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Fig. 1 Schematic diagram of cross-section of artificial layered
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Tab. 1 Basic physical properties of soil
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Fig. 4 Relationship between soil infiltration rate and time

R3 TELELEASNEEER

Tab. 3 Soil infiltration rate of different treatments
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Fig. 6 Variation of soil moisture content over time
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Tab. 4 Soil water balance with different treatment methods
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2020-08 2090 -9.45 30.35 1.17 —5.88 26.78 1.03
2020-09 2.10 -8.53 10.63 0.38 —14.67 16.77 0.60
2020-10 0.90 -831 9.21 0.31 —843 9.33 0.32

Al 4530 —51.70 97.00 0.93 —38.78 84.08 0.81
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Experiment on water and soil regulation method based on layered soil

ZHENG Liping1 , GAN Yongde1 , JIA Yangwen2 , WU Yushuai', LIU Huan’, YUAN Riping1
(1. School of Water Conservancy and Electric Power, Qinghai University/Laboratory of Ecological Protection and High Quality Development of the
Upper Yellow River, Xining 810016, China; 2. State Key Laboratory of Simulation and Regulation of Water Cycles in River Basin, China Institute of
Water Resources and Hydropower Research, Beijing 100038, China )

Abstract: With the guidance of soil physics principles and the utilization of fundamental physical properties of soil,
a technology called artificially layered soil (ALS) engineering was proposed to achieve water and soil regulation by
adjusting the soil profile. Experiments of laboratory infiltration ponding, vegetation evapotranspiration, and field
soil moisture observation in arid areas were conducted to verify the effectiveness of ALS in water and soil
regulation. The results show that in these experiments, by adjusting the soil profile structure, ALS can significantly
improve the infiltration capacity of the soil, with the initial infiltration rate increasing by more than three times and
the average infiltration rate increasing by 67.57%. Additionally, the cumulative soil infiltration volume increases by
47.14%. Meanwhile, the surface soil water content is decreased to reduce the invalid soil evaporation by 38.39%. In
the field experiments, the soil water content in the layered soil is mainly stored at a depth of 31-50 cm below the
surface, while that of the undisturbed field soil is mainly located in the surface soil. Compared with the undisturbed
soil, ALS reduces water consumption by 13.32% and decreases the water consumption rate by 12.90%. Therefore,
ALS engineering can realize water and soil regulation, making it significant for water and soil resource management
and desertification prevention in arid regions.

Key words: soil physical property; layered soil; soil water content; soil evaporation; soil infiltration
Chinese Library Classification No. : TV213; S152 Document Code: A

In arid areas, in addition to rainfall scarcity, soil physiological processes such as photosynthesis,

evaporation, and soil erosion also result in ineffective respiration, and nutrient transport in plants, and is also
moisture loss, water shortage, and soil degradation ! a critical ecological limiting factor in vegetation

[5-6]

construction . In arid areas, natural rainfall is a

Vegetation construction is a crucial component of
. . ol . . rimary source of soil moisture. Therefore, explorin
ecological environment building, and vital in p Y - EXP &
. . . . . effective soil and water regulation measures and
intercepting and retaining rainfall, reducing runoff, o o ) i
o . . . . . utilizing existing rainwater to address afforestation
stabilizing soil, preventing erosion, and improving the o
) ) ) challenges are of scientific significance for these areas.
ecological environment, vegetation serves as the hub of . .
The technology of drought-resistant afforestation
material circulation and energy exchanges in . . . .
and land preparation is a crucial foundation for

ecosystems, and the material basis for preventing
31

afforestation in arid and semi-arid regions, significantly

ecological degradation Consequently, it plays a

influencing the growth and development of tree species,
significant  role in improving the ecological  \jth the main purpose of water storage and moisture
environment . Soil moisture is an essential source for conservation. The current land preparation specifically
plant utilization and a necessary nutrient for survival includes reverse slope horizontal ditches, reverse slope

and growth. It plays an irreplaceable part in horizontal steps, horizontal steps, fish scale pits, and
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plastic mulch "

