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Abstract: Soil salinization affects more than 25% of land globally. Subsurface pipe drainage is
known for its effectiveness in improving saline-alkali land. The red clay layer (RCL) hinders soil
improvement in the Hetao Irrigation District of Inner Mongolia, China. The soil water and salt
migration rules at different buried depths and RCL were studied based on the field subsurface pipe
drainage test and simulation using the DRAINMOD-S model (Version 6.1). The following
implications can be drawn from the results: (1) Although the RCL affected the accuracy of the model,
the calibrated statistical results met the application requirements, and the DRAINMOD-S model can
be used to analyze subsurface pipe drainage under different distribution conditions of the RCL. (2)
The RCL can reduce the drainage efficiency of the subsurface pipe, specifically when the distribution
is shallow. (3) The soil desalting rate increased with an increase in the buried depth of the subsurface
pipe. The desalination effect of shallow soil was better than that of deep soil. The RCL reduced the
drainage and salt removal efficiency of the subsurface pipe. Burying the subsurface pipe as far above
the RCL as possible should be considered. Thus, it is feasible to apply the DRAINMOD-S model to
relevant studies.

Keywords: DRAINMOD-S; Hetao Irrigation District; saline—alkali soil; subsurface drainage system;
clay layer

1. Introduction

Soil salinization has been widely researched, particularly as it has contributed to the
global food security crisis in the 21st century [1]. The Hetao Irrigation District of Inner
Mongolia, China, is a crucial production base for commodity grains and oil. As the largest
single-system artesian irrigation basin in Asia, it is under serious threat from soil
salinization [2—4]; in addition, 63.8% of the soil in the irrigated area is salinized, resulting
in soil nutrient loss, crop reduction, farmland wastage, and other issues that seriously
restrict the potential for sustainable development in this area [5,6]. Several scholars have
attempted to improve saline soils, including the addition of organic and inorganic
substances such as fly ash, water-retaining agents, soybean straw, and other single-type
amendments, mineralizing soil ions, and laying effective irrigation and drainage facilities
[7-10]. Among these approaches, subsurface pipe drainage engineering is popular owing
to its advantages in improving land-use efficiency, strong applicability, and remarkable
improvement. The successful global application of subsurface drainage pipes has created
a novel approach for saline-alkali land improvement strategies [11,12].
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The different layout parameters of subsurface pipes and migration laws of soil water,
salt, and nutrients are usually the focus of subsurface pipe drainage engineering research
[13-15]. Some scholars have found that the salt discharge of subsurface pipes is positively
correlated with burial depth, whereas it is negatively and linearly correlated with spacing
[16]. Increasing the drainage distance of subsurface pipes or decreasing the drainage
depth can reduce NO;-N loss [17,18]. The appropriate arrangement of subsurface pipes
differs with different research objectives and field soil conditions (such as groundwater
depth and soil texture). Canola cultivation occurs in consolidated, subsurface-drained
paddy fields under winter rainfed conditions. To reduce the loss of NO;-N and water
and the impact of drainage on the environment, Hashemi et al. suggested that the
subsurface pipe should be buried at a depth of 0.4 m and a spacing of 50 m [19]. However,
in studies on saline-alkali land improvement in arid and semi-arid areas, Qian et al. found
that the buried depth of subsurface pipes is often greater than 1 m and that subsurface
pipes can achieve effective desalting effects [16]. Based on traditional subsurface pipe
drainage, scholars have developed a compound improvement method that can prevent
excessive drainage and reduce nutrient loss by controlling drainage more effectively
[20,21]. Drainage circulation facilities can then be integrated with the control drainage
system to alleviate drought, reduce agricultural nonpoint source pollution, and increase
crop yield [22,23]. With gradual improvements in drainage engineering, research has
advanced. Owing to the large number of research projects and the high cost of the
drainage engineering layout, it is difficult to conduct large-scale research involving field
experiments. However, the application of a numerical model to simulate subsurface pipe
drainage can solve this problem.

DRAINMOD is a hydrological drainage model that is based on subsurface drainage.
Compared with other models used in drainage research, DRAINMOD has several
advantages, including fewer data requirements, simpler operation, high simulation
accuracy, and strong applicability [24]. A study by Pourgholam-Amiji et al. demonstrated
the feasibility of the DRAINMOD-S model in predicting and modeling soil salinity trends
and revealed that the model is more advantageous when the simulated soil salt content is
high [24]. Ghane and Askar used DRAINMOD to investigate and forecast shallow
drainage systems in the United States, and Moursi et al. used DRAINMOD to predict the
water efficiency of a drainage system [25,26]. The DRAINMOD model can be used to
optimize the design of the system, improve the performance of subsurface pipes to
improve saline-alkali soil, and reduce construction costs. Awad et al. used an artificial
neural network system to improve DRAINMOD [27]. The improved model enhanced the
precision of the groundwater table and surface water storage simulations. Lisenbee et al.
successfully applied the DRAINMOD model to a bioretention system [28]. The rapid
development and application of the DRAINMOD model demonstrate its substantial
potential. The feasibility of applying the model in a complex drainage environment is
demonstrated, which provides a prerequisite for successful application in this study.

