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Abstract: Stalk composite pipe (SCP), a novel product used for subsurface irrigation, is primarily
composed of crop stalks, soil, and water. In subsurface SCP irrigation (SSI), comprehending the
effects of burial furrow parameters on soil water movement is critical. However, the precise effects
are not known. Here, we aimed to assess the effects of varying burial furrow dimensions, including
widths of 15, 20, and 25 cm, depths of 10, 15, and 20 cm, and backfilling-soil bulk densities of 1.1,
12,and 13 g cm—3, on wetted distance and soil water movement. We conducted an indoor soil bin
experiment and numerical simulation using HYDRUS-2D in 2020-2021 in Zhengzhou City, Northern
China. Wider burial furrows resulted in increased wetted distance and soil water content, ultimately
leading to greater effect in a horizontal direction. In the horizontal profile, the average soil water
content of the SSI treatments, which used burial furrow widths of 15, 20, and 25 ¢m, were 1.121, 1.230,
and 1.280 times higher, respectively, than those of CK. The burial furrow depth had minimal effect
on the wetted distance, whereas adjusting the burial furrow depth primarily affected the saturation
depth. The speed of wetting-front migration was affected by the backfilling-soil bulk density. For a
given soil and crop, it is advisable to determine first the burial furrow width and backfilling-soil bulk
density. Subsequently, the burial furrow depth should be established based on the distribution of the
crop’s roots. Our findings offer a scientific basis for using SSI.

Keywords: stalk composite pipe; burial furrow parameters; wetted distance; soil water movement;
subsurface SCP irrigation

1. Introduction

Water scarcity in China has reached critical levels due to a combination of global
climate change and rapid population growth. This crisis has had a profound effect on
the agricultural sector, the largest consumer of water in China [1,2]. In recent years,
China’s annual shortage of irrigation water has exceeded 3 billion m? [3]. Furthermore,
the distribution of water resources in China is highly uneven, and climate change is
exacerbating droughts in agriculture. Therefore, improving the efficiency of farmland
irrigation is imperative to address water scarcity and ensure food security. At present, the
utilization coefficient of irrigation water in China is only 0.568, far below 0.8, the value in
developed countries [4,5].

To alleviate agricultural water scarcity and ensure food security, the Chinese gov-
ernment has implemented policies aimed at promoting the development of water-saving
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irrigation technologies since 2005. In the No. 1 Central Document of 2011, it was pro-
posed that CNY 4 trillion would be invested in the construction and development of water
conservancy projects between 2010 and 2020 [6,7]. The State Council promulgated the
“Regulations on Farmland Water Conservancy” in 2016, in which high-efficiency water
saving was one principle for practicing agricultural water conservation. Promoting water-
saving irrigation technologies was also encouraged [8]. In the “Implementation Plan for
Adding 6.67 million hm? of High-efficiency and Water-saving Irrigation Areas during the
13th Five-Year Plan Period” issued by the Ministry of Water Resources in 2017, the amount
of land under drip irrigation was specifically stated as 2.61 million hm? [9]. According
to the requirements stipulated in the Central Document No. 1 of 2021, the MWR and
the National Development and Reform Commission jointly issued the “Implementation
Plan for Major Agricultural Water Saving and Water Supply Projects during the 14th
Five-Year Plan”, which stated that water-saving irrigation technologies should be strongly
supported [10]. These policies propelled China to embark upon unprecedented reforms
in modernizing agricultural irrigation, leading to the widespread adoption of various
high-efficiency water-saving irrigation technologies.

Subsurface drip irrigation (SDI) is a water-efficient irrigation technology that uses
buried drip pipes [11,12]. This methodology prevents surface evaporation and aids soil
moisture conservation, resulting in significant advantages for water conservation and yield
enhancement [13-15]. Compared to surface drip irrigation, SDI can reduce water usage by
23% while maintaining the same citrus yield [16]. Furthermore, research has shown that
SDI has the potential to increase wheat yield by 12% and improve water-use efficiency by
20% compared to flood irrigation [17]. In Northern China, SDI yielded significantly higher
winter wheat and summer maize crops compared to surface drip irrigation, partial root
zone irrigation, and flood irrigation technologies [18]. Nevertheless, two issues affect the
application of SDI: outlet clogging resulting from mud suction and root invasion [19-22]
and difficulties in recycling SDI pipes [23]. These issues have impeded the widespread
adoption of SDL

