab and Bailey simulated the migration of eight major salt ions in
the soil with subsurface pipe drainage in the salinized area, and they developed effective
land and water management strategies with the SWAT model [24,25]. DRAINMOD, based
on water balance, is widely used to simulate farmland drainage and crop yield because of
its simplicity, accuracy and practicability [26,27]. The model was extended to simulate the
macropore seepage [28]. Meanwhile, this model well simulated the recycling of subsurface
pipe drainage water and the related economic benefits [29].

Hetao Irrigation District is a typical salinization area, and many studies have been
conducted on the improvement of soil quality in this region [30,31]. However, few studies
focused on the subsurface pipe drainage and the water and salt migration in the soil with
subsurface pipes in long time series. The groundwater level is high, and soil permeability
is poor in the heavily salinized area. As a result, the salinity of the soil can only be
reduced in a short period of time even if subsurface drainage is used. This study mainly
investigated the water and salt migration in the salinized farmland growing sunflowers
with buried drainage pipes in Hetao Irrigation District. Based on this field experiment,
simulation was conducted with DRAINMOD model for water migration and calculate
the soil salt migration. The index of salt control rate (SCR) was proposed to describe the
effect of subsurface pipe on the salinity of main root layer soil of sunflowers, and the best
arrangement of the subsurface pipe under different desalting and salt control requirements
with planting sunflower was determined to provide technical support for the improvement
of subsurface pipe drainage in the arid and semi-arid areas.

2. Materials and Methods
2.1. Study Site

From May 2019 to November 2020, a trial of leaching was conducted in a field with
an area of approximately 5.4 ha. The field is located in the Comprehensive Improvement
Test Base of Saline-alkali Land with Subsurface Pipe Drainage in the Wulat irrigation area,
Hetao Irrigation District, Inner Mongolia, northwest China, with an altitude of 1018.88 m
at 40°45'28"” N and 108°38'16” E [32]. The region has a typical temperate continental
climate, dry and windy, with an annual evaporation of 2173 mm [33]. The groundwater is
relatively shallow with a depth of 1.6 m, and the salinity of groundwater is 29.66 dS/m.
Flood irrigation is mainly used for irrigation with water from the Yellow River with a total
dissolved solids content of 0.67 g/L. The drainage method is mostly open ditch, which is
mostly used for drainage in this area. The large amount of irrigation water use, untimely
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drainage, high groundwater level and intense surface evaporation lead to prominent soil
salinization and seriously restrict the development of local agriculture.

2.2. Field Test Design

Seven test fields were constructed. The Dutch INTERDRAIN all-in-one pipe laying
machine was used to complete the ditching and laying of the subsurface pipes, which were
single-wall bellows pipes with a diameter of 8 cm, a length of 200 m and a buried slope
of 1%.. The pipes were arranged in the short direction of the field, and then they were
wrapped with geotextiles, covered with sand of 10 cm, backfilled with original soil to the
initial elevation, and finally processed via laser leveling.

The leaching water was discharged from the subsurface pipe to the drainage ditch
excavated along one side of the field. Referring to previous studies [34], the drainage depth
of the pipes was set at 1.1 m, 1.2 m and 1.3 m, and the drainage spacing was set at 10 m,
20 m and 30 m. Seven field experiments were arranged, as shown in Figure 1a. Due to the
limitation of field tests, the drain depth ranged from 1.1 m to 1.3 m, and the drain spacing
ranged from 10 m to 30 m. DRAINMOD model was used to simulate the desalination and
salt control effects of different layout parameters of the pipes under the same initial soil
conditions. There were a total of 38 prediction scenarios, denoted as F1—Fsg, with 9 drain
depths (1m,1.1m,12m,1.3m,1.4m, 1.5m, 1.6 m,1.8 m and 2 m) and 5 drain spacings
(10 m, 15 m, 20 m, 25 m and 30 m). Field and prediction layout of subsurface pipes are
shown in Table 1.
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Figure 1. Schematic diagram of (a) subsurface drainage pipe layout of each treatment and (b) drainage
structure of subsurface pipe and observation point of water and soil samples (The green line is a
subsurface pipe with a spacing of 30 m. The red line is a subsurface pipe with a spacing of 20 m. The
blue line is a subsurface pipe with a spacing of 10 m).

2.3. Sampling, Measurement and Calculation
2.3.1. Meteorological Data
The weather input files required by the model included precipitation, solar radiation,

maximum and minimum temperatures, wind speed, etc. The hourly data were obtained
from field weather stations (HOBO-U30) used at the test field.
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Table 1. Layout parameters of the 7 experiment (T) and 38 prediction (F) scenarios.

Depth (cm) Spacing (cm)
1000 1500 2000 2500 3000
100 Fq F> F3 Fy Fs5
110 T Fg Ty Fy Ty
120 Tp Fg Ts Fy Fio
140 Fig Fi5 Fi6 Fy7 Fig
150 Fy9 Fao Py F» Fas
160 Foy Fos5 Fa Fo7 Fog
180 Fa F3o F31 Fsp Fs3
200 Fay4 F3s F36 F37 Fsg

2.3.2. Irrigation Time and Water Volume

Flood irrigation was used in the study. The quantity of irrigation water was controlled
by installing a circular inlet gate of each plot for measuring the inlet water quantity. The
time and frequency of irrigation mainly depend on the local Yellow River inflow time
and irrigation management system. During the experiment, seven times of irrigation with
different water amounts were carried out, respectively, on 15 May 2019 (300 mm), 26 June
2019 (150 mm), 17 July 2019 (150 mm), 25 October 2019 (300 mm), 3 May 2020 (350 mm),
28 June 2020 (250 mm) and 19 October 2020 (350 mm).

