
Citation: Wang, X.; Shen, J.; Fan, L.;

Zhang, Y. Research on Salt Drainage

Efficiency and Anti-Siltation Effect of

Subsurface Drainage Pipes with

Different Filter Materials. Water 2024,

16, 1432. https://doi.org/10.3390/

w16101432

Academic Editor: Achim A. Beylich

Received: 18 April 2024

Revised: 13 May 2024

Accepted: 16 May 2024

Published: 17 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Research on Salt Drainage Efficiency and Anti-Siltation Effect of
Subsurface Drainage Pipes with Different Filter Materials
Xu Wang 1,2, Jingli Shen 1,2, Liqin Fan 1,2 and Yonghong Zhang 1,2,*

1 Institute of Agricultural Resources and Environment, Ningxia Academy of Agriculture and Forestry Sciences,
Yinchuan 750002, China; wangxu640321@126.com (X.W.); lily_s90@163.com (J.S.)

2 Station of Observation and Experiment National Agricultural Environment in Yinchuan,
Yinchuan 750002, China

* Correspondence: zyh8401@163.com

Abstract: Subsurface pipes covered with geotextiles and filters are essential for preventing clogging
and ensuring efficient drainage. To address low salt discharge efficiency due to subsurface drainage
pipes (SDPs) clogging easily, sand gravel, straw, and combined sand gravel–straw were set above
SDPs, respectively, within a setting of uniform geotextiles. The influences of different filter materials
on the drainage efficiency and salt discharge effect of the SDPs, as well as the effects of different
filter materials on the salt drainage efficiency and anti-siltation effect of the SDPs were studied by
performing simulation experiments in a laboratory. The results confirmed the following: (1) The
salt removal rates of the SDPs externally wrapped with materials exceeded 95%. The subsurface
pipe treated with the sand gravel filter material had the highest desalting rate (93.69%) and soil
profiles with total salt contents that were 17.7% and 20.5% lower than those treated with the straw
and combined sand gravel–straw materials, respectively. (2) The soil salinity of the sand gravel filter
material around the SDPs was between 1.57 and 3.6 g/kg, and the drainage rate (R) was 0.97, so its
salt-leaching effect was the best. (3) The sand gravel filter material increased the characteristic particle
size of the soil above the SDP by 8.4%. It could effectively intercept coarse particles, release fine
particles, and facilitate the formation of a highly permeable soil skeleton consisting of coarse particles,
such as sand particles surrounding the soil. (4) The use of the straw filter material produced dense
filter cake layers on the upstream surfaces of the geotextiles. When the sand gravel and combined
sand gravel–straw filter materials were used, soil particles remained in the geotextile fiber structure,
and a large number of pores were still retained. Therefore, the sand gravel filter material was the
most suitable for the treatment of Yinbei saline–alkali soil in Ningxia Hui Autonomous Region.

Keywords: subsurface pipe drainage; salinity; filter material; drainage rate; salt discharge rate;
leaching desalination rate

1. Introduction

Soil salinization is one of the factors that causes soil degradation, reduces food produc-
tion, and affects the ecological health of agriculture and forestry [1]. It has been reported
that more than 100 countries and regions worldwide are affected by soil salinization with an
area of 950 million hectares (ha) [2,3]. By the middle of the twenty-first century, more than
half of arable lands will experience different degrees of salinization [4]. Saline soils in China
cover an area of about 100 million ha and are mainly distributed in arid inland regions of
Northern, Northeastern, Northwestern, and coastal China [5]. Ningxia Hui Autonomous
Region is located in the arid inland region of Northwest China. The Yellow River irrigation
region in the north is clearly characterized by high evaporation and low precipitation levels,
a flat and low-lying terrain, high groundwater levels, and salt migration, resulting in severe
soil salinization. In the Yellow River irrigation region of Ningxia Hui Autonomous Region,
the area of saline–alkali cultivated land is about 1.4 × 106 ha, accounting for 32.5% of the
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total arable land area [6]. The rational utilization of saline–alkali land can be considered
as an alternative for land resources for the sustainable development of agriculture and
forestry, which is of great importance for holding the red line of 1.2 billion ha of arable land.
The amelioration and utilization of saline–alkali land can reduce groundwater levels and
prevent secondary salinization. Planting plants can improve the soil structure, increase the
level of coverage, and improve the field microclimate [7]. Especially with the intensification
of the greenhouse effect, arid areas are facing both salinization and water shortages, which
undoubtedly have an adverse impact on the economy, society, and ecological environment.
Therefore, utilization of saline–alkali land plays a key role in the improvement of the
ecological environment in the middle and upper reaches of the Yellow River as well as the
promotion of ecological protection and high-quality development in the Yellow River Basin.

