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Abstract: The agricultural development of reclaimed coastal areas in Jiangsu Province is significantly
hindered by high soil salinity and an inadequate irrigation and drainage infrastructure. Optimizing
the layout of subsurface drainage systems has been identified as an effective means of reducing soil
salinity, with the proper designation of engineering parameters being crucial. This study applied
12 treatments (T1-T12) consisting of four different spacings of subsurface drainage pipes (6 m,
11 m, 15 m, and no subsurface drainage pipes) and three observation wells at varying distances
from the drainage outlet (5 m, 25 m, and 45 m). Results showed that all three subsurface pipe
spacing treatments significantly reduced soil salinity compared to natural drainage, with a smaller
subsurface pipe spacing treatment leading to better salt-reducing effects. The farther the distance
from the measuring point to the drain, the higher the salinity. As the burial depth of the outlet
decreased and spacing between the subsurface drainage pipes decreased, the salinization rate of
the 0-60 cm soil layer was higher, while the salt accumulation in the 60-80 cm soil layer was more
severe. Therefore, a subsurface drainage pipe spacing of 6 m and an outlet burial depth of 40 cm
are recommended as more suitable choices to effectively control salt concentration in the soil. The
research aimed to provide scientific reference data and technical support for the optimized design of
subsurface drainage engineering parameters while promoting efficient desalination of saline-alkali
areas worldwide.

Keywords: sustainable agriculture; soil amelioration; subsurface drainage; desalination technology;
engineering parameter; optimal design

1. Introduction

Food security remains a critical global issue that needs to be solved. According to
the latest report by the Food and Agriculture Organization of the United Nations (FAO),
more than 820 million people worldwide are threatened by hunger and malnutrition [1].
While China has achieved relatively stable growth in overall food production, it still
faces challenges such as shortages of land and water resources and structural reforms in
agricultural supply. With the acceleration of urbanization and industrialization, agricultural
resources in China are being occupied, and the country’s environmental and resource
conditions for agricultural production are facing severe challenges. Therefore, efficiently
utilizing undeveloped land resources to cope with the growing population and demand
for food is of crucial importance. China has vast potential for developing and utilizing
approximately 99 million hectares of saline-alkali land, which is considered an important
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reserve land resource. Among them, coastal saline-alkali soil accounts for about 7% of the
total saline-alkali land area [2]. Currently, there are 230,000 hectares of comprehensively
improved saline-alkali soil used for cultivation in China, resulting in an annual increase of
more than 20 billion kilograms of grain, cotton, and oilseed production. This indicates that
through scientific and reasonable improvement of saline-alkali land, the yield and planting
area of agricultural products can be greatly increased, making important contributions to
the national economy and agricultural development. Therefore, solving the food security
issue requires the rational use of existing land resources, particularly in coastal saline-alkali
areas where governance and utilization of saline-alkali land should be strengthened to
improve its food production capacity.

There are several methods for improving saline-alkali land, including biological, chem-
ical, physical, and hydraulic improvements [3—-6]. Among them, hydraulic improvement
is the most common and efficient method, which improves water conditions to increase
precipitation utilization efficiency and alleviate salinization. Artificial drainage, construc-
tion of irrigation facilities, afforestation, and other methods can be used for hydraulic
improvement [7-10]. Subsurface drainage is a commonly used technology in hydraulic
improvement, which uses underground pipelines to remove excess water from saline soil.
This technology can control groundwater levels, regulate soil moisture, improve physical
and chemical soil properties, and effectively improve saline-alkali land [11]. Moreover,
compared with traditional drainage methods, subsurface drainage has many advantages,
such as strong drought resistance, high planting density, good economic benefits, and im-
proved soil quality, which can better reduce soil salinity [12,13]. Some studies have shown
that by studying the effects of different drainage depths, drainage spacing, and pipeline
diameters on soil salinity, appropriate layout parameters of subsurface drainage pipelines
can be determined, thereby reducing soil salinity and achieving the purpose of saline-alkali
land management [14,15]. A shallower burial depth of subsurface pipes allows for the
quicker discharge of infiltrated water, resulting in an increased downward infiltration rate
of water above the subsurface pipes due to gravity. Moreover, when the subsurface pipes
are buried at a shallower depth with the same amount of irrigation, the soil layer above
the pipes becomes thinner. This leads to less water retention by the soil above the pipes
and more efficient water discharge through the pipes [16]. Reducing the drainage spacing
creates a denser drainage network, enabling a more uniform distribution of the drainage
system throughout the soil. This helps to minimize the uneven distribution of salt in the
soil, preventing the accumulation of salt in specific areas and facilitating balanced removal
of soil salt [17]. A larger pipe diameter provides a bigger conduit, allowing for the rapid
discharge of a larger volume of drainage water. This aids in the prompt removal of salt,
reducing its residence time and preventing its accumulation in the soil [18]. However, to
further enhance the application effect of subsurface drainage technology, it is necessary to
strengthen the research and formulation of standards and formulate corresponding techni-
cal standards and layout patterns based on different geographical and soil conditions to
promote innovation and the application of technology [19-22]. One of the main reasons for
the unsatisfactory performance of this method is the lack of standardization in the layout
pattern of subsurface drainage technology. For instance, parameters such as subsurface
drainage spacing still require further research [23-25]. The selection of the layout pattern
also faces challenges, such as how to choose subsurface drainage pipe spacing when the
control outlet depth is constant, or how to choose the control outlet depth when the spacing
is constant.