2.3.3. Soil Sampling

In order to monitor the desalination effect of subsurface pipes, soil sampling was
conducted one day before each drainage test and after the end of drainage. The soil
sampling points were arranged at the intermediate points between the middle subsurface
pipe and the adjacent subsurface pipe in each test area. The surface soil was sampled from
0-10 cm and 10-20 cm, and then the soil was sampled every 20 cm below the surface to a
depth of 100 cm (Figure 1b).

2.3.4. Water Sampling

A water meter was connected to the subsurface pipe near the drain. In order to
facilitate water meter disassembly and data collection, A manhole was built above water
meter. The daily subsurface pipe displacement and drainage quality were monitored
during the irrigation and drainage stage.

2.3.5. Water Table

Groundwater level observation wells were arranged near the soil sampling points in
each test plot. Meter ruler and plumb hammer were used to measure the groundwater level
in the initial stage of the test, and a groundwater level monitor DATA-6216 was placed in
the observation wells to monitor the real-time groundwater level during the test.

2.3.6. Soil Moisture Content, Salt Content, Desalting Rate and Salt Control Rate

Some soil samples were weighed to determine the wet weight and then dried in a hot
blast oven at 105 °C for 24 h to measure the dry weight and calculate the moisture content.
Next, 10 g of some soil sample was well mixed in 50 mL distilled water. After standing
for 15 min, the conductivity of the solution (EC) was measured using a lightning magnetic
DDS-307A conductivity meter. The soil salt content was obtained using Equation (1) [35].
The soil desalting rate was calculated using Equation (2) [23].

S = 3.7657EC(1.5) — 0.2405 1)



Water 2023, 15, 3001

50f19

where S is soil salt content (g/kg), and ECy;5 is the EC of the soil extract solution made by
mixing the soil with water at a soil:water ratio of 1:5, (mS/cm).

51 =5

N
51

x100% )

In the equation, N is the soil desalting rate (%), S; is the initial value of soil salinity
before irrigation (g/kg), and S, is the soil salinity after irrigation (g/kg).

The index of salt control rate (denoted as SCR), proposed in this study, represents the
percentage of days when the salinity in the soil was lower than the threshold of crop salinity
in the total growth period, which was used to reflect the control ability of subsurface pipe
drainage on soil salinity, so as to select the suitable subsurface pipe layout.

2.4. DRAINMOD Model
2.4.1. Model Description

DRAINMOD is a two-dimensional model to obtain information of soil hydrological
processes using a water balance method and empirical relationships with data about mete-
orology, soil properties, crop growth and field irrigation/drainage [22]. An hourly or daily
simulation of the water balance at the midpoint of two parallel drainage pipes, including
evapotranspiration, surface runoff, subsurface drainage, infiltration and groundwater level.
The salt module of the model is rarely used because the calculation process is not rigorous,
resulting in a large difference between the simulation results and the actual situation. This
paper only uses it for hydrological simulation.

Water balance in this model is classified as two compartments: In the surface balance,
the model can be applied to compute the permeability, irrigation and runoff using the
following Equation (3). In the subsurface balance, DRAINMOD calculates the water
balance for a section of the soil in the middle of two drains according to the following
Equation (4) [22].

AW =P+1—-F—-RO (©)]

AVa=D+ET+VLS —F @)

In the equation, AW is the change in surface water storage (mm); P is the precipitation
(mm); [ is the irrigation amount (mm); F is the infiltration amount (mm); RO is the surface
runoff (mm); AV, is the change in water content of anhydrous pore space in soil profile
(mm); D is the drainage depth (mm); ET is the evapotranspiration (mm); and VLS is the
vertical and lateral flow (mm).

The flow from spawn to sink to drain was assumed instantaneous in the DRAINMOD
model. The amount of irrigation water was measured in the field. The amount of infiltration
was estimated with Green—Ampt equation with the input of soil physical properties. In
the equation, surface runoff was not included since all the irrigation water was discharged
from the field through subsurface drainage due to the 1 m high ridge surrounding the field.
The efficiency of subsurface drainage depends on the depth of groundwater, soil hydraulic
conductivity and the layout of buried pipes. When the underground water level is below
the surface, Hooghoudt steady flow equationis are used to calculate the underground pipe
displacement; when the underground water level rises to completely submerge the ground,
the Kirkham equation is used to estimate the underground drainage flow [36]. Vertical and
lateral seepage were estimated using a simple method based on the Darcy equation and
Dupuit-Forchheimer hypothesis [22,37].