As a common soil stratification in China [29], the red clay layer (RCL) is widely
distributed in the Hetao Irrigation District. Its high water retention and low permeability
make saline—alkali improvements more challenging. However, there are relatively few
studies on whether the existence of the RCL will reduce the efficiency of subsurface pipe
in saline-alkali soil improvement, and it is necessary to accurately clarify the relevant laws
in the future. Therefore, to solve this problem, this study used the DRAINMOD-S model
combined with field experiments to explore the soil water and salt transport rules under
different distribution positions of the subsurface pipe and RCL and to clarify the effect of
soil improvement on the existence of the RCL. This study provides reliable data to support
the improvement of saline-alkali land in the future.
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2. Materials and Methods
2.1. Study Area and Experimental Design

The Hetao Irrigation District, which is the largest gravity irrigation area in Asia, is
the largest production base of commodity grain, oil, agricultural, and livestock products
in China. The study area was located in the comprehensive improvement test base of
subsurface pipe drainage (40°45'28" N, 108°38'16" E) in the Wulat irrigation area in the
lower reaches of the district. The area has a temperate, arid, and semi-arid continental
monsoon climate. Average temperature, precipitation, evaporation, and duration of
sunshine when measured over several years were 6-8 °C, 196-215 mm, 2172.5 mm, and
3230.9 h, respectively. The soil salt content in the test area was very high (15.93 g/kg), with
mostly salinized and severely salinized soils.

The subsurface pipe installation began in September 2018. After the soil settled and
the underground pipe drainage system stabilized, a subsurface pipe drainage test was
conducted from May 2019 to December 2020. A Netherlands INTER-DRAIN pipe-laying
machine was used for subsurface pipe laying. The slope of the subsurface pipe was 1%o,
the pipe diameter was 8 cm, and the length was 200 m. The distribution of the RCL in the
soil profile was recorded and classified during the excavation of the subsurface pipe
(Figure 1). In the whole soil profile, the color of the RCL was red. In terms of particle size
classification, the particle size of the RCL was relatively small, the soil was finer silty soil,
and its saturated hydraulic conductivity was considerably lower than that of other soil
layers. In this experiment, four RCL distribution conditions were selected when the
spacing of the subsurface pipe was 1000 cm and the burial depths were 80, 100, or 120 cm.
Four RCL distribution conditions (no RCL, 0-20 cm or 60-80 cm with RCL, 0-20 cm, and
60-80 cm with RCL) and 12 plots were studied. Limited by the distribution of the RCL, 12
test plots were distributed at different locations on the test site. During the two-year
experiment, irrigation was performed seven times (specifically, flood irrigation). The
irrigations were 3000 m3/ha on 15 May 2019; 1500 m?/ha on 26 June 2019; 1500 m%ha on 17
July 2019; 3000 m3/ha on 25 October 2019; 3500 m%ha on 3 May 2020; 2500 m3/ha on 28
June 2020; and 3500 m3/ha on 19 October 2020.

Figure 1. Buffer lines of pipeline laying and distribution of the red clay layer (RCL).

2.2. Sampling, Measurement, and Calculation

The particle size distribution of the soil was measured using a laser particle size
analyzer (HELOS-OASZS, SYMPATEC, Clausthal-Zellerfeld, Germany) [4]. The
undisturbed soil collected from the test-site profile was returned to the laboratory for bulk
density measurements. After grinding and sifting the dry soil samples, 10 g samples were
collected, 50 mL of distilled water was added, and the mixture was oscillated and stirred
for 5 min at room temperature (23-28 °C). After standing for 24 h, the conductivity (EC)
of the soil-water solution of the extract was measured using a conductivity tylometer
(DDS-307 A, REX, Shanghai, China) [5]. Equation (1) was used to calculate the total soluble
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salt (TDS) content [30]. The soil parameters of each soil layer are listed in Table 1. To obtain
accurate data on irrigation water quantity, an inlet gate was installed at the irrigation
outlet, and a meter ruler and a current meter (LS300-A, Nanjing Shengrong Instrument,
Nanjing, China) were used for measurements.

TDS:

TDS =3.7657ECy.5) — 0.2405 1)

where TDS is the soil salt content (g/kg) and ECis is the EC of the soil extract solution
prepared by mixing the soil with water at a soil:water ratio of 1:5 (mS/cm).