The soil in the reclamation area along the coast of Jiangsu Province has high salt con-
tent and groundwater mineralization with high soil sand content, low terrain, and a high
groundwater level [26]. These conditions make crops vulnerable to salt, alkali, and water-
logging. Additionally, the lack of a well-developed irrigation and drainage infrastructure is
a significant factor in the restriction of agricultural development in this region. In order to
break these constraints and achieve standardized and large-scale construction, direct norms
cannot be applied, conventional technologies cannot be borrowed directly, and practical
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experience is lacking. Therefore, it is necessary to explore the optimal layout pattern of
subsurface drainage and study the impact of its drainage and desalination efficiency. The
main purpose of this study is to obtain a better layout pattern for subsurface drainage
through research on different subsurface drainage spacing treatments, the distance between
observation wells and drainage outlets, and control measures for subsurface drainage. This
will enable the quick and effective reduction of soil salinity and provide technical support
for the desalination of saline-alkali land in the coastal areas of Jiangsu.

2. Materials and Methods
2.1. Study Area

The experimental area is situated in Jianggang Town, Dongtai City, Jiangsu Province
(32°51'44” N, 120°53'47" E), as shown in Figure 1. It falls within a typical monsoon
climate zone with an average annual temperature of 14.7 °C [27]. The average annual
precipitation in the area is 980-1100 mm, with uneven distribution of rainfall. Particularly
during the rainy season from June to September, rainfall accounts for 40-60% of the total
annual precipitation. The dry season experiences less rainfall and stronger evaporation,
with a yearly evaporation rate of approximately 1200 mm, slightly exceeding the annual
rainfall [27]. The topography in this area is low-lying, and the groundwater depth is
shallow. The depth of the groundwater varies across seasons with a depth of 0.2-0.5 m
in summer, about 1.0 m in spring and autumn, and 1.5-2.5 m in winter. The soil in the
experimental area is mainly composed of coastal sandy soil, with a soil bulk density ranging
from 1.40 to 1.52. Due to the comprehensive effects of factors such as the groundwater
level, precipitation, layout of irrigation and drainage canals, season, and evaporation, the
distribution of soil salinity is uneven. Local data indicates that the lowest and highest soil
salinity levels are 0.5 g/kg and 23 g/kg, respectively, with a generally high soil salinity
level classified as heavy salt soils or even extremely heavy salt soils (Table 1) [28]. The
majority of unimproved land in the experimental area has salt deposits on the soil surface
with salt return occurring even after artificial improvement. The basic soil parameters of
the total study area in this study are presented in Table 2, and the Simple of Number 3 and
Number 4 are in the experimental area. The initial salt ion content of the experimental area
soil is displayed in Table 3, the testing methods for soil indicators refer to soil chemical
analysis [29].
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Figure 1. Geographical location of the study area.
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Table 1. The classification criteria for saline-alkali land.

Classification Salt Content (g/kg) Alkali Content (g/kg)
Slight Saline-alkali <2 <3
Moderate Saline-alkali 2-5 3-8
Severe Saline-alkali 5-10 8-15
Very Severe Saline-alkali >10 >15

This table is cited from [28].