2.4.2. Model Input

The selected field was an abandoned farmland. A comprehensive soil survey was
carried out before burying the pipes (Table 2). The drainage depth and spacing of the field
drainage system depended on the buried subsurface pipe parameters in each test area.
The depth from the surface to the impermeable layer was set to 2 m, the initial depth of
the groundwater was set to the actual measured value (160 cm), and the depth at which
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water flows to the subsurface pipe (Kirkham depth) was set to 0.3 cm. The actual irrigation
time and irrigation amount are integrated into the meteorological data and then input
into the model. The model calculates the potential evapotranspiration (PET) based on the
input meteorological data and the Penman—-Monteith formula, and then it distributes the
calculated PET to each hour of the simulation period. In the calculation process, the model
will self-check whether evapotranspiration is limited by soil moisture conditions. If it is not
affected by soil water supply capacity, the actual evapotranspiration (ET) is equal to PET.
Otherwise ET is equal to soil water supply capacity (upward flux of diving).

Table 2. Soil physical and chemical characteristics of experimental site.

Soil Layer Particle Composition/% Bulk Density Soil Salt Content - Field Capacity
(cm) Sand Clay Silt (g-cm3) (gkg™ 1) P (cm? cm3)
0-10 36.6 422 59.18 1.44 25.23 7.45 32.35
10-20 32.32 3.86 63.82 145 21.79 7.60 33.29
20-40 23.98 2.20 73.82 147 18.22 7.64 36.61
40-60 8.27 247 89.26 1.48 15.53 7.72 35.08
60-80 3.36 5.70 90.94 1.49 11.79 7.51 36.33
80-100 12.91 5.02 82.07 1.49 10.60 7.62 36.52

As one of the main planting cash crops in Hetao Irrigation Distcict, sunflowers have
high salt tolerance (18.28 g/kg) and are generally sown in early June and harvested in early
or middle September, with a growth period of about 105 d. The irrigation water in this
study was from the Yellow River, and the time of each irrigation test was consistent with
the local irrigation schedule. The potential evapotranspiration of bare land is PET;. In
order to simulate the soil water balance when sunflowers were planted, the dual crop coeffi-
cient [38,39] method was used to calculate crop transpiration (T¢) and soil evaporation (E;),
respectively, to estimate potential evapotranspiration (PET,) during sunflower planting.

T, = chE Ty (5)

Es = ET, (6)

Here, K, is the basal crop coefficient; K, is soil evaporation coefficient; and ET, is the
reference crop evapotranspiration.

Basal crop coefficient refers to the ratio of crop evapotranspiration to reference evap-
otranspiration at a given potential rate without soil evaporation. Miao et al. provided
the K, reference values in the early (0.10), middle (1.15) and late (0.25) growth periods
of sunflower after calibration [40]. The evaporation coefficient K, is used to describe the
portion of soil evaporation in the actual evapotranspiration, which depends on the amount
of water available for evaporation in the upper soil and on the amount of energy available
at the soil surface in conjunction with the energy consumed by transpiration [41].

Ke = Kr (Kc max — ch) < few Kc max (7)

In the equation, K; is the evaporation reduction coefficient, depending on the cumula-
tive depth of surface soil water loss, and K¢y is the maximum value of K. after rainfall
or irrigation. The calculation of K, is divided into two stages. When the accumulated
evaporation loss from soil surface (D,, mm) does not exceed the amount of evaporable
water (REW, mm), K, is equal to 1. When D, exceeds REW, K, decreases, and when the
evaporation from surface soil is 0, K; = 0. Equation (8) was used to calculate the K, of the
second stage.

_ TEW —D,;1 g
- TEW — REW ®)

In the equation, TEW is the maximum depth of evaporation of surface soil after

wetting (mm); REW is the amount of water easily evaporated without water limitation (the

Ky
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cumulative evaporation depth at the end of the first stage); D, ;_1 is the cumulative depth
of soil surface evaporation water at the end of day i—1(mm).

few is the fraction of soil that is exposed to radiation and moistened by water, and it is
related to the percentage of the ground covered by crops.

few: min(l _fc/ fw) 9

In the equation, f; is the fraction of the surface soil area covered by plants. f;, is the
fraction of soil surface wetting by rainfall or irrigation.

2.5. Water and Salt Balance in Soil Profile

In the calculation of water balance in the soil profile of the test site including shallow
groundwater utilization, the influence of soil pore distribution difference on water migra-
tion is ignored for the convenience of the study, and the piston flow is considered. When
calculating the water amount of precipitation, irrigation, underground drainage, shallow
groundwater utilization, evapotranspiration and infiltration, the salt carried in each part of
water is defined to clarify the water—salt balance of the profile. The calculation formula is
as follows:

Moisture:

AV, =P+I1+G—-D—ET—L (10)

Salt:
S=S50+S51+5c—-5Sp—5L (11)

In the equation, G is the utilization of shallow groundwater (cm); L is the deep
percolation (cm); Sp is the initial salt content of soil profile (g); Sy is the salt brought by
irrigation water (g); Sc is the rising salinity by groundwater (g); Sp is the salt discharged
by underground drainage (g); Sy is the salt introduced into groundwater (g).

When the water table rises after rain or irrigation, the water quantity L of deep seepage
can be calculated using the following equation.

L = uAH (12)

Here, u is the water supply degree. According to experience, the value of y in the test
site ranges from 0.04 to 0.06 [42], calibrated via moisture calculation, and the value in this
paper is 0.05. AH is the change in depth of groundwater after rainfall or irrigation (cm).