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

Particle Soil Bulk Soil Salt Field Saturated Hydraulic
Depth (em)  Composition/% Texture Density Content Capacity Conductivity
Sand Clay Silt (g-cm-3) (g'kg™) (cm3 cm-3) (cm-day)
0-20 9.46 9.04 81.50 Silt 1.46 23.51 33.08 1.92
2040 2198 1251 65,51 Siltloam 1.46 18.22 35.22 3.12
40-60 2527 1414 60.59 Siltloam 1.49 15.53 35.53 3.36
60-80 336 1070 85.94 Silt 1.50 11.79 36.19 2.16
80-100 2591 13.37 60.72  Silt loam 1.51 10.60 36.71 3.59

Three subsurface pipes with the same buried depth and spacing were arranged in
each test plot, and only the soil near the middle subsurface pipe was selected as the
research target to avoid interference from water and salt transport in adjacent plots.
During the subsurface pipe drainage stage, the daily subsurface pipe drainage volume
and drainage EC values were collected and monitored at the subsurface pipe drainage
outlet in the middle of each test plot. Soil sampling points and groundwater level
observation wells were arranged on one side of the middle subsurface pipe in each test
plot. Soil samples were collected 24 h before irrigation and 24 h after drainage. Samples
were collected every 20 cm, and the water content and EC of the soil samples were
measured. The soil desalting rate was used to determine the desalting effect of irrigation
in each experimental plot. The calculation method for the soil desalting rate is shown in
Equation (2).

Soil desalting rate:

S51-5
N=""2x100% @)
51

where N is the soil desalting rate (%), S1 is the initial soil salinity before irrigation (g/kg),
and S: is the soil salinity after irrigation (g/kg).

2.3. DRAINMOD-S Model
2.3.1. Model Description, Input Data, and Application

Compared with the DRAINMOD model [31], the DRAINMOD-S model (Version 6.1)
added a salt module, which simulated the salt discharged from the subsurface pipe and
the salt distribution in the soil profile. The water balance equation was used as the basis
for the water simulation. The water balance calculation of the model was divided into
surface and subsurface conditions (Equations (3) and (4)).

AW=P+I — F — RO )

AVea=D+ET+VLS — F (4)

where AW is the change in surface water storage (cm); P is the precipitation (cm); I is the
irrigation quantity (cm); F is the infiltration amount (cm); RO is the surface runoff (cm);
AV is the change in water content of anhydrous pore space in the soil profile (cm); D is
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the subsurface displacement (cm); ET is the evapotranspiration (cm); and VLS is the
vertical and lateral flow (cm). The Green—-Ampt equation [32] was used to estimate the
amount of infiltration. There was a 1 m high ridge around the test site. During the test
period, all irrigation water was discharged through subsurface drainage, and no surface
runoff was generated. The RO item was negligible. When there is water on the local
surface, the Kirkham formula [33] is used to calculate the underground drainage. When
the water level Is below the surface, the Hooghout steady flow formula [34] is used for
calculation. Vertical and lateral seepage is estimated using a simple method based on
Darcy’s law and the Dupuit-Forchheimer assumptions, but is negligible when the
underlying permeability is poor.

The main input items of the model Ide meteorological, soil and crop data, and
drainage system layout parameters. Meteorological data include precipitation,
temperature, and sunshine radiation throughout the simulation cycle. Combined with the
measured meteorological data, the reference daily evaporation was calculated using the
Penman-Monteith formula [35] or Thornthwaite [36]. The irrigation water and irrigation
time data are incorporated into the meteorological data module and input into the model.
If the soil is layered, the required soil data should include the thickness of the soil layer,
the water characteristic curve of each layer of soil, saturated hydraulic conductivity, and
the initial salt content of the soil. Crop parameters include information such as the root
depth of the crop, the date of planting and harvesting, and drought stress. However, the
experimental plot has been abandoned on saline-alkali land for many years, and the
degree of salinization is serious. Salt-tolerant plants, including weeds, cannot grow
normally. Therefore, crops are not considered in this study, and information about crops
and other aspects does not need to be entered. Drainage system parameters include
drainage spacing, drainage depth, effective drainage radius, drainage coefficient,
impermeable layer, and aquitard depth.

The water characteristic curve of the soil samples at the test site was obtained by
laboratory detection, and parameters such as saturated water conductivity and initial soil
salt content were input as data related to the model [18]. Meteorological data were
obtained from a microweather station (HOBO-U30, Onset, Bourne, MA, USA) set up at
the experimental site, and the main data included daily maximum and minimum
temperatures, precipitation, wind speed, and radiation amount [18]. After inputting the
meteorological data, the model calculates the potential evapotranspiration (PET) using the
Penman-Monteith formula and determines the value of PET. When the soil moisture
content is lower than the wilting point, the actual evapotranspiration is limited by the
upward flux of soil moisture. When the moisture content of the soil at the root zone is
above the wilting point, ET is set as the PET. The parameters of the field management
system include the buried depth and spacing of the subsurface pipe, the initial depth of
groundwater, the maximum storage depth of the surface, the effective drainage radius,
the drainage coefficient, and the Kirkham depth flowing to the subsurface pipe. The
parameter setting values are shown in Table 2.

Table 2. Key input parameters of the DRAINMOD-S model.