Table 2. Basic soil parameters in the study area.

Sample

Number (%)

Water
Content

Soil Bulk

Density
(g/cm®)

Electric Total Salt Organic Mechanical Composition (%)
Conductivity Content Matter
(us/cm) (g/kg) (g/kg) >0.05 0.05~0.01  0.01~0.005 0.005~0.001 <0.001

1

2
3
4

259
26.2
27.4
30.5

1.46
1.44
1.52
1.39

0.438 x 10* 11.19 1.64 34.8 50.2 8.8 1.2 5.0
0.548 x 10* 14.01 222 27.4 55.2 9.2 1.8 6.4
0.166 x 10* 422 1.15 35.6 53.8 4.6 0.8 52
0.153 x 10* 3.99 1.26 43.4 474 2.4 2.4 44

Table 3. Soil initial salt ion content in the study area (g/kg).

Depth (cm)

Nat

K* Ca%* Mg Cl- SO42- HCO;3~

0~20

20~40
40~60
60~80

3.581
3.485
3.468
3.402

0.335 0.228 0.402 0.987 0.321 0.057
0.204 0.145 0.125 1.125 0.258 0.042
0.185 0.165 0.167 2.254 0.452 0.051
0.214 0.158 0.148 3.154 0.345 0.061

2.2. Experiment Design

This experiment utilized field experimentation, with the basic layout of the test field
depicted in Figure 2. This study involved a total of 12 treatments (Table 4), including
four different spacings of subsurface drainage pipes (6 m, 11 m, 15 m, and no subsurface
drainage pipes) and three different distances between observation wells and drainage pipes
(5 m, 25 m, and 45 m). The soil salinity sensor was utilized to collect the salinity data of the
diverse soil layers at each measurement point in order to obtain the experimental results.
Table 3 displays the specific layout of each experimental area. There were 12 measurement
points marked as T1-T12, with four soil salinity sensors (FJA-10) buried at 10 cm, 30 cm,
50 cm, and 70 cm below the surface at each measurement point. The measurement points
were located near the observation wells utilized to observe the groundwater level at various
depths (0-20 cm, 2040 cm, 40-60 cm, and 60-80 cm). The sensors directly measured the
conductivity of the soluble salt ions present in the soil solution, and the electrode was stable
and highly sensitive, making it ideal for measuring soil salinity.

There were four test areas arranged in a west-to-east direction, namely the control
check (CK), A, B, and C. Each test area measured 50 m in length from east to west and
approximately 50 m in length from north to south (Figure 2). Isolation zones were posi-
tioned outside the control check and Zone C, while field ridges were situated between the
isolation zone and the test areas, as well as between the test areas. An underground layer of
PE filter material with a thickness of 0.25 mm and a depth of 1.8 m was vertically installed
to prevent soil moisture from flowing between the test areas.

Table 4. Different treatment methods for various measurement points.

Measurement Point Number TW T2 T3 T4 T5 Te6 T7 T8 T9 Ti0 Ti1 Ti2

Distances between observation wells and drainage

outlets (m)

45 25 5 45 25 5 45 25 5 45 25 5

Subsurface drainage pipe spacing (m) 5 15 15 11 11 11 6 6 6 0 0 0
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Figure 2. Layout plan of the test site.

The underground drainage system had a two-stage pipe network layout consisting
of converging water absorption and water collection pipes. The water absorption pipes
and the water collection pipes were interconnected orthogonally and all made of PVC
single-wall corrugated pipes. The inner diameter of the suction pipe was 50 mm and the
inner diameter of the collecting pipe was set to 90 mm, based on the convergence. The
buried depth of both pipes was 0.8 m and the ratio of the suction pipe was 1%o, while
the ratio of the collecting pipe was 0.5%o. The collecting pipe entered the end of the sump
and was equipped with a valve for drainage control. The drainage control measures are
illustrated in Figure 3.
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Figure 3. Control drainage facilities profile.