Crop stalk production in China amounts to about 800 million tons annually, which
represents approximately 25% of global stalk production [24]. The rise in grain production
has led to an increase in stalk production, resulting in an oversupply of stalks. This has
further led to resource waste and environmental pollution due to the improper use of
these stalks [25-27]. To address this issue, China has implemented policies to encourage
the use of stalks as fertilizer, feed, fuel, and base and raw materials [28]. Among these,
fertilizer constitutes roughly 60% of stalk usage [28,29]. Returning stalks to farmland
as fertilizer is the primary approach, enhancing soil structure, increasing soil nutrient
levels, and facilitating species diversity within the soil microbial community [30,31]. The
decomposition of stalks increases crop yields by 4.025-10.57% and water-use efficiency by
2.87-12.25% as they release essential nutrients such as nitrogen, phosphorus, and potassium
for crop growth [4]. Furthermore, returning stalks to farmlands has boosted surface soil
organic carbon reserves in Northern China by 11% 14 years after their introduction [32],
highlighting their importance in carbon reduction and sequestration in agriculture.

However, direct return of stalks poses several challenges. First, there is a low seed
germination rate due to the large number of shallowly buried stalks that create a poor
soil-stalk mixture [33,34]. Second, microorganisms require specific amounts of carbon,
nitrogen, and moisture to decompose the stalks, which results in competition with crops
for water and fertilizer [31,35]. Finally, returning crop stalks directly to the soil increases
the risk of pests and diseases, as they may contain viruses and insect eggs [36,37]. These
negative impacts have hindered the promotion and application of the practice in farmland.

To address these issues, Wu, et al. [38] created the stalk composite pipe (SCP), a novel
subsurface irrigation product that integrates the characteristics of stalks and SDI. Fresh
maize stalks, soil, and water are used to make SCP, which excels in water delivery and
infiltration [39]. Subsurface SCP irrigation (SSI) refers to the use of SCPs for subsurface
irrigation. A previous study established the optimal stalk—soil-water mix proportion for
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SCPs [38]. Indoor experiments showed a linear correlation between working pressure and
SCP infiltration rate [40]. In field experiments, the effects of stalk ratio and pipe length on
hydraulic properties, including outflow, infiltration rate, and irrigation uniformity, were
investigated. The results showed that a stalk ratio of 5% to 7% results in optimal outflow
and irrigation uniformity [41].

In SSI, the parameters of burial furrows are significant factors that affect the movement
of soil water. However, no comprehensive study has yet assessed the precise effects of these
parameters on soil water movement. In this study, using experimental data from indoor soil
bin experiments, we analyzed the effects of burial furrow width, depth, and backfilling-soil
bulk density on soil water movement by employing the HYDRUS-2D model. Our study
provides a theoretical foundation for promoting and applying SSIL

2. Materials and Methods
2.1. Laboratory Experiment

Laboratory experiments were conducted at Henan Key Laboratory of Water-Saving
Agriculture, North China University of Water Resources and Electric Power, Zhengzhou
City, Henan Province, North China Plain (34°72" N, 113°65’ E). The physical properties of
the experimental soil are presented in Table 1. The experimental equipment comprised a soil
bin, SCP, Mariotte bottle, and an adjustable height bracket (Figure 1a). The experimental soil
bin comprised acrylic plates (100 cm in length, 100 cm in width, and 100 cm in height). The
experimental soil was passed through a 5 mm sieve, air-dried, and placed at every 10 cm in
the soil bin to achieve a bulk density of 1.35 g cm 2. The surface of each repacked layer was
roughened to obtain homogeneous hydraulic properties. The initial soil water content of
the air-dried soil was 0.09 cm 3. The SCP was an irrigation pipe (28 mm inner diameter and
60 mm outer diameter) with combined features of water transfer and infiltration, invented
by our group (Figure 1b). At present, there is only one diameter for SCPs. The Mariotte
bottle acted as the SCP irrigator.

Table 1. Physical properties of the experimental soil.

Soil Properties Values

Soil type Sandy loam

Bulk density 1.35gcm™3

Initial water content 0.09 cm? cm 3
Sand fraction (0.02-2 mm) 46.11%
Silt fraction (0.002-0.02 mm) 38.33%
Clay fraction (<0.002 mm) 15.56%
S T ves.