An efficient irrigation and drainage system can eliminate solutes and serve as a
barrier to prevent salinity and alkalinity [8,9]. As part of underground drainage facilities,
SDPs are highly efficient and contribute to water as well as land conservation, giving
rise to mechanized operations [10–12]. SDPs can decrease soil salinity while controlling
groundwater levels and overcome the drawbacks of traditional amendment methods
that cannot discharge salts from soil [13,14]. A subsurface pipe drainage technique was
introduced in Ningxia Hui Autonomous Region in 1980. After years of its application, the
total area of SDPs in the field has reached 1.7 × 105 ha, and subsurface pipes have become
the preferred solution for solving salinization hazards in Yinbei Irrigation District [15].
Subsurface drainage systems promote salt discharge by affecting the saturated hydraulic
conductivity and effective porosity of the soil [16]. Climatic and soil conditions are the
main factors determining the spacing and depth of SDPs [17]. Several researchers have
proposed measurements for the depth, spacing, and diameter of SDPs based on different
desalination standards [18,19]. However, the clogging of SDPs by soil particles, plant roots,
and solutes in saline–alkali land can restrict their efficient salt discharge. Coarse sand or
clay loam can form natural anti-filter layers, which are less likely to clog the filter material
around SDPs. Soils with low clay contents and high finer particle contents are more likely
to clog SDPs [20]. The soil in the Yinbei region of Ningxia Hui Autonomous Region mostly
consists of sticky clay loam or loam clay, which are more likely to cause clogging.

Currently, the main components of the subsurface drainage system are external geo-
textiles and filter materials such as sands, gravels, and straw to prevent or alleviate siltation.
Filter materials can effectively prevent or reduce siltation caused by soil that enters the
SDPs with the water flow. The SDPs must be equipped with external filter materials to
form a high permeable layer around them to reduce the water flow resistance and head
loss [21]. Sand gravel filter materials are laid around the SDPs. Since the filter materials
wrapped around the SDPs are porous media of the same texture, a continuous soil–water
potential gradient field is formed around the SDPs. The water in the soil has a significant
hysteresis effect, while the water and salt in the soil accumulate at the bottom of the SDPs,
weakening the drainage effect. Sand–gravel filter materials are laid on top of the SDP.
The water conductivity difference between the fine sand mat and clay loam is employed
to slow down the soil water flow rate around the bottom of the SDP, so that a local sat-
urated zone is generated in the upper part of the SDP, promoting salt drainage through
the SDP [22]. Reasonable filter materials allow the soil above the SDP to form a bridge,
filter cake, and natural soil areas from bottom to top with a good filter structure. The main
considerations when setting up the filter material for the SDP include the following: the
O90/d90 value (O90 is the pore diameter of the filter materials, of which 90% are smaller
than this value; d90 is the size of the soil particles, of which 90% are smaller than this value;
and O90/d90 ≥ 1.0 should be satisfied), suitable permeability coefficient, and thickness of
the filter material [20]. Research on the anti-siltation of SDP filter material mainly adopts
laboratory simulation experiments [23], involving seepage boxes, soil columns, soil boxes,
and so on. Research has also been conducted by sampling outdoor field surveys [24]. The
application of filter materials is greatly influenced by soil characteristics, and their reverse
filtration effect is closely related to the composition of soil particles and the pore size of
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filter materials [25]. The clogging type of geotextiles wrapped with sand and straw filter
materials as well as the formation of soil-permeable skeletons around filter materials are
bottlenecks that need to be investigated and resolved.

Filter materials are the key factor affecting the drainage efficiency of SDPs. Field
experiments have been performed to explore the anti-clogging effects of various SDP filter
materials. Laboratory simulation experiments have confirmed an improvement in drainage
and desalination by external adsorption materials [24,26]. However, it is worthwhile
to conduct further research on the effects of different filter materials, such as sand and
straw, on the salt drainage efficiency and anti-silting effect of SDPs by using typical saline–
alkali soil in the Yinbei region of Ningxia Hui Autonomous Region and a laboratory
simulation device.

Therefore, we designed a laboratory simulation device to systematically evaluate
the effects of sand gravel and straw filter materials on the salt discharge efficiency and
anti-silting effect of SDPs. The soil particle size composition above the filter materials was
analyzed. The surface and internal structures of the geotextiles were evaluated using an
electron microscope to reveal the clogging types of SDPs externally wrapped with different
filter materials, so as to guide the scientific development of SDP filter materials. Our
findings provide a scientific basis for the long-term drainage and desalination of SDPs as
well as an improvement in the quality of low-lying saline soil.