2.2.1. Subsurface Drainage Pipe Spacing

To investigate the effects of different subsurface drainage pipe spacings on soil salinity
movement under the same burial depth condition, the changes in soil salinity were assessed
at measurement points T2, T5, T8, and T11, located 25 m from the drainage outlet. Soil
salinity was measured by soil salinity sensors, with measurements taken once per week. In
the event of heavy rainfall, additional measurements were conducted one day prior to and
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after the conclusion of the rainfall, when the groundwater level receded to 80 cm below
the surface.

2.2.2. Distance between Observation Well and Drainage Outlet

To examine the changes in soil salinity under subsurface drainage pipes arranged
in the same direction under identical subsurface drainage pipe conditions, soil salinity
data were analyzed for the three measurement points (T4, T5, and T6) in Zone B of the
experiment using a subsurface drainage pipe spacing of 11 m.

2.2.3. Buried Depth of Subsurface Pipe Outlet

To investigate the regulatory impact of leaching on soil salinity in different soil layers
under various drainage control treatments, a comparison of soil salinity levels before and
after irrigation was conducted for each layer under different subsurface drainage pipe
spacing and control drainage outlet burial depth conditions. During this experiment, three
rounds of 75 mm irrigation were applied to the drainage treatment areas spanning 6 m,
11 m, and 15 m, respectively. To assess the effects of different subsurface drainage pipe
spacings and drainage outlet burial depths (40 cm, 60 cm, and 80 ¢cm) on soil salinity,
combinations of distinct subsurface drainage pipe spacing with identical drainage outlet
burial depth and varying drainage outlet burial depths with consistent subsurface drainage
pipe spacing were analyzed [19,30,31].

2.2.4. Crop Yield

Sesbania were planted in experimental Zones A, B, C, and D from 30 May 2022 to
30 October 2022. Sesbania is an annual herbaceous plant that belongs to the legume family
and has a strong resistance to adversity. It is characterized by salt tolerance, waterlogging
tolerance, and barren soil tolerance. Under normal circumstances, a total salt content of
around 5 g/kg in the cultivated layer of soil is sufficient for seedlings to emerge, although
growth is relatively slow. Optimal growth can be achieved with a total salt content of
3 g/kg, while growth is suppressed when total salt exceeds 5 g/kg. The emergence and
growth of Sesbania are also significantly influenced by different types of saline-alkali soils.
Seedlings can emerge and grow in sulfate-dominated saline soils when the total salt content
of the surface layer (0-10 cm) reaches 6 g/kg. In chloride-dominated saline soils, seedling
emergence and growth are affected when the surface (0-10 cm) total salt content reaches
4 g/kg. In carbonate-dominated alkaline soils, seedlings cannot emerge when the total salt
content of the surface layer (0-10 cm) reaches 3 g/kg [32-35].

Soil samples from the surface layer (0-20 cm) were taken for soil salinity analysis.
The samples were obtained using a soil auger at three points in each location, using a
multi-point mixed sampling method. Samples were mixed from three points at the same
depth to ensure that the quality of the mixed soil sample was more than 1 kg. After the
mature Sesbania was harvested by farmers using a specialized harvester and divided by
region, its total weight was measured after being sun-dried.

2.3. Desalination Rate

The desalination rate used to measure the degree of salt content change in different
soil layers before and after leaching was calculated using the following equation:

m' = (Sy — S3)/Sy x 100%

where m’ is the desalination rate, %; Sy is the soil salinity level before leaching, g/kg; S, is
the soil salinity level after leaching, g/kg.

2.4. Statistical Analysis

A one-way analysis of variance (ANOVA) was used to evaluate the effects of sub-
surface drainage pipe spacing on the yield of a salt-tolerant crop. A t-test was used to
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Soil salinity (g/kg)

Depth: 0—-20 cm

detect the differences of all treatments (p < 0.05). Data were analyzed with the SPSS
25.0 software package.

3. Results
3.1. Effects of Subsurface Drainage Pipe Spacing on Soil Salinity

The dynamic fluctuations in soil salinity levels are depicted in Figure 4.

Soil salinity (g/kg)

0 T T T T T 1 O T T T T T 1
515  6/12 710 8/7 9/4 102 10/30 515 612  7/10 8/7 9/4 102 10/30
Date (a) Date (b)
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Figure 4. The variation of soil salinity content under different experimental treatments with a
longitudinal distance of 25 m.