/ Backfilling soil

Stalk composite

Figure 1. Diagram of subsurface SCP irrigation system.
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Our previous findings suggested that the hydraulic performance of SCPs was the
best when stalks were added at 5~7% [41]. In this study, the SCPs were composed of
7%, 71%, and 22% of stalk, soil, and water, respectively. The flow rate of the SCP was
11.486 L/ (h-m) under conditions of a 50 cm working pressure head. The irrigation time for
each experimental treatment was 3 h and the irrigation water volume was about 34 L.

Following the water supply, the wetted distance (vertically downward and horizontal)
was recorded at 3, 15, 30, 60, 120, 180, 240, 300, and 720 min under a Cartesian coordinate
system centered at the SCP. The soil water content was measured using the oven dry
method. After irrigation (24 h), soil samples were collected at depths of 0, 10, 20, 30, and
40 cm from the soil surface and laterally at 10, 20, and 30 cm from the SCP (Figure 2).

@ Stalk composite pipe Stalk composite pipe
X Sampling sites for soil water content 100 5
_| Soil surface ® » x X i
-20 X X X ) 60 —
=] X X X N = X X X
g >
5 40 1 X X X 40 -
N - -
-60 20 X X X
-80 L L L I L B L 0 L L [ ) e e |
-40  -20 0 20 40 40  -20 0 20 40
X (cm) X (cm)
(a) (b)

Figure 2. Diagram of sampling sites for soil water content. (a) represents sampling sites in the vertical
soil profile, and (b) represents sampling sites in the horizontal soil profile.

2.2. Treatments

A soil bin experiment was conducted to investigate the effect of burial furrow parame-
ters on soil water content under SSI. Burial furrow parameters, including width, depth, and
backfilling-soil bulk density, were examined (Table 2). A control group (CK) that received
moistube irrigation was established. Each treatment was replicated three times.

Table 2. Detailes of treatments on burial furrow parameters.

Treatments Bulk Density of  Backfilling-Soil Bulk  Burial Furrow Burial Furrow
SCP (g cm—3) Density (g cm—3) Depth (cm) Width (cm)
T1 1.45 1.1 10 15
T2 1.45 1.1 10 20
T3 1.45 1.1 10 25
T4 1.45 1.1 15 25
T5 1.45 1.1 20 25
T6 1.45 12 10 20
T7 1.45 1.3 10 20
T8 1.45 1.3 20 15
CK Moistube 1.35 10 15
2.3. Methods

2.3.1. Experimental Design

All treatments were simulated using HYDRUS-2D software (https:/ /www.pc-progress.
com/en/Default.aspx, accessed on 3 January 2024 ). Because the flow of water under SSI
was a line source, soil water movement during the infiltration and redistribution periods
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could be considered a two-dimensional problem. Assuming water flow in a homogenous
and isotropic soil, the following Richards equation is the governing equation:

2= 2k 2] + 2 ko3 + k] )

where g is the volumetric water content (cm3 cm™3), t is the time (min), & is the soil water
pressure head (cm), r is the horizontal coordinate (cm), z is the vertical coordinate (cm), and
K is the unsaturated hydraulic conductivity (cm min~1).

The soil hydraulic properties were modeled using the van Genuchten equation.

0, + —%5=0 _ h<o

05 ’ h 2 0
2
K(h) = KsSL[1— (1-st/m)"] 3)
6-6, . 1
So=g g m=1-1 @

where g; is the saturated water content (Crn3 cm ™3 ), gr is the residual water content
(cm® cm~3), K; is the saturated hydraulic conductivity (cm min~1); S, is the effective
saturation, and a, m, n, and ! are the empirical coefficients that affect the shape parameters
of the hydraulic functions.

The observed values—horizontal and vertically downward wetted distances and soil
water content at the observation points—for treatments of T4, T6, and T8 were used for
comparative analysis against the simulated values. The parameters of the characteristic
curve were then repeatedly calibrated until the appropriate parameters were obtained. The
hydraulic properties of the soils were initially estimated using Neural Network Prediction.
The hydraulic properties of the soils considered in the HYDRUS simulations are presented
in Table 3.

Table 3. Hydraulic properties of soils considered in the HYDRUS simulations.