2. Materials and Methods
2.1. Tested Soils

Experiments were performed from May to October 2023. The soil samples used
for experiments were taken from Haiyan Village, Yanzidun Township, Huinong District,
Shizuishan City, Ningxia Hui Autonomous Region (39◦03′ N, 106◦54′ E, Figure 1). This
region belongs to the Yinbei Irrigation Area of Ningxia Hui Autonomous Region, with
low-lying terrain and high groundwater levels. Under the influence of the arid climate,
the soil salt in this region has risen significantly, and soil salinization is severe. The region
is an arid semi-desert saline land in the middle and upper reaches of the Yellow River
with a temperate continental climate. Annual average precipitation and evaporation rates
are 173 mm and 1755 mm, respectively. Precipitation in this region is sparse, unevenly
distributed, and mainly concentrated from July and September. The depth of groundwater
ranges from 1.3 to 2.0 m. Soil samples were collected from 0 to 60 cm below ground surface,
with high salt content up to 50 g·kg−1 and pH below 8.93 (Table 1). The 0–60 cm soil layer
contained 10.2% clay particles, 36.4% silt sand particles, and 53.4% sand particles, while
the soil texture was loam soil [27]. The d90 values of soil layers at depths of 0–20, 20–40,
and 40–60 cm were 86.8, 94.7, and 99.4 µm, respectively. The ratio of soil clay content to
silt content was 0.28, which was lower than 0.5 [20]. The soil type was loamy soil with
a low level of cohesion. It is not easy to form a natural filter layer around subsurface
drainage pipes, leading to a high possibility of clogging. SDPs that are not wrapped with
geotextiles and filter materials are susceptible to mechanical clogging, which affects the
normal operation of drainage systems.

Table 1. Physical and chemical properties of soil at the experimental site.

Soil Depth
/(cm) Soil Texture pH Soil Salinity/(g/kg) Dry Density/(g/cm3)

Porosity/
(%)

Field Capacity/
(%)

0~20 Loam soil 8.83 ± 0.02 87.5 ± 4.14 1.45 ± 0.03 45.28 ± 0.52 18.7 ± 0.42
20~40 Loam soi 8.93 ± 0.05 59.6 ± 3.47 1.52 ± 0.04 42.64 ± 0.46 19.0 ± 0.37
40~60 Loam soi 8.79 ± 0.03 58.4 ± 3.85 1.58 ± 0.02 40.38 ± 0.38 20.1 ± 0.64

Note: Field capacity is water content by mass.
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Figure 1. Geographical position of the study area and photo of soil type [27] (Red represents
mountains in Ningxia, yellow represents hills in Ningxia, and green represents plains in Ningxia).

2.2. Simulation Device for Subsurface Pipe Drainage

The depth of the object at the studied site was 150 cm, the thickness of filter material
was 30 cm, the thickness of backfill soil layer was 112.5 cm, and the outer diameter of
SDP was 7.5 cm. With reference to laboratory simulations of subsurface pipe drainage,
simulation experiments designed by Tao et al. (2016) with a 1:3 scale ratio were adopted
for our experiments [28]. The designed laboratory simulation test device for subsurface
pipe drainage was composed of a water supply system, a seepage box, and a collector
box. Seepage box was 1.0 m long, 0.6 m wide, and 0.8 m high (Figure 2). To prevent
preferential flow along the wall during leaching process, the inner surface of testing device
was polished with sandpaper. In the experimental device, the depth of SDP was 50 cm, and
the thickness of filter material was 10 cm. The thickness of backfill soil was 37.5 cm, and
diameter of SDP was 2.5 cm. The thickness of the organic glass around the seepage box
was 8 mm. An overflow port was installed 5 cm away from the top of the seepage box to
prevent excessive water accumulation during leaching process, and three sampling ports
were installed on box wall.
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Figure 2. Schematic diagram of simulation device. 1. Quartz sands, 2. SDP, 3. Geotextiles, 4. Gravels,
5. Sampling port, 6. Soil, 7. Overflow port, 8. Water intake port, 9. Header tank, and 10. Outlet
of SDP.
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2.3. Experiment Design and Process

To determine the effects of sand gravel, straw, and combined sand gravel–straw
filter materials on salt drainage and anti-silting effects of SDPs, the laboratory simulation
experiments were conducted in Yanzidun Township from May to October 2023 based on
a self-designed laboratory simulation device for subsurface pipe drainage. Using unified
covering of geotextiles for subsurface drainage pipes, three scenarios with sand gravel
(T1), straw (T2), and combined sand gravel–straw (T3) as wrapped filter materials were
designed, with three tests repeated for each scenario. Average values of the data from three
tests were used to analyze the test results.

Plant residues and debris such as gravel were removed from soil samples. The
prepared samples were then air-dried, grinded, and passed through a 2 mm sieve. A 5 cm
thick sand layer was placed on the bottom, and a subsurface pipe wrapped with geotextiles
was placed on quartz sand filter layer. The hole area percentage of subsurface pipe was
5%. The soil was loaded into the test soil box and was compacted layer by layer to a
thickness of 60 cm. Thereafter, it was left overnight to establish a water content equilibrium.
Leaching quota was calculated according to the equation derived by Hu et al. (2010) [29].
The calculated leaching quota was 6750 m3·hm−2, which was equivalent to 0.4 m3 per
seepage box. Leaching process began at 9:00 AM on 7 June 2023. The leaching process was
repeated multiple times using water injection method. The depth of water level during
leaching process was maintained at 10 cm, and municipal tap water was used. Leaching
water salinity was 0.44 g·L−1. Photos of simulation experiment are presented in Figure 3.
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2.4. Sample Collection and Measurement