Parameter Type

Concrete Parameters (Degree of

Calibration Parameter Values Unit

Sensitivity)

Maximum and minimum daily ~The micro weather station (HOBO- oC

temperatures U30)

Climate . . The micro weather station (HOBO-

Amount of rain daily mm

u30)
PET Penman-Monteith mm

Saturated hydraulic conductivity
Soil (0-20 cm, RCL, highly sensitive) 05 mm/h

Saturated hydraulic conductivity 1.1 mm/h
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Saturated hydraulic conductivity

(20—40 cm, highly sensitive)

(40-60 cm, highly sensitive) 13 mm/h
Saturated hydraulic conductivity
7
(60-80 cm, RCL, highly sensitive) 0 mm/h
Saturated hydraulic conductivity
(80-100 cm, highly sensitive) 12 mm/h
D . .
epth of 1mpenet.rfa1ble layer (light 200 om
sensitive)
Initial soil salinity Field measured values (Table 1) g/kg
Drainage depth (sensitive) Layout of each test plot cm
Drainage spacing (sensitive) 1000 cm
Effective dralne}g.e radius (non- 15 m
sensitive)
Maximum surface water storage
. 18 cm
Drainage system depth
Initial groundw'afer level depth 160 m
(sensitive)
Drainage coe.ff1c1ent (non- 14 mm/day
sensitive)
Kirkham'’s depth for flow to drains 0.3 cm
Wat Amount of irrigation water Actual irrigation quota m3/ha
ater
Average of irrigation water salinity 0.67 g/L

Based on 12 field-test arrangements, the calibrated DRAINMOD-S model was used
to simulate the buried pipe spacing of 10 m and buried depths of 40, 50, 60, 80, 100, and
120 cm. A total of 24 simulation test plots under four types of RCL distribution conditions
(no RCL, 0-20 cm or 60-80 cm with RCL, 0-20 cm, and 60-80 cm with RCL) were used.

2.3.2. Calibration and Validation of the DRAINMOD-S Model

When calibrating the model, combined with previous studies [24], it was found that
the transverse saturated hydraulic conductivity parameter is the most sensitive. Other
sensitive parameters include impervious layer depth, maximum surface water storage
depth, drainage coefficient, and initial groundwater level depth. The values of the
parameters after verification are shown in Table 2. The DRAINMOD-S model is often
calibrated using drainage volume, groundwater level, or soil salt content. In this study,
according to the experimental design, the groundwater level and soil salt content data for
the day within 24 h before and after each irrigation in 2019 were used for calibration, and
the groundwater level and soil salt content data for the day within 24 h before and after
each irrigation in 2020 were used for verification (Tables 3 and 4). Multiple sets of
statistical data were used to evaluate the model’s performance, including the deterministic
coefficient (R?), mean absolute error (MAE), root mean square error (RMSE), and
normalized root mean square error (NRMSE). Related research has shown that when R?
is greater than 0.5 and NRMSE is less than 30%, the model is reasonable and acceptable.
The closer the MAE and RMSE were to 0, the higher the matching degree between the
simulated and measured data [37,38]. These indices are calculated by Equations (5)—(8):

(I (0; — O)(A; — A))’
20— O) JLy (A — AY:

_ ZLlA-0f
n

R?=

®)

MAE (6)
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@)

RMSE
NRMSE = 5 x100 )

where A is the simulated value, A is the averaged simulated value, O: is the observed
value, O is the averaged observed value, and 7 is the sample size.

Table 3. Model hydrologic simulation performance statistics in 2019 (calibration) and 2020