, which are typically carried out
manually or mechanically. In arid areas, in addition to
the inherent low rainfall, the current land preparation
techniques can not significantly address the low soil
infiltration capacity and substantial ineffective soil
evaporation. Therefore, efficient rainwater utilization
remains challenging. Studies have shown that soil
infiltration and evapotranspiration characteristics can
be realized by improving soil physical properties and

12-13 . .
281 Meanwhile, in natural

layering combinations
conditions, due to the effects of soil expansibility, root
systems, and insect burrows, numerous shrinkage
cracks and large pores are developed in the soil,
significantly influencing soil infiltration "". On one
hand, gravel in the soil increases the proportion of

17 which leads to more pathways for

pores in the soil '
water flow, the formation of preferential flow in large
pores, an increase in the proportion of subsurface flow,
and infiltration flow brought by rainfall, and a
reduction in surface runoff "**”. On the other hand,
gravel also increases the curvature of water flow and
reduces the water passage area to hinder infiltration.
Zhou et al. " found that the content and size of gravel
determine the dominant proportion of these two effects.
Shrinkage cracks and large pores serve as the
preferential flow pathways for rainwater to enter the

[22-25]

soil during rainfall periods , facilitating rapid

rainwater infiltration. Sandy soil features strong
hydraulic conductivity and weak water retention
capacity, thus enabling rapid moisture infiltration and
storage during rainfall events. At the same time, Shi et
al. " found that sandy soil layer can suppress the speed
and height of capillary water rise. Therefore, compared
with homogeneous soil, sandy layers retain moisture in
the lower soil layers, which significantly prolongs the
time needed for the upper soil layers to reach a certain
water content and affects the surface soil water content.
Therefore, sandy soil can restrain soil evaporation capa-
city ¥, thereby reducing ineffective soil evaporation.
Previous studies focused on the individual effects
of soil-rock mixed media and interbedded sand layers
on moisture movement. In this study, soil-rock mixed
media and sandy soil were combined, and soil layer-

ing ¥, soil expansibility, and other basic physical

properties were utilized to adjust the soil structure. A
quantitative analysis of the impact of ALS on soil
hydrological processes such as infiltration, soil
moisture redistribution, and evapotranspiration was
conducted. The aim is to enhance the soil infiltration
capacity and reduce ineffective soil evaporation based
on economic and environmental protection, which
helps store soil moisture in deeper layers for plant
utilization and maintaining surface soil at a lower water
content. Finally, soil and water regulation is realized to
provide technical and theoretical support for the
ecological environment restoration and management in

arid areas.
1 ALS design

Based on reference research and preliminary
studies, relevant research on soil layering combinations
and the impact of soil-rock mixed media on infiltration
has been conducted. These influencing factors were
also fully considered in ALS design. Therefore, by
utilizing the physical properties of soil layering and soil-
rock mixed media, the existing natural soil layering
combinations can be modified to alter soil infiltration
capacity and evapotranspiration, thus achieving soil and
water regulation. The specific improvement measures
are as follows:

For areas with a certain slope (5°-25°), the
specific engineering involves digging sand ditches on
the original soil surface, filling them with sand, and
then covering the filled ditches with a layer of
expansive soil-rock mixed media, as illustrated in
Fig. 1. The newly modified soil consists of two new
layers artificially configured on top of the original soil
layers, altering the original layered combination of the
soil. Therefore, it is called ALS engineering.