Soil Bulk Density qr qs a N K; L

(g cm—3) (cm3 cm—3) (cm® cm—3) (cm™1) -) (cm min—1) -)
Undisturbed soil 1.35 0.0739 0.4299 0.0062 1.6086 0.0112292 0.5
1.1 0.0800 0.4949 0.0059 1.6192 0.0438472 0.5
Backfilling soil 1.2 0.0775 0.4673 0.0059 1.6209 0.0255833 0.5
1.3 0.0751 0.4420 0.0061 1.6151 0.0147431 0.5
SCP 1.45 0.0712 0.4064 0.0066 1.5856 0.0066458 0.5

2.3.2. Transport Domain: Initial and Boundary Conditions

The geometry module in HYDRUS was used to construct the simulation domain.
The transport domain (50 cm wide and 80 cm deep) for all treatments was considered
axisymmetric around a vertical axis, so we used one side for the simulation (Figure 3). It was
discretized into 1626 nodes and 3112 2D elements. In all simulations, the bottom boundary
of the transport domain and both sides of the vertical boundaries were defined as no-flux
boundaries, whereas the upper boundary of the transport domain was described as an
atmospheric boundary. The SCP was located on the left vertical boundary of the transport
domain, and it was described as a constant head boundary during the infiltration period.
The SCP boundary was changed to a no-flux boundary during the redistribution period.
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Figure 3. Boundary conditions.

2.3.3. Model Accuracy Test

The simulated model was evaluated using the coefficient of determination (R?), Nash—
Sutcliffe efficiency (NSE), root mean square error (RMSE), and RMSE-observation standard

deviation ratio (RSR) [42,43].

N N N
NY O0iSi— (X 0:)(¥L Si)
Rz _ i=1 i=1 i=1 (5)
N N 2 N N 2
J NY 02— (X O | [NL S*—( s»]
i=1 i=1 i=1 i=1
¥ (0 5)?
NSE=1— 1;1 — (6)
;1 (Gi = 0)
1Y 5
RMSE = NZ (0; —S)) 7)
i=1
N
LT (0i—8;)
Rsg — _RMSE  _ v ) q
- STDEV,,, N ., ®
%El (0;—-0)

where O; is the observed values, S; is the simulated values, O is the mean of the observed
values, S is the mean of the simulated values, and N is the total number of observed values.
The evaluation criteria of the model performance [44,45] are shown in Table 4.

Table 4. The evaluation criteria of model performance.

Evaluation Results R? NSE RSR
Very good (0.7,1.0] (0.75, 1.0] (0,0.5]
Good (0.6,0.7] (0.65, 0.75] (0.5, 0.6]
Satisfactory (0.5, 0.6] (0.5, 0.65] (0.6, 0.7]

Unsatisfactory (0,0.5] (~o0, 0.5] (0.7, +o0]
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3. Results
3.1. Model Accuracy

The model parameters were calibrated and verified using the experimental data of T4,
T6, and T8. Comparison of the simulated and observed wetted distances under different
treatments is shown in Figure 4. It showed that the points, whose coordinates were the
simulated and observed values of the wetted distances, were all distributed near the 1:1 line.
Thus, the simulated results agreed with the experimental results. Then, R?, NSE, and RSR
were calculated for horizontal and vertically downward wetted distances and soil water
content (SWC), respectively. The model simulated results are presented in Table 5. Based
on the evaluation criteria, R? was “very good” (>0.9 in all cases), whereas NSE and RSR
ranged from “very good” to “good” (except for the horizontal wetted distance of T8). The
observed and simulated values were consistent. Therefore, the SSI model (based on the
HYDRUS model) was highly accurate and reliable in simulating the soil water movement.

50 50 50
@ e )
£ 401 g 40 d § 404
2 30, 230 . 2 30 »
E E - B
220 220 ) 220 -
g g p g .
=101 =10 =104

0 . x 0 r . x T 0 T - x .
0 10 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Observed value (cm) Observed value (cm) Observed value (cm)

50 50 50
@ e o
£ 401 £40 £ 401
Py . = Py
73 301 - T§ 30 ;-. ‘;3 301 -
o 3 u 3 =
£ 201 £20 L] £ 201 N
= = - = u
g 10 g €104
=10 o =10 (= =10 u

0 - . 0 . . x r 0 r - . .
0 10 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Observed value (cm)

Observed value (cm)

Observed value (cm)

Figure 4. Simulated and observed values of the wetted distance. (a—c) represent horizontal wetted
distances of T4, T6, and T8, respectively; (d—f) represent vertical wetted distances of T4, T6, and
T8, respectively.