(validation).
Depth RCL 2019 (Calibration) 2020 (Validation)
(cm) (cm) R2(-) MAE (cm) RMSE (cm) NRMSE R2(-) MAE (ecm) RMSE (cm) NRMSE
- 0.92 7.02 7.39 9.35% 0.91 6.83 7.38 14.07%
30 0-20 0.90 12.88 13.60 15.76% 0.83 10.73 11.97 22.01%
60-80 0.90 8.22 9.55 11.97% 0.89 6.15 7.02 15.47%
0-20 and 60-80 0.85 8.91 10.34 12.62% 0.80 14.60 16.35 27.15%
- 0.91 5.06 5.83 7.47% 0.88 5.95 6.67 12.68%
100 0-20 0.88 10.60 12.67 14.90% 0.82 6.94 9.42 16.35%
60-80 0.89 7.93 9.19 11.49% 0.84 9.42 10.62 20.46%
0-20 and 60-80 0.83 14.06 15.57 17.72% 0.77 13.22 14.23 24.25%
- 0.89 5.56 6.79 8.39% 0.86 6.20 6.45 13.33%
120 0-20 0.85 9.37 10.48 12.32% 0.80 15.59 16.55 24.05%
60-80 0.88 8.33 9.06 10.98% 0.82 7.29 8.43 17.99%
0-20 and 60-80 0.84 14.84 16.10 17.93% 0.73 19.12 20.15 29.37%
Note: RCL, red clay layer; R?, coefficient of determination; MAE, mean absolute error; RMSE, root
mean square error; NRMSE, normalized root mean square error. Four treatments: no RCL, 0-20 cm
or 60-80 cm RCL, 0-20 cm RCL, and 60-80 cm RCL. Data on 15 May, 26 June, 17 July, 25 October
2019 were used for calibration. Data on 3 May, 28 June, 19 October 2020 were used for validation.
Table 4. Model salt simulation performance statistics in 2019 (calibration) and 2020 (validation).
Depth RCL 2019 (Calibration) 2020 (Validation)
(cm) (cm) R2(-) MAE (g/kg) RMSE (g/kg) NRMSE R2?(-) MAE (g/kg) RMSE (g/kg) NRMSE
- 0.90 5.47 6.12 7.90% 0.90 7.03 7.13 13.54%
30 0-20 0.85 10.54 12.32 14.68% 0.70 10.26 12.03 22.30%
60-80 0.88 8.81 9.51 11.82% 0.88 7.14 8.37 18.05%
0-20 and 60-80 0.82 13.96 15.79 18.16% 0.63 13.80 14.51 24.42%
- 0.90 4.68 5.71 7.36% 0.84 4.31 5.39 10.57%
100 0-20 0.85 13.81 14.99 16.97% 0.73 12.77 14.24 22.46%
60-80 0.87 6.97 8.58 10.85% 0.82 11.07 11.45 21.39%
0-20 and 60-80 0.82 16.64 17.88 19.76% 0.67 12.58 15.31 26.38%
- 0.90 8.42 8.97 10.70% 0.81 8.38 8.93 17.67%
120 0-20 0.84 12.72 14.26 16.14% 0.75 10.42 11.91 18.71%
60-80 0.87 13.56 14.45 16.48% 0.83 10.54 10.97 21.89%
0-20 and 60-80 0.82 14.52 16.78 18.75% 0.60 13.20 16.97 27.08%

Note: RCL, red clay layer; R?, coefficient of determination; MAE, mean absolute error; RMSE, root
mean square error; NRMSE, normalized root mean square error. Four treatments: no RCL, 0-20 cm
or 60-80 cm RCL, 0-20 cm RCL, and 60-80 cm RCL.
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3. Results and Analysis
3.1. Model Evaluation

Table 3 shows the calibration and verification results of the groundwater level
simulated by the model in the 12 experimental plots from 2019 to 2020. The R? value is
between 0.73 and 0.92, the MAE value is 5.06-19.12 cm, the RMSE is 5.83-20.15 cm, and
the NRMSE is 7.36-27.08%. This shows that the simulation accuracy of the DRAINMOD-
S model in hydrology meets the application requirements.

As shown in Table 4, the R? value of the existing 12 experimental plots is between 0.60
and 0.90 in 2019-2020, the MAE value is 4.31-16.64 g/kg, the RMSE is 5.39-17.88 g/kg, and
the NRMSE is 7.36-27.08%. The accuracy of the model simulation satisfied these
requirements; therefore, it can be applied to simulate soil water and salt transport in arid
regions containing RCL. By comparing the statistical results of each plot, we found that
the overall simulation accuracy of the model decreased as the distribution range of the
RCL increased in soils. The R? value of the model under the condition of no RCL was 0.81-
0.90, the R? value of the model under one layer of the RCL was 0.70-0.88, and the R? value
under two layers of the RCL was 0.6-0.82. This phenomenon may be related to the model
input parameters such as the soil water characteristic curve, soil saturated hydraulic
conductivity, and initial soil salinity. DRAINMOD is a quasi-two-dimensional model,
and, as a result, the soil properties of a profile are represented by a point of soil
parameters. In the case of more complex soil properties, it is more difficult to use the
average value of different soil layers to accurately represent the soil properties of each
layer, resulting in a decrease in the accuracy of the simulation. By comparing the
evaluation results of the plots with one layer of the RCL, it was found that the simulation
accuracy of the plots with a 60-80 cm RCL was higher than that of the plots with a 0-20
cm RCL. The average R? decreased from 0.86 to 0.79, and the average NRMSE increased
from 16.75% to 18.54%, indicating that the distribution position of the RCL in the profile
affected the fitting accuracy of the model. The closer the distribution position was to the
surface, the lower the simulation accuracy. The average R? value of each plot decreased
from 0.82 (0.8 m) to 0.80 (1.2 m) with an increase in the buried depth of the pipe, and the
buried depth of the pipe affected the accuracy of the simulation.

According to previous studies and this experiment, when calibrating the model
parameters, the most sensitive parameter was the soil lateral saturated water conductivity
[11], which, for each layer, was adjusted to within a reasonable range based on the soil
parameters measured in the laboratory. The lateral saturated water conductivity of the
RCL was much lower than that of the other soil layers, which showed that the RCL
reduced the water in the DRAINMOD-S model based on the hydrological equation. The
effects of soil conditions on water migration affected the precision of the model.
Compared with the simulation results of other studies, the accuracy of the model used in
this study was slightly lower. Pourgholam et al. evaluated DRAINMOD-S, and the R2
value of the model reached 0.93 [24]. Although the accuracy of the model decreased in this
study, the application conditions were satisfied.