The salt brought into groundwater can be calculated using Equation (13):

_ So+5i

= 1
St Vo + L (13)

where V, is the moisture content of soil before rainfall or irrigation.

2.6. Shallow Groundwater Utilization and Salt Accumulation Rate

The simulation was carried out under the two conditions, i.e., the bare land and land
with crops. Under the two conditions, the corresponding underground displacements
were D; and D,, evapotranspirations were ET7 and ET), infiltrations were F1 and F;, deep
percolation were L; and Ly, and groundwater levels were h; and h, (usually h; < hy). The
difference in the profile water quantity between bare land and land with planted crops was
mainly caused by the utilization of groundwater by crops. Therefore, by calculating the
difference in water balance between the two conditions, the amount of shallow groundwater
used by crops can be obtained using Equation (14).

G= (Dl — Dz) + (ETl — ETz) + (Fz — Fl) + (Lz — L1) + (hz — hl)es (14)

In the equation, 0; is the saturated water content (cm®>cm~3). Equation (15) can be
used to obtain the total amount of salt carried by crops using groundwater, and Equation
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(16) can be used to calculate the salt accumulation rate of soil, and the salt accumulation
degree (soil profile at a certain time and the rate of increase in soil salt content compared
to the previous period) of 0-100 cm soil layer in each test plot is analyzed without being
affected by the initial salt content.

Sc = GCg (15)

Here, C is the average salt concentration of groundwater.

% x 100% (16)
1

t=
In the equation, t is soil salt accumulation rate (%); S; is the soil salt content in period i
(g/kg); and S;_ is the soil salt content in period i—1 (g/kg).

2.7. Calibration and Verification of the Models and Fitting Equations

The model was evaluated using graphical and statistical methods. The mean absolute
error (MAE), root mean square error (RMSE) and Nash—Sutcliffe efficiency coefficient (NSE)
were used to evaluate the consistency between the measured and the predicted data. When
MAE and RMSE are close to 0, NSE is close to 1, indicating that the simulation is accurate.
When daily NSE > 0.4 or monthly NSE > 0.5, the simulation is considered acceptable; when
daily NSE > 0.6 or monthly NSE > 0.7, the simulation is considered good; when daily
NSE > 0.75 or monthly NSE > 0.8, the simulation is considered excellent [22].

MAE — Z?:1|12i—0i\ a7)
_ Iy A o
RMSE = ”z; (A; — O)) (18)
L (4 -0,
NSE=1- =L — (19)
Y (Ai-0)

R?= =1 (20)

where A; is the simulated value; A is the average observed value; O; is the average simulated

value; (_) is the average observed value; and 7 is the total number of the observations. The
R? value is between 0 and 1, and it is acceptable when the value is larger than 0.5.

3. Results and Analysis
3.1. Changes in Soil Water Content and Salinity

The measured soil moisture content and soil salt content of the profile before and
after each irrigation test of seven field-arranged experimental treatment plots during the
period 2019-2020 were, respectively, provided in Figures 2 and 3. At the beginning of the
experiment, there was little difference in the initial water content of each soil layer in each
plot. The average soil water content of 0~100 cm soil layer was 36.85-37.89 cm®cm 3, and
the soil water content of the profile gradually increased with the soil depth. After irrigation,
the water content of the profile increased, and the water distribution from the top to the
bottom tended to be uniform. With the increase in the buried depth or the decrease in
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the distance between the buried pipes, the water discharge rate from the soil accelerated
gradually. With the same spacing, the average soil moisture content of 0-100 cm soil layer
in the test plot after leaching decreased by 0.54 cm3cm 2 for every 0.1 m increase in the
burial depth. The average soil moisture content of 0-100 cm soil in the test plot increased
by 0.08 cm3cm~3 when the burial depth remained unchanged, and the spacing increased
by 10 m. Before the irrigation test, the average salt content in 0-100 cm soil layer of each
test plot was 16.93-17.56 g/kg, which gradually decreased with the burial depth, and the
spatial variability of soil salt content was large in the same profile (Figure 3). After each
leaching test, the soil salt content in each plot showed similar decreasing trends, but the
spatial variability was still large. During the interval of two leaching tests, the salt content
of the profile increased under the joint influence of surface evaporation and soil capillarity,
and the most significant increase occurred in the 040 cm soil layer. From 4 June to 25 June
2019, the average salt content increased by 0.53-1.01 g/kg in the 0-100 cm soil layer in each
plot, and the average salt content increased by 0.81-2.79 g/kg in the 0—40 cm soil layer. No
leaching was carried out from November 2019 to May 2020, but the overall salt content of
the soil decreased. This was because the water in the soil melted and carried part of the salt
out of the soil, and the salt in the 0—40 cm layer of the surface layer significantly decreased.
The soil moisture content and salt content in T3 plot were significantly lower than those in
other plots during the experiment, while those in T7 plot were higher than those in other
plots (Figures 2 and 3). Water discharge led to a more obvious reduction in soil salinity with
a deeper burial depth and smaller spacing of the subsurface pipes. Moreover, the influence
of subsurface pipe on the surface 0-40 cm soil layer was more significant compared to other
layers, and the difference between the water content and salt content of deep soil in the
subsurface pipe is small among different plots.