The anti-clogging effect of geotextiles for SDPs was demonstrated by the weight of
the soil lost in seepage box as well as the amount and rate of clogging. Three SDPs treated
with geotextiles were weighed before experiments. During the experiments, drained water
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and mineralization of SDPs were regularly monitored every day, while the mineralization
of leaching water was regularly measured. Upon the completion of experiments (i.e., when
subsurface pipe drainage ceased), soil profile was manually excavated, and samples were
collected at distances 5, 15, and 25 cm away from the center of the SDP to measure water
content, salt content, and soil particle size. Each soil sample was collected three times.
The soil discharged through the SDP was collected and dried for weighing, the geotextile
wrapped around the SDP was removed and weighed, and geotextile samples were taken
from face water surface for observation by scanning electron microscopy.

2.5. Measurement and Methods

The water content of soil was determined by drying method. The supernatant was fully
shaken at a soil-to-water ratio of 1:2.5, and the pH was measured using a Mettler Toledo
S220 (METTLER TOLEDO, Greifensee, Switzerland) multi-parameter tester. The obtained
supernatant was fully shaken at a soil-to-water ratio of 1:5 and was measured using a
DDS-307A (INESA, Shanghai, China) soil conductivity meter, which was converted to the
total salt content [30]. The mechanical composition of the soil was determined by a laser
particle size analyzer (Microtrac S3000, Microtrac, York, PA, USA). Water filling amount was
measured by a flow meter, and mineralization was measured using a conductivity meter.
Drainage duration was measured using a stopwatch, and drainage volume of the SDP was
obtained using measuring cylinders. Geotextile structures were observed using scanning
electron microscopy (Hitachi TM4000plus, Hitachi, Tokyo, Japan). Loss of soil mass was
calculated as the weight of soil lost through geotextiles after the completion of experiments.
Clogging amount was considered as the soil mass adsorbed on the upstream surface of the
geotextile and retained inside it after the completion of experiments. Clogging rate was
defined as the ratio of the clogging amount to the original weight of the geotextile.

2.6. Calculation Equations

The equations for calculating drainage rate (Rw), salt discharge rate (Rs), desalination
rate (LR), discharge-to-removal ratio (R), and clogging rate (w) of SDPs are expressed as
follows [31]:

Rw =
Qw

L
∗ 100% (1)

where Rw is the drainage rate of SDP, in %; Qw is total drainage amount from SDP, in cm3;
and L is total leaching water amount, in cm3.

Rs =
Qs

S0 + Ls
∗ 100% (2)

where Rs is the salt discharge rate of the subsurface pipe, in %; Qs is the total amount of
salt discharged from the subsurface pipe, in kg; S0 is the initial total salt content of soil, in
kg; and Ls is the salt content of leaching water, in kg.

LR =
S0 − St

S0
∗ 100% (3)

where LR is the soil leaching desalination rate, in %; S0 is the total salt content of soil before
leaching, in kg; and St is the total salt content of soil after leaching, in kg.

R =
Rs

LR
(4)

where R is the discharge rate of SDP; Rs is the salt discharge rate of SDP; and LR is the soil
leaching desalination rate.

w =
Wt − W0

W0
∗ 100% (5)
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where w is the siltation rate, in %; Wt is the weight of the geotextile after experiment, in g;
and W0 is the initial weight of the geotextile, in g.

2.7. Data Processing and Analysis

Microsoft Excel 2010 was employed for data processing while Surfer 10 was used
to plot nephograms. SPSS 19.0 software was applied to perform significance tests and
correlation analyses.

3. Results
3.1. Soil Moisture Distribution under Different Scenarios

Our measurements showed that the water contents of the soil at a depth of 0–60 cm
ranged from 12.6 ± 0.23% to 19.9 ± 0.32% for scenario T1, from 15.5 ± 0.15% to 19.8 ± 0.28%
for scenario T2, and from 13.7 ± 0.24% to 19.6 ± 0.36% for scenario T3 (Figure 4). The water
content of the soil layer at a depth of 0–20 cm under scenario T1 was the lowest, while that
under scenario T2 was the highest. The water content of the soil layer at a depth of 0–60 cm
under scenario T2 was higher than those under scenarios T1 and T3, and the difference in
the water contents of the soil layers at depths of 20–40 cm and 40–60 cm between scenarios
T1 and T3 was small. The water contents of the soil under the three scenarios increased with
the increase in soil depth, and the water content of the area near the SDPs was remarkably
higher than that of the upper soil. The SDPs were coated with sand, straw, and other filter
materials, which may have resulted in the movement of water towards them.
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3.2. Soil Salt Distributions under Different Scenarios