The soil-rock mixed media layer consists of soil
and gravel, with the mass of gravel accounting for 40%
of the total and the gravel particle size of 1-3 cm.
The sand ditches are composed of sandy soil, and
their cross-sections are elliptical in shape, with a long
diameter of 1.5-2.0 m and a short diameter of 0.2-0.4
m. The adjacent sand ditches form a wavy line
pattern, and vegetation is planted between the sand
ditches.
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Fig. 1 Cross-section of ALS engineering

2 Materials and methods

2.1 Laboratory experiment
2.1.1 Experimental materials
The soil samples adopted in the experiment

consisted of sandy soil, gravel (particle size of 1-3 cm),

Tab. 1

and loam. All the soil samples were air-dried and
sieved for later utilization (loam sieved to 2 mm and
sandy soil to 2 mm). The initial soil water content, dry
bulk density, and saturated water content were
determined by the oven-drying method. The soil
particle composition was measured by the straw
method, and the saturated hydraulic conductivity was
by the constant head method. The results were
presented in Tab. 1. The gravel in the experiment had a
particle size ranging from 1 to 3 ¢cm and was sourced
from construction materials. The soil-rock mixed media
was obtained by mixing loam and gravel, with the
gravel accounting for 40% of the total mass. The water

samples in the experiment were taken from indoor tap

water.

Basic physical properties of soil

saturated hydraulic

distribution of soil diameter/%

. density/ T saturated water residual water
soil type 5 conductivity/ P PN
(gremY) . content/(cm™-cm ) content/(cm™-cm ) >50 um 2-50 pm <2 um
(cm'min )
sandy soil 1.60 0.960 0.38 0.05 96.34 3.66 0
loam 1.36 0.064 0.42 0.06 38.06 40.01 21.93

2.1.2 Experimental method

The experiments were conducted in the Water
Conservancy Hall Laboratory of Qinghai University
through the vertical soil column method (with a column
height of 60 cm and an inner diameter of 40 cm). The
experiments included vertical one-dimensional infiltra-
tion ponding experiment and vegetation water consump-
tion experiment. Each experiment had two treatments
of ALS and homogeneous no-artificially layered soil
(NLS), where NLS is homogeneous loam. The experi-
mental setup consisted of soil columns, Mariotte
bottles, weighing equipment, and data collector.

In the ALS treatment group, during soil filling,
first, a layer of sand with an approximate thickness of
10 cm was laid at the bottom of the soil trough to serve
as the anti-filtration layer. Then, a layer of gauze was
placed on top of the sand. Loam, sandy soil, and soil-
rock mixed media were filled in the soil trough
following the soil layering sequence of ALS. The

densities were 1.36 g/cm’ for loam, 1.60 g/cm’ for
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sandy soil, and 1.56 g/cm’ for the soil-rock mixed
media respectively. Due to the small diameter of the
soil column, the sand ditches were narrowed (a
parabolic shape) during soil filling, as shown in Fig. 2.
To determine the soil water profiles, we installed
EMS50 soil temperature and moisture sensors at the
center of the soil column at depths of 5 cm, 15 cm, 25
cm, 35 cm, and 7.5 cm of the sand layer
corresponding to the 17.5 cm of the soil column.
These sensors were employed to measure the soil
water content at depths of 0—10 ¢cm, 31-40 cm, and in
the sandy soil layer at a depth of 0—15 cm. The soil
water content at depths of 11-20 ¢m and 21-30 cm
was determined by taking the weighted average of
the soil water data at the center of the soil column at
15 cm and 25 cm respectively, along with the water
data at the sandy soil layer at 7.5 cm.

In the homogeneous NLS treatment group, during

soil filling, first, a layer of sand with an approximate

thickness of 10 cm was laid at the bottom of the soil
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trough to serve as the anti-filtration layer. Then, a layer
of gauze was placed on top of the sand. Loam with a
density of 1.36 g/cm’ was filled in the soil trough
following the natural soil composition. EMS50 soil
temperature and moisture sensors were installed at
the center of the soil column at depths of 5 cm, 15
cm, 25 cm, and 35 cm to measure the soil water
content profiles. These sensors were adopted to
measure the soil water content at depths of 0—10 cm,

11-20 cm, 21-30 cm, and 31-40 cm respectively.