3.2. The Salt Content and Soil Desalting Rate under Experimental Conditions and the
Influencing Factors

Linear regression was carried out between the salt concentration of the drainage in
the subsurface pipe (Cp) and the soil salt content (S,), irrigation amount (I), spacing (s) and
buried depth (d) as shown in Equation (21).

Cp = 5.057S5, — 0.0861 — 0.0165+4-0.531d — 39.848 (21)

The statistical parameters of the regression model are shown in Table 3. The soil salt
content before leaching and the buried depth of pipes had a significant positive influence on
the salt concentration of drainage, and the irrigation amount and spacing of the pipes had a
significant negative influence on the salt concentration of drainage. After each leaching, the
soil salt content varied greatly across the test plots. To compare the changes in the soil salt
content, Equation (2) was used to calculate and list the N of each plot after each leaching. N
was the desalting capacity of subsurface pipes under different layout conditions without
considering leaching (Table 4). After the arrangement of the subsurface pipe, the soil was
desalted by irrigation in each plot, and the N range was 10.83-37.94%. N decreased with
the increase in pipe spacing when the burial depth of pipes was the same. With the same
spacing, N increased with the increase in burial depth. However, the change in soil salt
content did not show a similar trend with N. After the irrigation test on 3 May 2020, the
highest N was 37.94% in T3 plot, but the change in soil salt content was 2.36 g/kg, which
was lower than that in other plots. The maximum change in soil salt content in T4 plot was
2.65 g/kg, and N was only 23.31%. With the progress of the experiment, the salt content of
the soil in the test plot decreased as a whole, it was more difficult to discharge the salt from
the soil, and the leaching effect of the subsurface pipe on the soil also decreased.
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Figure 2. Changes in soil water content (SWCs) of different soil layers in each test plot in 2019
and 2020.

30

80-100 cm
140 160 180 200 220 240 260 280 300 140 160 180 200 220 240 260 280

Figure 3. Changes in soil salt content (SSCs) in different soil layers in each test plot in 2019 and 2020.
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Table 3. Multiple linear regression model test and parameter statistics for salt concentration in

subsurface pipe drainage.

Denormalization Standardization

Parameter Coefficient Coefficient VIF p R2 F
B Beta
Constant —39.848 - - 0.018 *
S 5.057 0.811 1.307 0.000 **
o - F=101.123
1 —0.086 —0.344 1.070 0.000 0.902 —0.000 **
S —0.016 —0.577 1.298 0.000 ** p="0
d 0.531 0.224 1.125 0.000 **
Note: *, p <0.05; **, p < 0.01.
Table 4. Change in soil salt content and desalination rate in each test plot after leaching in 2019-2020.
Soil Salt Soil Soil Salt Soil Soil Salt Soil
. Content . . Content . . Content I
Treatment Time Desalinization Time Desalinization Time Desalinization
Change Rate (%) Change Rate (%) Change Rate (%)
(gkg™) (g'kg™ 1) (g-kg™1)
T 4.64 27.38 245 18.75 2.19 19.25
T, 4.98 29.23 249 19.51 2.08 19.40
T 6.36 36.93 2.55 22.71 1.78 19.77
Ty 15 May 2019 4.42 25.19 26 June 2019 2.02 14.39 17 July 2019 214 15.86
Ts 4.65 26.77 2.55 18.89 1.94 15.95
Te 4.85 28.32 2.89 22.58 1.85 16.74
T; 3.05 17.88 1.93 12.81 1.61 10.83
Soil salt content Soil salt content change Soil
Treatment Time 1 Soil desalinization rate (%) Time 1 8 desalinization
change(g-kg™") (g-kg™) o
rate (%)
Ty 1.69 18.30 1.36 14.92
T, 1.92 25.59 1.49 22.38
T3 2.36 37.94 1.15 25.43
Ty 3 May 2020 2.09 18.04 28 June 2020 1.54 13.38
Ts 2.65 23.31 1.67 15.92
Te 2.59 25.59 1.75 19.63
T; 2.06 17.03 1.41 11.47

3.3. Calibration and Verification of Model Parameters

DRAINMOD model was calibrated and verified with the predicted and field mea-
surements. For example, the groundwater level data collected in 2019 was used for model
calibration, and the model parameters were adjusted within a reasonable range to minimize
the difference between the predicted and measured values. In the calibration process,
lateral saturated hydraulic conductivity, hydrodynamic dispersion coefficient, maximum
depth of surface water, the actual distance from the surface to impermeable layer, drainage
coefficient, initial groundwater depth and PET correction coefficient were mainly adjusted.
After that, the measured groundwater level data in 2020 were used to verify the calibrated
model. The results of statistical evaluation of DRAINMOD for simulating groundwater
level of 7 test plots in 2019-2020 are presented in Table 5. MAE, RMSE and NES were,
respectively, in the range of 3.51-5.83 cm, 13.78-41.64 cm and 0.57-0.81. The simulated
results of groundwater level by the 2019-2020 model were analyzed; it was found that some
output items were significantly different from the measured values, and they were mainly
concentrated in the time period of irrigation or rainfall. This is because the DRAINMOD
model is sensitive to soil water inputs. And the model assumes that the process from
leaching to production and drain into the pipes is immediate, but in practice, the process
from leaching to drain took more than a few hours. In addition, the soil composition of the
field was complex and presented spatial variability. The basic input data of soil profile for
the model could not fully reflect the actual soil condition of the whole plot, which resulted
in the failure to promptly and accurately reflect the change in the groundwater level in
individual periods. However, the model performed well on the trend of the groundwater
level in annual time series. In a word, the whole simulation results were overall acceptable.
The water-related outputs were used to calculate the salinity of the plot profile.
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Table 5. Evaluation of model simulation accuracy.