3.2. Effect of the Different RCL Distributions on Subsurface Pipe Drainage

Using the simulation data of the modified DRAINMOD-S model combined with the
existing experimental plots, different subsurface pipes were classified according to their
distribution positions relative to RCL. The plot had no RCL distribution; the subsurface
pipes were located above RCL, the subsurface pipes were located between RCL, and the
subsurface pipe was located under the 0-20 cm RCL and under the 60-80 cm RCL in five
cases. The subsurface pipe simulation and measured drainage volume after each irrigation
in each plot from 2019 to 2020 are shown in Figure 2. Most of the measured subsurface
pipe drainage was slightly lower than the simulated drainage. This may be because the
model assumes that the process of infiltration from surface water into the subsurface pipe
and discharge from farmland is immediate during the simulated subsurface pipe drainage
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process. In this process, there is no other loss except for water loss that has been included
in the model, such as evaporation and transpiration. In the actual irrigation test, other
losses will inevitably occur during the process of water infiltration from the farmland into
the ground. This may be because the field land is uneven and the channel leaked during
the irrigation process. As a result, the actual water entering the test area is lower than the
design situation, so the actual measured drainage is slightly lower than the simulated
value. This figure shows that under the distribution conditions of various RCL for plots
with buried depths of 40, 50, and 60 cm, the water discharge was in the pattern of plots
between RCL < under RCL < above RCL <no RCL. For plots with burial depths of 80, 100,
and 120 cm, the displacement of plots under the 60-80 cm RCL was significantly higher
than that under the 0-20 cm RCL. These results indicate that RCL has an obstructive effect
on the drainage of water from the subsurface pipe; the wider the RCL is distributed and
the closer it is to the soil surface, the less water is discharged from the subsurface pipe.
The water displacement of the plot under the RCL was lower than that above the RCL
possibly because the subsurface pipe was located above the RCL, and water accumulated
above the RCL. More water was discharged through the subsurface pipe above the RCL,
causing water infiltration to decrease. When the subsurface pipe was located under the
RCL, some of the water that accumulated above the RCL left the soil via
evapotranspiration. The worse the water conductivity of the RCL, the more water
evapotranspiration is removed, and the remaining water slowly permeates through the
subsurface pipe and discharges.
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Figure 2. Simulated and observed subsurface pipe drainage volume of each plot from 2019 to 2020.
(RCL is the red clay layer).

The unit area water discharge of the subsurface pipe in each plot increased with
increasing burial depth, and the unit area drainage increment of each plot differed slightly
with increasing burial depth. When the buried depth increases from 40 cm to 60 cm, the
unit area water discharge increases by 11.6 mm (no RCL), 13.2 mm (under 0-20 cm RCL),
11.8 mm (above RCL), and 14.2 mm (between RCL). Increasing the burial depth increases
the drainage efficiency of the subsurface pipe. The lower the initial water discharge, the
greater the increase in water discharge and the more evident the increase in drainage
efficiency. This indicates that increasing the burial depth can weaken the ability of the
RCL to prevent water infiltration. In the case of the RCL distribution, the drainage
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efficiency of the subsurface pipe could be improved by increasing the pipe’s buried depth
to increase its displacement.

3.3. Effects of the Different RCL Distributions on Soil Salinity and Desalting Rate under
Subsurface Pipe Drainage

Figures 3 and 4 show the changes in salt content in different soil layers in each plot
and the soil desalting rate after each leaching during 2019-2020. As shown in Figure 3, the
simulated and measured values of salt in each soil layer of each plot showed similar trends,
and after two years of leaching, soil salinity in all soil layers in the plot with different
distributions of RCL decreased considerably. The salt content in the 0—60 cm soil layer in
the surface layer showed the most significant change and was accompanied by a slight
upward trend at intervals, which was related to evaporation during non-leaching. After a
slight increase in salt content, it decreased again under leaching, which was more evident
in the 0-20 cm soil layer. In the 60-100 cm soil layer, the salt content increased slightly in
the early stage of leaching and gradually decreased in the late stage of leaching in the first
year. In the early stages, soil salt infiltrated the deep soil with water, resulting in the
accumulation of salt in the deep soil. As the leaching continued, the water content
gradually increased. Salt migrated downward from 60 to 100 cm, gradually reducing the
salt content in the deep soil. After two years of leaching, the final mean soil salt content of
the 0-100 cm soil layer in 40, 50, and 60 cm plots was 6.50 g/kg (no RCL), <6.68 g/kg (above
RCL), <7.39 g/kg (under RCL), and <7.45 g/kg (between RCL). After two years of leaching,
the final average soil salt content of the 0-100 cm soil layer in 80, 100, and 120 cm plots
was 6.32 g/kg (under the 60-80 cm RCL) and <6.77 g/kg (under the 0-20 cm RCL). Water
displacement was observed above, as the initial profile of each plot had a very similar salt
content. Subsurface pipe drainage, the only drainage method used in this experiment,
dissolves salt in water and drains through the subsurface pipe. The more water
discharged, the more salt was carried in the water, and the more evident the decrease in
the soil salt content.
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Figure 3. Changes in soil salt content in each soil layer of each experimental plot were simulated
and observed during 2019-2020. (RCL is the red clay layer).
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Figure 4. Simulated values of soil desalination rate in each soil layer after each irrigation in each
experimental plot from 2019 to 2020. (RCL is the red clay layer; D is the subsurface pipe depth).