Table 5. Statistical analysis of the observed and simulated values.

Model Performances

T
Treatment ypes R? NSE RSR
Horizontal wetted distance from SCP 0.979 0.944 0.238
T4 Vertical wetted distance from SCP 0.974 0.726 0.524
SWC 0.917 0.839 0.402
Horizontal wetted distance from SCP 0.983 0.882 0.344
T6 Vertical wetted distance from SCP 0.978 0.755 0.495
SWC 0.970 0.927 0.270
Horizontal wetted distance from SCP 0.944 0.562 0.662
T8 Vertical wetted distance from SCP 0.945 0.723 0.526
SWC 0.920 0.814 0.431
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3.2. Effect of Burial Furrow Width on Soil Water Movement
3.2.1. Effect of Burial Furrow Width on Wetted Distance

The wetted distances in the horizontal and vertically downward directions for various
burial furrow widths are depicted in Figure 5. The wetted distance expanded as the burial
furrow width increased. Furthermore, with an increase in irrigation time, the disparity
between the wetted distances under varying burial furrow widths grew. As the burial
furrow width increased, the vertical wetted distance did not considerably change during
the water infiltration period. However, it increased during the water redistribution period.
The disparities in the vertically downward wetted distance during water redistribution
were attributed to the varying amounts of water held in distinct burial furrow widths.

(b)

50 50
2 Infiltration | Redistribution Infiltration | Redistribution
S I g |
o 2
Q 40 1 I o 40 4 I
wn | : a | "
g o
) | ° £ | =
&= A b u X I .
830 o u < 30 ] 4 ¢ X
g 6 M x X g ,]) =
2 = X g "X
= ]

B20{ ¢ x ! 3 20- x ¥
° | i3 . |
2 o X | g x I
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g 101% ' S104x I
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Figure 5. Wetted distance for different burial furrow widths. (a) represents the horizontal direction
and (b) represents downward direction.

After 3 h of irrigation, the horizontal wetted distance increased by 14.34%, 25.78%,
and 35.49%, whereas the vertical wetted distance increased by 14.34%, 20.37%, and 20.37%,
compared to CK, when the burial furrow width was 15, 20, and 25 cm, respectively. During
the water redistribution period, which occurred after 12 h, the wetted distance for burial
furrows with widths of 15, 20, and 25 cm increased by 13.06%, 21.26%, and 28.45% in the
horizontal direction, respectively. In the vertical direction, the wetted distance increased by
10.86%, 16.47%, and 22.18%, respectively, when compared with CK. The results indicated
that using a wider burial furrow improved the speed of wetting-front migration, resulting
in longer wetted distances, particularly in the horizontal direction.

3.2.2. Effect of Burial Furrow Width on Soil Water Distribution

The soil water content was measured after 24 h of irrigation. The characteristics of soil
water distribution along the SCP’s horizontal and vertical profiles are shown in Figure 6. A
greater burial furrow width meant a larger wetted range and higher soil saturation near
the SCP, and vice versa. In addition, the SWC under SSI was significantly greater than
that of CK. In the horizontal profile, the average SWC of CK was 19.33%. The average
SWCs of the SSI treatments using different burial furrow widths of 15, 20, and 25 cm were
1.121, 1.230, and 1.280 times higher than that of CK, respectively. In the vertical profile, the
average SWC of CK was 18.39%. The corresponding ratios in the vertical profile were 1.080,
1.117, and 1.141 times higher, respectively. These results indicated that increasing burial
furrow width could increase the SWC in the horizontal direction. It is worth noting that
soil water content changed abruptly at the pipe—furrow—soil junction. The non-continuity
in soil water content was caused by bulk density. In this study, the bulk density of the SCP,
backfilling soil, and undisturbed soil are 1.45 g cm 2, 1.1-1.3 g cm 3, and 1.35 g cm 3,
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respectively. The saturated water content of the soil is related to the bulk density, i.e., the
lower the bulk density, the higher the saturated water content.