Treatment 2019 2020

MAE (cm) RMSE (cm) NSE MAE (cm) RMSE (cm) NSE
T 4.11 21.65 0.76 3.82 16.01 0.81
T, 4.37 20.35 0.71 3.51 13.78 0.70
T3 5.07 28.29 0.69 4.54 22.98 0.78
Ty 474 24.61 0.62 3.85 16.37 0.80
Ts 5.25 29.51 0.64 4.16 18.98 0.69
Tg 5.83 38.32 0.57 4.77 24.97 0.75
T 6.15 41.64 0.60 5.01 36.90 0.69

Note: NSE, Nash—Sutcliffe efficiency coefficient; MAE, mean absolute error; RMSE, root mean square error.

3.4. Soil Salts Simulation with DRAINMOD Model

The salt content of soil in the 0-100 cm layer in 2019 and 2020 was simulated and
compared with the measured results (Figure 4 and Table 6). The MAE, RMSE and NSE of
soil salt content in 2019 were 0.32-1.36 g/kg, 0.40-1.41 g/kg and 0.41-0.89, respectively.
The MAE, RMSE and NSE of soil salt content in 2020 were 0.24-1.03 g/kg, 0.30-1.11 g/kg
and 0.40-0.92, respectively. From the results of statistical evaluation, it can be seen that
the model is more accurate to calculate the salt of the existing test plot, and it was feasible
to use this method to simulate the change in the salt profile under different layouts of the
subsurface pipe, which can be used to improve the layout of the subsurface pipe. According
to the simulation, the salt accumulated during each leaching interval. Since there was no
utilization of shallow groundwater, the salt increase only caused via surface evaporation. In
addition, the ET results for each plot obtained via the model during the same period were
not significantly different, so the accumulated salt values of each plot had a small difference.
After two years of leaching, the soil salt content decreased significantly. The leaching effect
of T3 plot was the best with an N of 77.12%, while the leaching effect of T; plot was the
worst with an N of 36.63%. In 2019, the desalting effect was more significant than that in
2020. After four cycles of leaching in 2019, the N value of each plot was 33.28-67.00% from
the beginning of the experiment to the end of the year, and after three cycles of leaching
from the beginning of 2020 to the end of the year, the N of each plot was 3.48-30.70%. With
the decrease in soil salt content, the N of each plot was also decreasing gradually. When the
soil salt content decreased to a certain extent, the leaching effect of the plots with shallow
burial depth and large spacing of the subsurface pipe arrangement was no longer obvious,
and the N of T4 and T7 plots in the second year was only 3.48% and 5.03%. This provides a
direction for the determination of buried pipe parameters and leaching scheme.

Table 6. Evaluation of simulation accuracy of soil salt content.

2019 2020

Treatment MAE RMSE MAE RMSE
NSE NSE

(gkg™ (gkg™ (gkg™) (g'kg™)
T 0.32 0.41 0.89 1.03 1.11 0.46
Ty 0.78 0.82 0.70 0.29 0.42 0.84
T3 1.36 141 0.49 0.85 1.03 0.40
Ty 0.34 0.40 0.86 0.24 0.30 0.92
Ts 0.81 0.84 0.56 0.28 0.35 0.87
Te 1.06 1.09 0.41 0.63 0.73 0.61
T, 0.70 0.84 0.47 0.51 0.59 0.66

Note: NSE, Nash—Sutcliffe efficiency coefficient; MAE, mean absolute error; RMSE, root mean square error.
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Figure 4. Simulated and measured average soil salt content (55Cs) in the 0-100 cm soil layer in each
test plot in 2019 and 2020.