By comparing the soil desalting rates of each layer in each plot, we found that the
desalting rate of each plot increased with increasing burial depth of the subsurface pipe.
The average soil desalting rates of the 0-100 cm soil layer in each plot at different burial
depths were 6.29% (40 cm) < 6.52% (50 cm) < 6.61% (60 cm) < 6.92% (80 cm) < 7.20% (100
cm) < 7.53% (120 cm). The desalting rates of the different soil layers in each plot were
analyzed, and it was found that the rate gradually decreased with increasing depth. The
lowest average desalting rate was 18.42% in the soil layer 0-20 cm in all plots, whereas the
maximum average desalting rate in the soil layer 80-100 cm was 0.62%. The deeper the
soil layer, the worse the leaching effect of the subsurface pipe. Subsurface pipes are more
favorable for salt removal from the topsoil. After seven washes over two years, the average
soil desalting rate of the 0-100 cm soil layer in the plots with different RCL distribution
locations and the same burial depth was as follows: no RCL > above RCL > under RCL >
between RCL. At the same burial depth, the soil desalting rate of the subsurface pipe plot
at 60-80 cm RCL was higher than that of the subsurface pipe plot at 0-20 cm RCL.
Simultaneously, the desalting rate of the soil layers in the plots with RCL was generally
lower than that of the corresponding soil layers in the communities without RCL.
However, the desalting rates of plots with burial depths of 40, 50, and 60 cm, located above
the 60-80 cm RCL, were slightly different. The two-year average soil desalination rate of
the 20-60 cm soil layer in the 60-80 cm RCL plot was higher than that of the 20-60 cm soil
layer in the non-RCL plot (5.66% > 5.57%). The two-year average soil desalination rate of
other soil layers in the 60-80 cm RCL plot was lower than that of the corresponding soil
layers in the non-RCL plot (7.93% < 8.01%). This may be because, after most of the
irrigation water accumulated above the RCL, a large amount of salt dissolved in the water
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and drained the soil along the subsurface pipe, resulting in a more evident leaching effect
of salt in the upper layer. The 0-20 cm soil layer was located on the surface, and the
retention time of water in this layer was short. Moreover, evapotranspiration causes salt
accumulation in this layer, which makes it less affected by the RCL. In conclusion, the soil
desalting rate of the plot increased with the increasing burial depth of the subsurface pipe.
When the subsurface pipe was located above the RCL, the desalting effect was better than
when the subsurface pipe was located under the RCL, and the closer it was to the top of
the RCL, the better the soil salt leaching effect. When the RCL was distributed above and
below, a soil-desalting effect was observed.

4. Discussion
4.1. Effect of the RCL Distribution on Soil Moisture

Many studies on water transport laws in soil, such as subsurface pipe drainage and
subsurface water level, have been conducted, but the majority have focused on
homogeneous soil. The field soil conditions used in this study differ slightly from those
reported in previous studies. The naturally high water retention and low water
conductivity of the RCL were similar to those of the addition of a weakly permeable layer
to the soil profile. As a result, the infiltration rate of water decreases considerably,
resulting in a difference between the change in water in the soil and that without RCL
[39,40]. The buried depth of a drainpipe is a crucial factor that affects its drainage capacity.
In this study, based on the RCL distribution, the DRAINMOD-S model was used to study
the water and salt transport laws under different RCL distributions and subsurface pipe
burial depths. According to the design, the RCL was distributed in different positions
relative to the subsurface pipe, and increasing the buried depth of the subsurface pipe
increased the drainage water of the subsurface pipe. This was the same as the drainage
law without RCL distribution [16,41], further explaining that the buried depth of the
subsurface pipe has a considerable impact on the drainage efficiency of farmland. The
presence of the RCL had a significant influence on the drainage of the subsurface pipe,
with the zone containing two layers of the RCL having the lowest drainage. Each
additional, weakly permeable layer inevitably further affected the drainage efficiency of
the subsurface pipe.

When comparing plots with the same burial depth, the water displacement of the
RCL located under the subsurface pipe was 1.29 cm? lower than that of the RCL located
above the pipe over the two years, which was different from the results of Liu et al. [42].
In their study, the drainage rate when the dark pipe was located under RCL was 1.23-1.64
times that when the subsurface pipe was located above RCL. The buried depth of the
subsurface pipe in their study was 65 cm, which is similar to the buried depth of the
subsurface pipe in this study. This difference in results can be explained by the fact that
the test was conducted indoors. Evaporation in the room was much lower than that in the
test area (annual evaporation of 2172.5 mm). When water accumulated above the RCL, the
water storage depth remained in an area that was greatly affected by evaporation. There
was high evaporation in the field, and the rest of the water was either discharged into the
subsurface pipe above the RCL, or it penetrated through the RCL into the deep soil. If the
pipe was under the RCL, the time taken for water to enter the pipe was prolonged by the
influence of the RCL; during the evaporation of water, it greatly increased.