0.35 SWC (cm® cm™)
E— \%1?22;3 cm 005 010 015 020 025 030 035
1dth=20 cm 1 1 1 1 1
4 0
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Figure 6. Soil water distribution along the SCP’s horizontal and vertical profiles under different
burial furrow widths.
The SWC distribution of horizontal and vertical profiles located at varying distances
from the SCP is shown in Figure 7. The wetted areas under SSI were significantly larger
than those under moistube irrigation. Furthermore, the greater burial furrow width meant a
larger wetted range and higher soil saturation near the SCP, and vice versa. With increasing
burial furrow width, the SWC increased more in the horizontal direction than that in the
vertical direction. This indicated that increasing the burial furrow width mainly increased
the SWC and wetted range in the horizontal direction.
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Figure 7. Soil water distribution in horizontal and vertical profiles located at varying distances from
the SCP, with different burial furrow widths. (a—c) Horizontal profile at (a) 20 cm, (b) 30 cm, and
(c) 40 cm from the surface. (d-f) Vertical profile at (d) 20 cm, (e) 30 cm, and (f) 40 cm from the SCP.

3.3. Effect of Burial Furrow Depth on Soil Water Movement
3.3.1. Effect of Burial Furrow Depth on Wetted Distance
The wetted distances (horizontal and vertically downward) were measured at various

heights of burial furrow depths and their characteristics are shown in Figure 8. The wetted
distance for SSI was greater than that for CK. After 3 h of irrigation, compared with the
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Horizontal wetted distance from SCP (cm)
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20 cm burial furrow depth, the horizontal wetted distance under the 10 cm and 15 cm
depths increased by 4.57 and 1.58 cm, respectively, whereas the vertical wetted distance
increased by 2.2 and 1.1 cm, respectively. During the water redistribution period, after 12 h,
the horizontal and vertical wetted distances were observed under different burial furrow
depths. Results indicated that the horizontal wetted distances at 10 cm and 15 cm depths
were greater than that of the 20 cm depth by 2.93 and 1.75 cm, respectively. Likewise, the
vertical wetted distances were greater by 3.73 and 0.98 cm, respectively. Although the wet-
ted distance decreased as the burial furrow depth increased, the reduction was insignificant.
Consequently, the burial furrow depth had a minor effect on the wetted distance.
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Figure 8. Wetted distances for different burial furrow depths. (a) represents the horizontal direction
and (b) represents downward direction.

3.3.2. Effect of Burial Furrow Depth on Soil Water Distribution

The soil water distribution characteristics of the SCP’s vertical and horizontal profiles
at different burial furrow depths are depicted in Figure 9. Following 24 h of irrigation,
there was minimal variance in the average SWC in the horizontal profile within the range
of 25 cm from SCP. Beyond 25 cm from the SCP, SWC decreased with increasing burial
furrow depth. In the horizontal profile, the wetted distance reached the surface for all three
burial furrow depths. In the vertically downward direction of the soil column, the depth of
soil saturation increased as the burial furrow depth increased. In the horizontal profile, the
average SWCs of the three burial furrow depths were 1.280, 1.273, and 1.259 times greater
than that of CK. In the vertical profile, the ratios were 1.141, 1.218, and 1.289. Therefore,
the burial furrow depth had a minor effect on SWC in the horizontal direction, primarily
affecting the saturation depth.

Under different burial furrow depths, the characteristics of soil water distribution at
horizontal and vertical profiles located at varying distances from the SCP are shown in
Figure 10. No significant change was observed in the mean SWC in areas within 20 cm
from the surface. Beyond 20 cm from the surface, the SWC increased with increasing burial
furrow depth. However, the changed in SWC between 20 and 30 cm from the surface were
small. Increasing burial furrow depths had a greater effect on the vertical wetted depth but
a smaller effect on the horizontal soil water content.
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Figure 10. Soil water distribution at horizontal and vertical profiles located at varying distances from
the SCP, with different burial furrow depths. (a—c) Horizontal profile at (a) 20 cm, (b) 30 cm, and
(c) 40 cm from the surface. (d—f) Vertical profile at (d) 20 cm, (e) 30 cm, and (f) 40 cm from the SCP.