Previous research findings indicate that precipitation has an impact on leaching and
desalination of soil [36]. This study investigated the monthly precipitation in the study
area during the experimental period (Figure 5) and analyzed the impact of temporal
variability of precipitation on soil salinity movement. It is apparent that from late May to
July, soil salinity levels for all four treatments exhibited a substantial decline within the
0-20 cm soil layer (Figure 4a), while salinity levels in the deeper 20-80 cm layers remained
relatively stable (Figure 4b—d). Furthermore, the differences in soil salinity levels among
the three distinct subsurface drainage pipe spacing treatments were relatively minor. The
results of the experiment demonstrate that in August, significant rainfall caused a decline
in soil salinity within the 0-20 cm layer but a rise in salinity in the 20-80 cm layer since the
salt was carried down into the deeper layers or groundwater. This resulted in a substantial
reduction in surface soil salinity, which agrees with previous research [37-39]. In September
and October, with a decrease in precipitation, soil salinity levels in the 0-20 cm soil layer
increased once again, which resulted in surface salt accumulation.

Moreover, Figure 4 illustrates that after the control check, which was lacking subsurface
drainage pipes, the salt content reverted to its initial level. Meanwhile, the other three
subsurface drainage pipe treatments featuring distinctive spacing all displayed a significant
reduction in salt content and the soil salinity levels in all layers averaged around 2 g/kg,
indicating mild soil salinization. The order of soil salinity levels from high to low was
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natural drainage > 15 m > 11 m > 6 m, which implies that the smaller the spacing between
subsurface drainage pipes, the better the soil desalination effect.

140 -

120

Precipitation (mm)
(2] (o] 8
o o o
1 1 1

N
o
1

N
o
1 "

Month

Figure 5. Monthly precipitation variation in the study area (2022).

3.2. Effects of Distance between Observation Well and Drainage Outlet on Soil Salinity

The dynamic transformation process of the longitudinal distribution of salt in every
observation layer for each measuring point within the drainage area with a spacing of 11 m
from throughout the experiment is depicted in Figure 5.

Based on Figure 6, it is evident that the soil salinity levels near the drainage outlet were
lower than those located farther away in every soil layer. Moreover, the decreasing trend of
soil salinity levels was uniform throughout the three treatments. Furthermore, the salinity
level increased as the measurement point moved farther away from the drainage outlet.
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Figure 6. The variation of soil salinity content under different experimental treatments with a
subsurface drain spacing of 11 m.
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As with the fluctuations in soil salinity levels among varying subsurface drainage
pipe spacing treatments, there was a comparable pattern in May—August soil salinity
changes, whereby the soil salinity levels reduced significantly within the 0-20 cm soil
layer (Figure 6a) while increasing to a greater extent within the deeper 20-80 cm layer
(Figure 6b—d).

3.3. Effects of Buried Depth of Subsurface Pipe outlet on Soil Salinity

The desalination rates of the 0-80 cm soil layer before and after leaching for different
buried depths of subsurface pipe outlets are shown in Table 5.

Table 5. Desalination rate of 0-80 cm soil layer under different buried depths of subsurface pipe
outlets (%).

Depth/cm 40 cm Control Outlet Depth 60 cm Control Outlet Depth 80 cm Control Outlet Depth
6 m Subsurface Pipe Spacing 11 m Subsurface Pipe Spacing 15 m Subsurface Pipe Spacing
0~20 90.5 84.9 80.4
20~40 79.9 65.1 62.4
40~60 30.0 23.2 16.0
60~80 —67.9 —59.8 —43.2
Average 33.1 28.35 28.9

Table 5 demonstrates the significant effectiveness of irrigation leaching in reducing soil
surface salinity. During the leaching process, the topsoil undergoes desalination treatment,
with desalination rates exceeding 80% across all treatments, effectively addressing surface
salt accumulation. Significant desalination occurs in the 0-60 cm soil layer after leaching, in-
dicating positive desalination rates. However, the 60-80 cm soil layer experiences negative
desalination, resulting in an average desalination rate of approximately 30%. Decreasing
the spacing between underground pipelines leads to increased desalination rates in the
0-60 cm soil layer, while the salt content in the 60-80 cm soil layer increases as upper-layer
salts accumulate in the lower soil layers due to water absorption. Similarly, decreasing
burial depth exhibits a similar trend. The experimental results indicate that when the
burial depth of underground pipelines is 40 cm and the spacing between pipelines is 6 m,
the average desalination rate of the 0-80 cm soil layer reaches its highest point, with a
desalination rate of the surface 0-20 cm soil layer reaching 90.5%.