4.2. Effect of the RCL Distribution on Soil Salinity

As salt follows water, the law of soil salt migration is similar to that of water
migration under the soil conditions of each plot. When the buried depth of the subsurface
pipe increased, the water flux through the subsurface pipe increased, thereby improving
the drainage efficiency. Desalting affected the soil profile above the subsurface pipe,
which was similar to the results reported by Yang et al. [43], although the desalting rate of
the RCL was relatively low [44]. The RCL not only reduced the drainage efficiency, but
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also reduced the desalting effect of the subsurface pipe, and the salt was hindered by the
RCL [45]. The soil desalting rate was in the order of RCL < under RCL < above RCL < no
RCL. This rule differs from the results of Liu et al. regarding the salt discharge rate of
subsurface pipes under different RCL distributions [42]. When the pipe was located under
the RCL, the water carried away by evaporation caused more salt to accumulate at the top
of the soil, thus reducing the soil desalination rate. Upon further analysis of the desalting
rate of each soil layer, it was found that in the drainage pipes above the 60-80 cm RCL
plot, the average of the two-year desalting effect in the 20-60 cm soil layer was
considerably better than that of the other layers and was slightly higher than the
corresponding depth in the no-RCL plot soil. At the same buried depth as the subsurface
pipe, the soil desalting rate at 60-80 cm RCL was higher than that at 0-20 cm RCL. The
shallower the distribution of the RCL, the less water enters the soil and evaporates into
the atmosphere; therefore, the worse the leaching effect of the soil.

In this study, DRAINMOD-S was successfully used to simulate water and salt
transport under complex soil conditions under subsurface drainage conditions. The value
of R? was 0.60-0.90, which proved that DRAINMOD-S was applicable under this
condition. Similar to the results of Pourgholam-Amiji et al., DRAINMOD-S has higher
simulation accuracy and better performance than AquaCrop, especially under high salt
content conditions [24]. Compared with the SWAGMAN Destiny model, DRAINMOD-S
is a quasi-two-dimensional model with a wider range of simulation. SWAGMAN Destiny
is a point model. Although its accuracy in simulation can also meet the requirements of
use, reaching more than 0.5, it has a greater limitation in the spatial simulation analysis of
salt, which will bring difficulties to related research [44]. The HYDRUS model is now
widely used and has a wide range of applications. It performs well in irrigation
experiments with different soil textures [5,43]. However, DRAINMOD-S requires fewer
input parameters when simulating subsurface drainage, and the data are easier to obtain
[24]. And the simulation results of different soil textures are good, which is similar to the
results of this study. This is mainly because DRAINMOD-S is software developed for
subsurface drainage. This advantage is that other models cannot be replaced in subsurface
simulation. Under comprehensive consideration, the DRAINMOD-S model can be given
priority in the simulation of subsurface pipe under complex soil conditions.

In conclusion, for an area with an RCL and high evaporation, the laying depth of the
subsurface pipe should be greater than the designated depth with no RCL. When RCL is
distributed in the shallow crop root layer, the RCL distributed in the surface layer should
be broken by deep ploughing and other methods before improvement or cultivation,
which is more conducive to improving the leaching effect of salt [46,47]. When the buried
depth of the subsurface pipe is relatively shallow, it should be arranged as far above the
RCL as possible according to the local soil conditions, which is conducive to a greater
discharge of salt from the soil. Alternatively, other improvement methods should be
combined with subsurface pipe drainage to achieve greater drainage effects.

5. Conclusions

In this study, the laws of water and salt migration under different RCL distributions
and different buried depths of subsurface pipes were discussed, providing a technical
reference for the improvement of subsurface pipes under similar soil conditions around
the world. The main conclusions are as follows:

(1) The area and buried depth of the RCL in the profile affect the accuracy of the model
simulation. The calibrated R?, MAE, and RMSE values were 0.60-0.90, 4.31-16.64 cm,
and 5.39-17.88 cm, respectively. The NRMSE ranged from 7.36% to 27.08%, and
DRAINMOD-S could be used to simulate and predict water and salt transport in the
soil.
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(2) Inthe presence of the RCL, the drainage and salt discharge of the subsurface pipe can
be increased by increasing the buried depth of the subsurface pipe to improve the
soil desalination rate.

(3) Under the same buried depth of the subsurface pipe, the amount of drainage and salt
discharge when the subsurface pipe is located above the RCL is greater than that
when the subsurface pipe is located below the RCL, and the desalination effect is the
worst when the RCL is distributed above and below the subsurface pipe
simultaneously. The shallower the RCL, the worse the salt drainage effect of the
subsurface pipe.
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