The salt contents of the tested soils ranged from 58.4 to 87.5 g·kg−1, and the salt
contents in the soil profiles under the three scenarios after leaching were below 3.9 g·kg−1

(Figure 5). The salt content of the soil profile under scenario T1 was between 1.57 ± 0.15
and 3.60 ± 0.17 g/kg, while those under scenarios T2 and T3 were between 2.70 ± 0.25
and 3.92 ± 0.08 g/kg and between 2.35 ± 0.15 and 3.75 ± 0.30 g/kg, respectively. The salt
contents of the soil profiles of the three scenarios increased with the increase in soil depth.
The salt content of the soil immediately above the SDPs was remarkably lower than that
on both sides of the SDPs, with the lowest value. The salinity of the soil profile at a depth
of 0–20 cm under scenario T1 was lower than 2.4 g/kg, which was the lowest among the
three scenarios. The salt accumulated in the soil layer at a depth below 40 cm. The salt
distribution of the soil layer at a depth of 0–60 cm under scenario T3 was uniform, and the
salinity of the soil profile ranged from 2.4 to 3.8 g/kg.



Water 2024, 16, 1432 8 of 13

Water 2024, 16, x FOR PEER REVIEW 8 of 14 
 

 

The salt contents of the tested soils ranged from 58.4 to 87.5 g∙kg−1, and the salt con-

tents in the soil profiles under the three scenarios after leaching were below 3.9 g∙kg−1 

(Figure 5). The salt content of the soil profile under scenario T1 was between 1.57 ± 0.15 

and 3.60 ± 0.17 g/kg, while those under scenarios T2 and T3 were between 2.70 ± 0.25 and 

3.92 ± 0.08 g/kg and between 2.35 ± 0.15 and 3.75 ± 0.30 g/kg, respectively. The salt contents 

of the soil profiles of the three scenarios increased with the increase in soil depth. The salt 

content of the soil immediately above the SDPs was remarkably lower than that on both 

sides of the SDPs, with the lowest value. The salinity of the soil profile at a depth of 0–20 

cm under scenario T1 was lower than 2.4 g/kg, which was the lowest among the three 

scenarios. The salt accumulated in the soil layer at a depth below 40 cm. The salt distribu-

tion of the soil layer at a depth of 0–60 cm under scenario T3 was uniform, and the salinity 

of the soil profile ranged from 2.4 to 3.8 g/kg.  

   
T1 T2 T3 

Figure 5. Distributions of soil salinity under different scenarios. 

3.3. Analysis of the Effects of Soil Salt Leaching and Alkali Reduction under Different Scenarios 

Before the experiment, the pH values of the samples collected from the soil layers at 

depths of 0–20, 20–40, and 40–60 cm were 8.83 ± 0.02, 8.93 ± 0.05, and 8.79 ± 0.03, respec-

tively, which indicated that the pH distributions of the soil were relatively uniform. The 

pH values at depths of 0–60 cm under scenarios T1, T2, and T3 varied from 8.52 to 8.76, 

from 8.46 to 8.77, and from 8.50 to 8.76, respectively. In the single leaching experiment, 

the reduction in soil pH was not significant under the different scenarios, and no signifi-

cant differences were found among the three scenarios (Table 2).  

Before the experiments, the salt content of the tested soils exceeded 58 g∙kg−1, and the 

total salt content in the soil layer at a depth of 0–60 cm was 30.03 kg. After the leaching 

experiments, the soil salt contents under the three scenarios were all less than 3.8 g∙kg−1. 

The soil salt contents under scenarios T1, T2, and T3 were between 1.75 and 3.45, 2.43 and 

3.75, and 2.78 and 3.78 g∙kg−1, respectively. After the leaching experiments, the total soil 

salt contents in the seepage boxes under scenarios T1, T2, and T3 were 1.16 ± 0.07, 1.41 ± 

0.07, and 1.46 ± 0.03 kg, which were 96.1%, 95.3%, and 95.1% lower than those before the 

experiments, respectively. After the leaching experiments, the soil salinity at a depth of 0–

20 cm under scenario T1 was 1.75 ± 0.16 g∙kg−1, which was significantly lower than those 

under scenarios T2 and T3. The soil salt content of the soil layer at a depth of 20–40 cm 

under scenario T1 was 2.70 ± 0.26 g/kg, which was much lower than those under scenarios 

T2 and T3. The soil salt content of the soil layer at a depth of 40–60 cm under scenario T1 

was lower than those under scenarios T2 and T3, and no significant differences were 

Figure 5. Distributions of soil salinity under different scenarios.

3.3. Analysis of the Effects of Soil Salt Leaching and Alkali Reduction under Different Scenarios

Before the experiment, the pH values of the samples collected from the soil layers
at depths of 0–20, 20–40, and 40–60 cm were 8.83 ± 0.02, 8.93 ± 0.05, and 8.79 ± 0.03,
respectively, which indicated that the pH distributions of the soil were relatively uniform.
The pH values at depths of 0–60 cm under scenarios T1, T2, and T3 varied from 8.52 to 8.76,
from 8.46 to 8.77, and from 8.50 to 8.76, respectively. In the single leaching experiment, the
reduction in soil pH was not significant under the different scenarios, and no significant
differences were found among the three scenarios (Table 2).