3.4. Effects of Subsurface Drainage Pipe Spacing on the Yield of a Salt-Tolerant Crop

The experimental area consists of saline soil primarily dominated by sodium chloride
(NaCl), with a total salt content of less than 4 g/kg in the surface soil (Figure 7). In contrast,
the control area without subsurface drainage exhibits higher salt levels. However, the other
three areas, which have different spacing treatments of subsurface drainage pipes, show
relatively lower salt content. These specific conditions have been implemented to cater to
the growth requirements of Sesbania.

According to Figure 8, the yield of Sesbania is ranked in descending order as follows:
Zone C > Zone B > Zone A > Control group. The yield in Zone A, Zone B, and Zone C (the
subsurface drain spacing of the three experimental areas was 15 m, 11 m, and 6 m, respec-
tively) increased by 10.0%, 15.3%, and 18.1%, respectively, compared to the control group.
Additionally, the yields in Zone B and Zone C increased by 4.8% and 7.4%, respectively,
compared to Zone A. The yield in the experimental area with a subsurface drain spacing of
6 m increased by 4.8% compared to the experimental area with a subsurface drain spacing
of 11 m. It can be observed that the subsurface drainage areas have significantly higher
yields, with increases of more than 10% compared to the control area. However, the yield
differences among the 15 m, 11 m, and 6 m spacing areas are relatively insignificant. The
experimental results show that subsurface drainage has a significant impact on the yield of
Sesbania compared to natural drainage. Compared to the control group, all three experi-
mental areas with different subsurface drain spacings showed an increase in crop yield of
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over 10%. However, the yield differences among the different subsurface drain spacing
experimental areas were not significant. The results of the ANOVA indicated that the effect
of drainage pipe spacing on the yield of a salt-tolerant crop was significant (p < 0.05).

Soil salinity (g/kg)

0 T T T
5 6 7 8 9 10

Month

Figure 7. The salt content chart of the surface soil in the experimental area.
160
1404 136.8 Lty

| 130.5

T

CK

Crop yield (kg)
o 8 & 8 &8 8
>
.

Zone

Figure 8. Crop yield chart in each experimental area.

4. Discussion

At the end of the experimental period, the salt content within the 0-80 cm soil layer
decreased; however, the degree of salinity reduction varied across different layers. The
highest reduction occurred in the 2040 cm layer, followed by the 40-60 cm, 60-80 cm, and
0-20 cm layers, respectively, indicating that the subsurface drainage system reduced salt
content in the topsoil (20 cm depth) by about 80%. In this experiment, no additional water
was supplied through artificial irrigation and the water needs of the plants were primarily
fulfilled by natural rainfall. Winter rainfall had no significant effect on the leaching of salt
content. In September and October, with a decrease in rainfall, the salt in the deeper soil
layers and groundwater gradually migrated upwards and accumulated in the surface soil,
leading to an increase in soil salinity in the 0-20 cm layer and resulting in the phenomenon
of surface accumulation. This was in line with previous research findings, resulting in better
salt reduction effects [40-42]. This study has provided further clarification on the optimal
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spacing range for subsurface drainage pipes, based on earlier studies. These findings have
guided the establishment of engineering parameters.

Previous studies have investigated the impact of various drainage depths, drainage
spacing, construction areas, and outlet types on soil salinity [19,30,31,43]. However, there
is a dearth of research exploring the effect of the distance between the observation well
and drainage outlet on soil salinity. The findings of this study are helpful in clarifying the
optimal length of subsurface drainage pipes and the layout of field plots. Thus, this study
examined the effect of this variable on soil salinity, and the experiment revealed that the
changes in salt content of the distance between observation wells and drainage outlets are
in line with the changes observed in subsurface drainage pipes at different intervals. From
May to August, there was a significant decrease in soil salinity within the 0-20 cm layer
and a corresponding increase in soil salinity in the 20-80 cm layer, which can be attributed
to the salt being washed down into the deeper soil layers or groundwater. In September
and October, with a further reduction in rainfall and the influence of crop transpiration, the
salt in the deeper layers of soil and groundwater moved up and accumulated in surface
soil, leading to an increase in soil salinity within the 0-20 cm layer and a phenomenon
of surface accumulation. And the proximity to the drainage outlet results in a shorter
drainage pathway, which in turn leads to a faster drainage velocity.