3.5. Soil Salt Content Simulation in Existing Plot and Predicted Plot after Sunflower Planting

The salt content changes in the 0-100 cm soil profile in the subsurface pipe control
area after sunflowers planting in the existing and predicted test plots during the period
2019-2020 were simulated, respectively, and the simulation results are shown in Figure 5.
The simulation showed that under the influence of shallow groundwater utilization and
evapotranspiration, during the growth period of sunflowers over two years, each plot
experienced a period when the soil salt content was higher than its threshold. In 2019,
the days of soil salt content being higher than the threshold of salt tolerance accounted
for 13.33-83.81% of the total growth period, and in 2020, the proportion was 0-93.33%. In
the first year of leaching, because of the higher soil salt content, all the plots could reduce
the yield of sunflower or fail to meet the growing conditions of sunflower. In the second
year of leaching, the soil salt content of most plots decreased, and the time below the salt
tolerance threshold of sunflowers increased. The partial test plot kept the soil salt content
below the threshold of sunflower salt tolerance during the growth period, and it had no
influence on the yield of sunflower. However, the phenomenon of salt accumulation in
the soil in individual plots became increasingly serious, and it was difficult to meet the
requirement of sunflower growth, especially in F5 plots; the ratio of time when the salt
content in the soil was above the threshold of salt tolerance to the total growth period of
sunflowers increased from 83.81% to 93.33%, and sunflowers could not grow well from the
seedling stage. On the one hand, these phenomena are related to the desalting capacity of
each plot during leaching. On the other hand, they are related to the groundwater level
caused by different layouts pipes, and the groundwater level of each plot also changed
with different layouts of pipes. The deeper the subsurface pipe is, the smaller the spacing
is, and the deeper the groundwater level is during the growth of sunflower. During the
irrigation period, the utilization of groundwater by sunflower decreased, and the salt above
the underground water entering the subsurface pipe also decreased. Therefore, the soil
salt content in the experimental plot was kept below the salt tolerance threshold during
the growth of sunflower. In conclusion, the normal growth conditions of sunflowers could
not be satisfied after only one year of leaching. In the second year, sunflower could be
successfully planted in some plots without reducing production. In the shallower and more
interspaced plots, when sunflower used groundwater, the soil salt content did not decrease,
and serious salt accumulation occurred. Therefore, in the improvement of the heavily
saline—alkali land in Hetao Irrigation District, the layout parameters of the subsurface
pipe with deeper burial depth and smaller spacing should be selected, which can not
only achieve good salt leaching effect in the irrigation process, but also have a significant
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inhibition effect on soil salt accumulation during the non-leaching period, so that crops can
grow normally, and the yield will not be affected.
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Figure 5. Simulation of average soil salt content (SSCs) in 0-100 cm soil layer after planting sunflower
in existing and predicted test plots in 2019 and 2020.
3.6. Analysis of Rational Layouts of Pipes
With the data of the measured and predicted drainage and salt discharge by the
subsurface pipe, N was correlated with S,, s, d and I, SCR was correlated with s, d and
annual soil desalting rate (N;) of the subsurface pipe, and a clear quantitative relationship
was established (Table 7 and Figure 6).
Table 7. Multiple linear regression model test and parameter statistics of soil desalination rate under
sunflower planting conditions.
Denormalization Standardization
Parameter Coefficient Coefficient VIE p R2 F
B Beta
Constant —61.548 - - 0.000 **
So 0.390 0.157 1.481 0.000 ** F =678.203
I 0.254 0.868 1.228 0.000 ** 0511 p =0.000**
S —0.004 -0.121 1.041 0.000 **
d 0.151 0.209 1.212 0.000 **

Note: **, p < 0.01.

According to the above research results, the buried depth of the subsurface pipe should
be as deep as possible, so the buried depth of the subsurface pipe is set as the maximum
excavation depth of the machine used, namely 210 cm, which is also in the recommended
critical depth range for groundwater control in arid areas [34]. In order to meet different
requirements of salt drainage and salt control, the optimal buried space and desalting water
volume of the pipes can be obtained using the fitting Equations (22) and (23), based on the
initial salt content of this experiment (16.93 g/kg) and the buried depth of the subsurface
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pipe set to 210 cm, in order to keep 100% SCR of the soil in the control area during the
sunflower growth period. The aim is to remove 60%, 70%, 80%, 90% and 100% soil salt
from 100 cm of soil. According to the calculation, the buried spacing of the subsurface
pipe should be set as 562 cm, 902 cm, 1241 cm, 1580 cm and 1919 cm, respectively, and the
corresponding optimal irrigation water volume is 33.65 cm, 38.13 cm, 42.60 cm, 47.07 cm
and 51.54 cm. When the target N is 100%, the required water flow is 1.53 times of that when
the target N is 60%, but the number of subsurface pipes buried is only nearly 1/3 of that
when the target N is 60%. In conclusion, when soil desalting target (N) is low, less water is
required for irrigation, the pipe spacing can be increased, and the number of subsurface
pipes buried to meet the salt control requirements in the growth period of sunflowers
can be increased. When soil desalting target (N) is high, the amount of irrigation water
increases, the number of buried pipes decreases, and the buried cost of subsurface pipes in
the test area decreases.
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Figure 6. Relationship between salt control rate and burial depth, spacing and sum of soil desalination
rate during the year.

According to the results, deep-buried subsurface pipes are beneficial to improve N.
On the premise of satisfying the desalting effect, the construction cost can be reduced, and
the groundwater level in the control area of pipe can be reduced. Thus, soil salinity in
the root layer of the subsurface pipe control area was kept at a relatively low level, which
could meet the soil conditions for crop growth. According to the initial soil salt content
and construction conditions in the improved area, the optimal subsurface pipe layout
parameters suitable for this area were obtained using Equations (22) and (23), Equation (23)
R? s 0.906.
N = 0.3905,+0.254] — 0.004s+0.151d — 61.548 (22)

SCR = 0.375d — 0.007s + 0.240N;+10.790 (23)

where N is the soil desalting rate (%); So is the soil salt content before leaching (g), I is the
irrigation quantity (cm); s is the spacing of subsurface pipes (cm); d is the buried depth of
subsurface pipes (cm); SCR is the salt control rate (%); and Np is the total soil desalting rate
in the year (%).