Table 2. Effects of different scenarios on soil salinity and pH.

Soil Depth/(cm)
Original Soil T1 T2 T3

Salinity (g/kg) pH Salinity (g/kg) pH Salinity (g/kg) pH Salinity (g/kg) pH

0~20 87.5 ± 4.14 8.83 ± 0.02 1.75 ± 0.16 8.52 ± 0.02 2.43 ± 0.14 8.53 ± 0.02 2.78 ± 0.07 8.53 ± 0.03
20~40 59.6 ± 3.47 8.93 ± 0.05 2.70 ± 0.26 8.76 ± 0.03 3.42 ± 0.08 8.77 ± 0.04 3.36 ± 0.30 8.76 ± 0.03
40~60 58.4 ± 3.85 8.79 ± 0.03 3.45 ± 0.09 8.53 ± 0.01 3.75 ± 0.25 8.46 ± 0.01 3.78 ± 0.16 8.50 ± 0.02

Total salinity (kg) 30.03 ± 0.17 / 1.16 ± 0.07 / 1.41 ± 0.07 / 1.46 ± 0.03 /

Before the experiments, the salt content of the tested soils exceeded 58 g·kg−1, and the
total salt content in the soil layer at a depth of 0–60 cm was 30.03 kg. After the leaching
experiments, the soil salt contents under the three scenarios were all less than 3.8 g·kg−1.
The soil salt contents under scenarios T1, T2, and T3 were between 1.75 and 3.45, 2.43
and 3.75, and 2.78 and 3.78 g·kg−1, respectively. After the leaching experiments, the total
soil salt contents in the seepage boxes under scenarios T1, T2, and T3 were 1.16 ± 0.07,
1.41 ± 0.07, and 1.46 ± 0.03 kg, which were 96.1%, 95.3%, and 95.1% lower than those
before the experiments, respectively. After the leaching experiments, the soil salinity at a
depth of 0–20 cm under scenario T1 was 1.75 ± 0.16 g·kg−1, which was significantly lower
than those under scenarios T2 and T3. The soil salt content of the soil layer at a depth of
20–40 cm under scenario T1 was 2.70 ± 0.26 g/kg, which was much lower than those under
scenarios T2 and T3. The soil salt content of the soil layer at a depth of 40–60 cm under
scenario T1 was lower than those under scenarios T2 and T3, and no significant differences
were observed among the three scenarios (p > 0.05). The total soil salt under scenario T1
was the lowest, which was 17.7% and 20.5% lower than those under scenarios T2 and T3,
respectively. The sand–gravel scenario had the best salt-leaching effect.
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3.4. Analysis of Salt-Leaching Efficiency under Different Scenarios

Table 3 summarizes our experimental observations. It was seen that the drainage rate
(Rw) was the largest (34.42%) under scenario T1 and the lowest under scenario T2 and that
the Rw values of the three scenarios were significantly different (p < 0.05). Scenario T1
had the largest Rw, salt discharge rate (Rs), and ratio of drainage rate (R) among the three
scenarios, and there were significant differences in the Rw and Rs indexes among the three
scenarios (p < 0.05). The desalination rate (LR) under scenario T1 was 96.16%, which was
significantly higher than those under scenarios T2 and T3 (p < 0.05). Scenario T2, in which
straw filter material was used, had a higher initial Rw value but lower Rw and Rs values
than those under the other two scenarios, which was due to the large pores of the straw
filter material and its high drainage rate in the early stage. With the passage of time, a large
amount of water carried sediment into the filter materials, the soil particles were prone to
stay in the straw filter material, and clogging occurred, causing a decrease in Rw and Rs
values in the later stage. The drainage ratio (R) under scenario T1 was 0.97, which was the
best for salt drainage.

Table 3. Drainage rate and salt discharge rate of SDPs under different scenarios.

Scenario Drainage Rate/Rw (%) Salt Discharge Rate/Rs (%) Desalination Rate/LR (%) R (Rs/LR)

T1 34.42 ± 0.17 a 93.69 ± 0.14 a 96.16 ± 0.15 a 0.97 ± 0.0002 b
T2 32.52 ± 0.27 c 87.72 ± 0.17 c 95.31 ± 0.14 b 0.92 ± 0.0004 a
T3 33.43 ± 0.19 b 89.72 ± 0.18 b 95.16 ± 0.16 b 0.94 ± 0.0004 c

Note: Different letters indicate significant differences among different scenarios at 0.05 level.