3.4. Effect of Backfilling-Soil Bulk Density on Soil Water Movement
3.4.1. Effect of Backfilling-Soil Bulk Density on Wetted Distance

Changes in the wetted distance (both horizontally and vertically) over time are pre-
sented in Figure 11. After irrigating for three hours, the horizontal wetted distance saw
increases of 14.56%, 10.72%, and 0.04% as the backfilling-soil bulk density increased from
1.1 to 1.3 g cm 2 when compared to the control (CK). Similarly, the vertical wetted distance
saw increases of 20.37%, 13.41%, and 0% under the same conditions. During the water
redistribution period, after 12 h, the horizontal wetted distance increased by 13.06%, 8.94%,
and 3.23% and the vertical wetted distance increased by 16.47%, 10.86%, and 0% when
the backfilling-soil bulk density reached 1.1, 1.2, and 1.3 g cm 3, respectively, compared
to CK. The results demonstrate that the wetted distance declined as the bulk density of
the backfilling soil increased. This effect was more prominent in the vertical direction
compared to the horizontal direction. The backfilling-soil bulk density primarily affected
the migration speed of the wetting front. Specifically, a higher backfilling-soil bulk density
resulted in a slower migration speed of the wetting front.
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Figure 11. Wetted distance for different backfilling-soil bulk densities. (a) represents the horizontal
direction and (b) represents downward direction.

3.4.2. Effect of Backfilling-Soil Bulk Density on Soil Water Distribution

The soil water distribution characteristics along the horizontal and vertical profiles
of the SCP under distinct backfilling-soil bulk densities are presented in Figure 12. The
average SWCs for backfilling-soil bulk density values of 1.1, 1.2, and 1.3 g cm ™3 in the
vertical profile were 1.230-, 1.154-, and 1.065-fold greater than that in CK. In the horizontal
profile, these values were 1.117-, 1.065-, and 1.009-fold higher, respectively. The results
suggest that soil water distribution in both horizontal and vertical profiles is affected by
the backfilling-soil bulk density. As the backfilling-soil bulk density increased, the SWC in
both profiles decreased.
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Figure 12. Soil water distribution along the SCP’s horizontal and vertical profiles under different
backfilling-soil bulk densities.

Figure 13 illustrates soil water distribution characteristics at different distances from
the SCP under different backfilling-soil bulk densities. The SWC decreased with an in-
creased bulk density of the backfilling soil at depths of 20, 30, and 40 cm in the vertical
profile. In the horizontal profile, the SWC at depths of 20, 30, and 40 cm from the SCP
decreased with an increasing bulk density.
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Figure 13. Soil water distribution at horizontal and vertical profiles located at varying distances from
the SCP, with different backfilling-soil bulk densities. (a—c) Horizontal profile at (a) 20 cm, (b) 30 cm,
and (c) 40 cm from the surface. (d—f) Vertical profile at (d) 20 cm, (e) 30 cm, and (f) 40 cm from
the SCP.

4. Discussion
4.1. Effect of Burial Furrow Parameters on Soil Water Movement under Subsurface SCP Irrigation

Burial furrow parameters play a crucial role in the application of SSI. Based on our
simulations, we discovered that the horizontal wetted distance under SSI was greater than
that under moistube irrigation and SDI (Figures 5 and 6). This led to a reduction in the time
taken for adjacent wetting fronts to meet, causing an improvement in irrigation uniformity
horizontally. Thus, SSI proves to be a better option for flat sown crops, such as wheat, as
compared to moistube irrigation. For moistube irrigation, the depth at which the moistube
pipe is buried influences the time needed for the wetting front to reach the upper and lower
boundaries. However, it does not affect the shape of the wetted area [46]. In the current
study, the wetted depth and shape were affected by the depth of the burial furrow due to
the synergistic effect of the pipe, furrow, and soil [39]. After water from SCP infiltrated,
it rapidly infiltrated into the backfilling soil but moved slowly into the undisturbed soil,
leading to the initial filling of the burial furrow with water.

Unlike the irrigation pipes used in moistube and SDI systems, the SCPs used in SSI
comprise maize stalks, soil, and water. As an irrigation tool, SCPs contain numerous
minuscule cracks along their pipe walls which allow water to infiltrate through. This water
can then infiltrate through the backfilling soil in the burial furrow and the undisturbed soil
in the field, ultimately reaching the crop root zone due to the water potential difference.
Because the properties of SCP are like the surrounding soil, water could infiltrate any part
of the pipe walls. In contrast, moistube and SDI pipes release water only from their fixed
outlet holes, making them prone to clogging and low irrigation uniformity [47,48]. Thus,
SSIis a more efficient option that largely avoids these issues.

However, for moistube irrigation and SDI, it may be necessary to remove the pipes
after the crops’ life cycle [49]. However, SCPs possess characteristics similar to soil and can
be easily incorporated back into the field using rotary tillage, eliminating the need for pipe
retrieval and thus making SSI more adaptable and flexible than traditional methods.