4. Discussion
4.1. Effects of Subsurface Pipe Drainage on Soil Moisture and Salinity

As an important drainage management measure in farmland, most studies showed
that buried subsurface drainage has a great influence on the migration of soil water and
salt [13,18,43]. With the increase in buried depth or the decrease in spacing, the water
discharge rate of soil accelerated. Compared with the soil water content before irrigation,
the soil water content after irrigation was distributed more evenly from top to bottom,
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and the average soil water content decreased by 0.75 cm®>cm 3 compared with that before

irrigation. This is consistent with the results of Wiskow and van der Ploeg [44]. With the
increase in the water displacement, the amount of salt discharged from the subsurface
pipe also increases [45], and the salt concentration and N of the water discharged from the
subsurface pipe are negatively correlated with the spacing, but positively correlated with
the buried depth. The influence of irrigation on the 0—40 cm soil layer of different plots is
greater, but the influence on the water content and salt content of the deep soil is less.

In arid and semi-arid areas where evaporation is large and groundwater level is
shallow, the salt in the bottom layer will accumulate to the surface with water due to
evaporation and crop transpiration after irrigation, and there is still a risk of salinization
even after irrigation [46]. However, there are relatively few studies on salt accumulation in
subsurface pipe test plots after irrigation. This study found that plots with good perfor-
mance in irrigation can also play an effective role in inhibiting salt during non-irrigation,
especially plots with the same spacing, and a large burial depth can control soil salt below
the threshold of crop salt during the crop growth period. This indicates that the buried
depth of the subsurface pipe has more obvious influence on the water and salt transport in
soil profile than the spacing in saline—alkali soil improvement.

4.2. The Influence of Field Conditions on the Layout of Pipes

Under different soil and water environment of farmland and research objectives, the
recommended layout parameters of concealed pipe will be different. When the precipitation
of the study area is large and the degree of salinization is light, a shallow buried depth of the
subsurface pipe is generally recommended [47,48]. In the arid and semi-arid irrigated area
where this study is located, rainfall is low, and soil salinization degree is serious. In order
to achieve effective salt leaching effect, it is urgent to increase the drainage and drainage
amount of subsurface pipe to reduce soil salt. The results show that the buried depth of the
subsurface pipe with better desalting effect in the test plot is above 1.8 m, and the soil salt
content in the plot with a buried depth of 1 m increases rather than decreases during the
two-year irrigation test. Therefore, based on the results of this study, it is recommended
to bury the buried pipe with a depth greater than 1.8 m in saline-alkali soil improvement
under current conditions. This is consistent with the findings of Qian et al., whose research
showed that N is close to 0 when the buried depth of the pipe is less than 1 m [34].

Along with the increase in buried depth of subsurface pipes, it also leads to the loss of
water and nutrients in soil to a certain extent, which will lead to eutrophication of drainage
zone [49,50]. In order to solve this problem, on the basis of the single-layer drainage ar-
rangement, multiple drainage methods such as double-layer drainage, controlled drainage
and the combination of concealed pipe and shaft drainage were developed, which not
only improved irrigation efficiency and alleviated drought stress, but also reduced nutrient
loss [23,51]. However, there are few related research results of the above layout of sub-
surface pipe drainage, so there are certain limitations in the promotion. There are many
research results on the arrangement of single-layer subsurface pipes, and the arrangement
of single-layer subsurface pipe has better applicability. In this study, soil salinization can be
successfully reduced, and crops can grow normally after two years of irrigation under the
single-layer pipe arrangement. In order to avoid the negative effects of drought threat and
nutrient loss caused by deep-buried pipes, based on the current research results, various
other improvement methods can be considered, such as adding organic fertilizer and straw
biochar in the field [32] or laying low permeability mulching film [52]. The improvement on
the basis of not changing the layout of subsurface pipe provides a solution for the farmland
that has laid subsurface pipes and encountered the above problems. The selection of the
layout parameters of the subsurface pipe should be the target of the next research.

5. Conclusions

In the arid and semi-arid region of Hetao irrigation district, Inner Mongolia, the effects
of subsurface pipe layout on soil salinity were studied via field experiment and numerical
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simulation. The smaller the spacing and the deeper the buried pipe, the more beneficial the
drainage of water and salt in soil. The influence of buried pipes on the water content and
salt content of 0—40 cm surface soil is significant, and the difference of deep soil leaching
in different plots is small. As the salt content of soil decreases, the more difficult it is for
the salt to discharge from the soil, and the leaching effect also decreases. Based on the
consideration of salt drainage and salt control, if the field conditions allow, the buried pipe
should be the main buried pipe in the improvement of arid saline-alkali land. To make
the results more convincing, the DRAINMOD model and drainmod equation were used to
simulate the water and salt migration in soil. The results showed that MAE, RMSE and
NSE were 0.24-1.36 g/kg, 0.30-1.41 g/kg and 0.40-0.92, respectively. The proposed method
could accurately simulate the dynamic changes in soil water and salt content in the period
2019-2020. This is very beneficial to the improvement of saline-alkali land in arid and
semi-arid areas. By using the calibrated model combined with the calculation of the water
and salt profile, we can obtain the most suitable local concealed pipe layout parameters and
the best irrigation water amount under different salt discharge and salt control objectives,
which reduces the cost and greatly improves the work efficiency of the concealed pipe
improvement of saline—-alkali soil. The calculated pipe layout parameters can control the
soil salt content below the threshold of crop salt tolerance during the crop growth period,
which provides technical support for the sustainable development of farmland.
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