3.5. Geotextile Clogging and Soil Retention Effect

After one leaching test cycle, the soil losses under the three scenarios exceeded 120 g
(Table 4). The soil loss under scenario T1 was the highest, while that under scenario T2
was the lowest. The soil loss under scenario T1 was 34.9% and 10.2% lower than those
under scenarios T2 and T3, respectively, and significant differences were found among the
three scenarios (p < 0.05). All three scenarios exhibited different clogging degrees, and the
clogging rate under scenario T1 was the lowest, which was 22.2% and 6.3% lower than those
under scenarios T2 and T3, respectively. Compared with the original soil, after leaching, the
clay and silt contents of the soil above the filter material under scenario T1 were decreased,
while the sand content was increased. However, the clay and silt contents of the soil above
the filter material under scenario T2 were increased, while the sand content was decreased
(Table 5). The d90 value of the soil above the filter material under scenario T1 was 8.4%
higher than that of the original soil. Under scenario T1, the clogging rate was decreased,
and the d90 value of the soil above the filter material was significantly higher than those
under scenarios T2 and T3 (p < 0.05), which presented a good filtration performance. The
straw filter material scenario had a strong interception effect, in which more particles
were gathered above the geotextiles, a filter cake was more likely to form, and the soil
preservation effect was good. However, a dense filter cake layer could be easily formed on
the upstream surface, resulting in high clogging rates. The pores of the sand–gravel filter
material were more uniform, which could intercept coarse soil particles and release fine
particles, forming a good filter body structure and improving the filtration effect.

Table 4. Soil loss and siltation on geotextile materials around SDPs.

Scenario Weight of Soil Loss/(g) Initial Weight of Geotextile/(g) Weight of Clogged Geotextile/(g) Clogging Ratio/(%)

T1 198.78 ± 2.33 a 9.12 ± 0.13 b 12.57 ± 0.09 c 37.75 ± 0.01 c
T2 129.43 ± 5.32 c 9.30 ± 0.06 ab 13.81 ± 0.03 a 48.51 ± 0.01 a
T3 144.13 ± 5.94 b 9.35 ± 0.10 a 13.12 ± 0.13 b 40.28 ± 0.02 b

Note: Different letters indicate significant differences among scenarios at the same soil depth at 0.05 level.
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Table 5. Analysis results of soil particle size above the filter material.

Scenario
Mass Fraction/(%)

d90/(µm)
Clay Silt Sand

Original soil 10.22 ± 1.24 36.41 ± 1.45 53.41 ± 1.29 94.70 ± 4.10

T1 8.02 ± 0.31 c 24.06 ± 7.28 b 67.92 ± 7.43 a 108.25 ± 5.32 a
T2 18.20 ± 1.54 a 42.93 ± 4.25 a 38.87 ± 5.78 b 74.25 ± 2.71 c
T3 13.98 ± 1.35 b 27.23 ± 2.68 b 58.79 ± 3.81 a 89.83 ± 4.58 b

Note: Different letters indicate significant differences among treatments at the same soil depth at 0.05 level.

3.6. Clogging Types of Geotextiles under Different Scenarios

The particles in the soils were entrained by flowing water; some particles passed
through the geotextiles into the drainage system, while others were intercepted by the
geotextiles. The soil particles were generally intercepted through clogging and siltation.
Under scenarios T1 and T3, siltation occurred inside the geotextiles, in which fine soil
particles were trapped in the geotextile fiber structure, decreasing its permeable area.
Under scenario T2, clogging occurred in the upstream surface of the geotextile, where soil
particles were accumulated to form a low-permeability filter cake layer (Figure 6). Our
observations of the surface and internal structures of the geotextile using scanning electron
microscopy showed that the pores of the geotextile wrapped around the SDPs were clogged
or blocked by clusters of fine soil particles. Under scenario T2, a clear and dense filter cake
layer was formed on the geotextile upstream surface. Under scenarios T1 and T3, the soil
particles did not completely block the geotextile, and a large number of pores were present.
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4. Discussion

The SDPs had stronger effects on the desalination of the upper soil layer in the field,
which could decrease the spatial heterogeneity of the soil salinity and transform the soil
salinity from “high-salinity heterogeneity” to “low-salinity homogeneity” [13]. The results
also verified that the soil desalination rates of the wrapped SDPs exceeded 95% and that
the desalination effect of the soil immediately above the SDP was obvious. The pores of
SDP filter material were closely related to the migration laws of the water and salt in the
soil. Tao et al. (2016) showed that a filter layer with a good particle gradation was one of
the key factors in the reverse filtration effect [28]. The clogging degree of the filter material
was found to affect the drainage efficiency and the total displacement of SDPs, resulting
in differences in the distributions of water and salt in the soil profile. In this experiment,
the sand gravel filter material yielded the lowest clogging rate, the highest drainage and
salt discharge rates, the largest total displacement, and the best salt-leaching effect for the
soil layer at a depth of 0–60 cm. The straw filter material presented a high silting rate,
leading to low drainage and salt discharge rates as well as a low total displacement. The
salt-leaching effect of the profile under the straw filter material was not as good as those
under other filter materials. The filter materials could reasonably facilitate the soil above
the SDP to form a bridge, filter cake, and natural soil areas from bottom to top, with a good
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filter structure. Some researchers have improved subsurface pipes’ drainage capacity by
improving the structure and material of the filter layer around the SDPs. However, some of
these techniques have only been at the stage of simulation tests and have not been applied
on a large scale in the field [25,26]. The medium porosity of the SDP sand filter material
mixed with fine sand and fine gravel could form a stable filter layer, resulting in water
stratification in the soil profile, improving the water retention rate in the subsurface soil
and preventing the salt from returning [32]. The experiments also confirmed that the sand
filter materials could form a good filter layer and promote the salt discharge of the SDPs.
In the straw filter material scenario, the leaching water flow was faster in the early stage,
which was due to the large pores of the straw filter material and high drainage rate in the
early stage. With the passage of time, a large amount of water carried the sediment into the
filter material, the soil particles could easily stay in the straw filter material, and clogging
occurred, which decreased the drainage and salt discharge rates in the later stage.