4.2. The practical Applicability of Subsurface Stalk Composite Pipe Irrigation

Our group studied the outflow rate and irrigation uniformity at different pressure
heads (25 cm, 50 cm, 80 cm). We found that subsurface stalk composite pipe irrigation is
suitable for low-pressure conditions. The SCP inlet is easily broken at a pressure head of
80 cm and, thus, pipe surges occur, thereby resulting in poor irrigation uniformity. This is
mainly due to the SCP composition: a stalk, soil, and water mixture; after extrusion, the
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SCP’s own material properties make the pipe pressure capacity low. When the pressure
head is 50 cm, pipe surges are avoided, and the flow rate and irrigation uniformity meet
the irrigation needs. In this study, in order to compare the soil water movement under
subsurface stalk composite pipe irrigation and moistube irrigation, we set the pressure
head at 50 cm for all treatments. Under conventional subsurface irrigation techniques, the
working pressure is above 1 m. Therefore, water taken from the water source must be
pressurized before it can be transported to the delivery pipes net. In contrast, SCPs can
fulfill water delivery and irrigation functions at a low pressure of 50 cm, indicating that
subsurface stalk composite pipe irrigation has an energy-saving effect.

Field experiment results showed that winter wheat yield under SSI irrigation increased
by 5.11% and water-use efficiency increased by 8.81% compared to subsurface drip irriga-
tion. The lifetime of SCPs is harmonized with crop growth. Stalk decomposition increases
C-N content of soil and improves soil quality, thus promoting crop cultivation and yield.
Owing to the fact that crop seeds are mostly sown in the soil surface layer, a too-deep
burial depth is not beneficial to the surface wetting effect and is not conducive to crop
emergence. Therefore, the burial depth of straw composite pipes should consider the
surface wetting effect.

4.3. Limitations of this Study

To examine the effects of burial furrow width and depth as well as backfilling-soil
bulk density on wetted distance and soil water movement, an indoor soil bin experiment
and simulation using the HYDRUS-2D model were conducted using sandy loam soil. The
present study found there was high consistency between the observed and simulated values
for the wetted distance and the SWC, demonstrating the accuracy of the HYDRUS-2D
model in simulating the soil water movement under SSI. However, Figure 4 shows that
the simulated values of the HYDRUS-2D model were lower than the observed values.
The primary reason for the discrepancy is that the numerical simulation assumes perfect
water infiltration conditions, meaning that the SCP has no cracks and all water infiltrates
through it. However, in reality, SCPs contain cracks that permit water to flow out directly,
which reduces the time required for water to infiltrate out of SCPs. Dimensional analysis
techniques can be used to estimate the wetted width and depth [50]. In the practical
application of SSI, we can try to apply the method to determine suitable burial furrow
parameters for crops.

Field experiments are vital in assessing the efficacy of SSI parameters. Hence, up-
coming research on SSI must encompass field experiments to measure the water-saving
advantages linked with varied SSI parameters. Furthermore, it is crucial to ascertain if SSI
enhances the irrigation water utilization coefficient, crop yield, and crop quality relative to
conventional water-saving irrigation techniques. When optimizing SSI parameters, it is
crucial to consider factors such as soil type, crop type, working pressure, and irrigation time,
as they have a significant effect on outcomes. To promote the widespread implementation
of SSI technology; it is imperative to design parameter sets customized to accommodate
varying types of crops and soil.

5. Conclusions

In this study, we conducted an indoor soil bin experiment and used HYDRUS-2D
numerical simulation to analyze soil water movement under different burial furrow pa-
rameters. A precise SSI soil water movement model was developed through HYDRUS-2D
software, which accurately simulated water infiltration during SCP irrigation. An increased
burial furrow width resulted in a greater wetted distance and SWC, particularly in the
horizontal direction. The burial furrow depth had minimal effect on the wetted distance,
but adjusting it affected the wetted depth and shape. A greater burial furrow depth corre-
sponded to a higher SWC in the vertical profile beneath the furrow. The backfilling-soil bulk
density affected the migration speed of wetting fronts. An increased backfilling-soil bulk
density resulted in a decrease in wetting-front migration speed, a shorter wetted distance,
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and a smaller SWC. To achieve optimal results for a specific soil type, it is recommended
to first determine the necessary burial furrow width and backfilling-soil bulk density for
the desired wetting width. After this, determine the burial furrow depth based on the crop
root distribution.
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