In India and other developing nations, it is recommended that the buried depth of
the subsurface drainage tube should be greater than 1.2 m, ideally between 1.2 m and
1.8 m [44]. However, in China, the buried depth of the subsurface drainage tube should be
greater than 0.6 m. This study has demonstrated that in the coastal areas of Jiangsu, China,
managing drainage through subsurface drainage pipes with varying depths of drainage
outlet burial can effectively lower groundwater levels and enhance soil desalination [45].
These findings provide experimental evidence for a water-saving and salt-controlling
irrigation and drainage project model for saline-alkali lands. They are beneficial for further
guiding the setting of parameters for subsurface drainage pipes. In subsequent research
work, the construction cost will be comprehensively considered to further clarify the
appropriate range of buried depths for subsurface drainage pipes.

According to the salt transport principle (Figure 9), after leaching, surface soil salt
penetrates into deeper soil layers or groundwater and is then discharged through the
drainage system. The movement of salt in the soil is primarily influenced by changes in
moisture content. The subsurface drainage system, such as a buried pipe system, provides
a pathway for water movement in agricultural fields. As the spacing between underground
drainage pipes increases, the drainage capacity of the pipes decreases [37,38]. This is be-
cause smaller pipe spacing and shallower burial depth result in a higher hydraulic gradient
and greater water infiltration intensity, leading to more pronounced flow convergence. Con-
sequently, the migration distance of salt decreases, and the desalination rate increases. Salt
continuously accumulates in the subsurface drainage pipes and is subsequently discharged,
resulting in better desalination effects. Therefore, based on our research, we recommend
adopting optimal parameters for subsurface drainage design, including a pipe spacing of
6 m and a burial depth of 40 cm for the drainage outlets.

Subsurface drainage has proven to be effective in reducing the salt content of soil
surfaces and enhancing crop yield [46]. Rainfall can quickly leach the salt content from the
topsoil (0-20 cm). The smaller the spacing between subsurface drainage pipes, the faster
the drainage speed, resulting in a quicker removal of soil salt content and a reduction in
residual salt content in the topsoil. While rapid drainage is beneficial, it also means that
nutrients can be lost along with the water. Therefore, a controlled subsurface drainage
system is necessary to manage nutrient loss effectively. The implementation of a subsurface
drainage system, utilizing underground pipes and controlled field drainage, helps in
retaining nitrogen within the soil during rainfall. This, in turn, reduces losses caused by
surface runoff and leaching, while ensuring an adequate supply of nutrients for plant
growth. As a result, crop yields are increased.
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Figure 9. Salt movement in the experimental area soil (from May to October 2022).

5. Conclusions

This study analyzed the impact of factors such as the spacing of subsurface drainage
pipes, the distance between observation wells and drainage outlets, and the buried depths
of subsurface pipe outlets on soil salinity movement and proposes an optimal layout for
subsurface drainage pipes. The research provides theoretical references and technical
support for efficient and rapid desalination technology in saline-alkaline land in coastal
areas. The key findings of this study are:

1.  With the longitudinal distance between observation wells and drainage outlets con-
sistently maintained, soil salt content changes over time in a consistent trend with
the draining of subsurface drainage pipes (with subsurface drainage pipe spacings
of 6 m, 11 m, and 15 m). Subsurface drainage pipes can also effectively decrease soil
salt accumulation and reduce the degree of salinization. Furthermore, subsurface
drainage can significantly increase the yield of a salt-tolerant crop (Sesbania), but there
is no significant difference in yield between different subsurface drainage spacings.

2. When the subsurface drainage pipe spacing remains unchanged, placing subsurface
drainage pipes closer to the drainage outlet leads to a better desalinization effect on
the soil.

3. When the subsurface drainage pipe spacing is constant, increasing the drainage outlet
depth of subsurface drainage pipes can lower the groundwater level and effectively
decrease soil salt accumulation.
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