The directional migration of the soil particles occurred within a short period of time
after the drainage began. Fine particles in the soil gradually moved downwards by the drag
of the water flow to fill pores. This particle redistribution led to the continuous compaction
of the soil, and the drainage flow rate of the SDPs gradually decreased. In severe cases, this
could result in the loss of drainage function [25]. The interior of the geotextile is a network
of fibers with many small pores that can create flow channels and block the passage of
soil particles. Filter materials such as sand and straw can increase the soil’s likelihood
of interception and particle-screening ability. The filter materials wrapped around the
SDPs were used to screen nearby soil particles under the action of the water flow. Large
particles were intercepted and gradually accumulated outside to form a soil-permeable
skeleton with a high level of permeability, inducing the formation of a natural filter layer in
the soil above [21,33]. The geotextiles increased the characteristic particle size d90 values
of the soils by more than 20% through particle screening, resulting in the formation of a
highly permeable soil skeleton on their surfaces [24]. In our research, the sand–gravel filter
material increased the characteristic particle size d90 value of the soil above the SDPs by
8.4%, which effectively played the role of a filter material in intercepting coarse particles
and releasing fine particles and induced the surrounding soil to form a soil-permeable
skeleton consisting of coarse particles, such as sand particles.

Existing research has shown that spunbonded polypropylene geotextiles have smooth
surfaces and are prone to produce thin particles called “pancakes” after contact with the
soil [34]. After the long-term operation of SDPs, small particles in the soil are accumulated
in the filter layer, causing mechanical clogging and affecting their drainage effects. In this
study, the geotextiles’ surface was clogged under the scenario of the straw filter material,
which might be due to the fact that the filter material did not have a significant screening
effect on the soil particles above it due to the non-uniformity of the pores of the straw,
which failed to form a highly permeable soil skeleton structure. Soil particles of different
sizes entered the straw filter material and eventually remained in the straw and geotextile.
In this study, our scanning electron microscopy results revealed that the straw filter material
scenario formed a dense filter cake layer on the upstream surface, and this filter cake layer
continued to absorb smaller soil particles that moved with the water. The thickness of the
filter cake gradually increased over time, decreasing the permeability. For the scenarios of
the sand gravel filter and combined sand gravel–straw filter materials, soil particles were
trapped in the geotextiles’ fiber structure. The soil particles did not completely block the
geotextiles, and there were still a large number of effective pores.

5. Conclusions

In order to solve the technical bottleneck of low salt discharge efficiency due to
SDPs clogging easily, this study systematically evaluated the influences of three kinds of
filter materials, namely sand gravel, straw, and combined sand–gravel straw, on the salt
discharge efficiency and anti-silting effect of SDPs by adopting a self-designed laboratory
simulation experiment device. The following conclusions were drawn:
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(1) The salt removal rates of the SDPs externally wrapped with the filter materials ex-
ceeded 95%. The sand gravel filter material scenario had the highest desalting rate,
and its soil profiles had total salt contents that were 17.7% and 20.5% lower than those
of the straw and combined sand gravel–straw scenarios, respectively. The soil salinity
of the sand gravel filter material around the SDP was between 1.57 and 3.6 g/kg, and
its salt-leaching effect was the best.

(2) Under the straw filter material scenario, dense filter cake layers were formed on the
upstream surfaces of the geotextiles. Under the sand gravel and combined sand
gravel–straw scenarios, the soil particles remained in the geotextiles’ fiber structure,
and a large number of pores were retained.

(3) The sand gravel filter materials increased the characteristic particle size of the soil
above the SDP by 8.4%, which effectively intercepted coarse particles, released fine
particles, and induced the formation of a highly permeable soil skeleton consisting
of coarse particles, such as sand particles, surrounding the soil. Therefore, the sand
gravel filter material was the most suitable for the treatment of Yinbei saline–alkali
soil in Ningxia Hui Autonomous Region.
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