EMS50 EM50

EMS50
3

EMS50

Note: 1.Soil-rock mixed media layer; 2.Sandy soil layer; 3.Loam
layer; 4.Gravel layer.

Fig.2 Soil profile for ALS experiment

A Mariotte bottle with constant pressure was
leveraged for water supply during the experiment. The
readings of the bottle and the depth of the infiltration
pond in the soil column were measured during the
experiment to calculate the cumulative soil infiltration
volume over the period. Throughout the experimental
period, the EM50 moisture sensor recorded the soil
water content every 20 minutes.

Infiltration ponding experiment. Before experimen-
ting, the soil trough was filled with enough water (the
soil reaching above the field water holding capacity and
generating significant subsurface flow). After air
drying, the infiltration experiment was carried out.
Water was supplied by a Mariotte bottle, and the
infiltration duration was controlled to be approximately
90 minutes. The indoor temperature during this period
was around 25 °C. The main observed data included the
readings of the Mariotte bottle and the infiltration
duration.

Vegetation water consumption experiment. The
employed soil filling method and instruments were the

same as those in the infiltration experiment. As shown

in Fig. 1, after the soil filling, a plant (one spider plant)
was planted on the convex surface of the original soil
layer (in the middle of the sand ditch). Subsequently, a
significant amount of water was injected into the soil
column (the soil reaching above the field water holding
capacity and generating significant subsurface flow) to
conduct the experiment. The experiment commenced
on August 5, 2018, and concluded on December 22,
2018, with an indoor temperature of around 25 °C and
indoor humidity at 15%. Watering was conducted
every10-20days,andthesoilevapotranspirationwasmea-
sured by the weighing method (with a precision of 0.1
g). Measurements were taken once a week, and
additional measurements were taken before and after
each watering.
2.2 Field experiment
2.2.1 Overview of the study area

The field experiment was conducted at the
Huaitoutala Experimental Base in Delingha City,
Qinghai Province. The base is located in the northwest
of Delingha City, Qinghai, with a geological location of
96°44°E and 37°21'N, and an elevation of 2 869 meters
above sea level. The area is characterized by a dry
continental plateau climate, with an average annual
temperature of 4.1°C and a diurnal temperature
difference exceeding 25°C. The annual average
precipitation is only 154.2 mm which is concentrated
mainly in June and July, while the average annual
evaporation is as high as 2 301.5 mm. The location of

this area is shown in Fig. 3.

N

4+

T

Statistics of
DEM
wm Height: 5 725

= Low: 2 725

» Huaitoutala Experimental Base

Fig. 3 Location of the experimental area
2.2.2

The field experiment involved excavating sand

Experimental method

ditches (20 cm), filling them with sand, and covering
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them with soil-rock mixed media (10 cm). Vegetation
was planted between the sand ditches. The experiment
consisted of two groups including the ALS treatment
group and the field undisturbed soil (FUS) control
group (Fig. 1). For the ALS treatment group, TDR
(time domain reflectometry) soil moisture and
temperature automatic observation systems were instal-
led at depths of 5 cm, 20 cm, 40 cm, 60 cm, and 85
cm below the surface, and 10 cm in the sandy soil
layer. These systems were utilized to measure the soil
water content at depths of 0—10 cm, 31-50 cm, 51-70
cm, 71 -100 cm, and 11 -30 cm in the sandy soil
layer. The soil water content at the depth of 11-30
cm was determined by taking the weighted average of
the moisture data at 20 cm below the surface and 10

cm of the sandy soil layer. For the FUS control

group, TDR soil moisture and temperature automatic
observation systems were installed at depths of 10
cm, 30 cm, 50 cm, 70 cm, and 90 cm below the
surface to measure the soil water content at depths of
0-20 cm, 21 40 cm, 41 -60 cm, 61 -80 cm, and
81-100 cm.

The experiment involved measuring the basic
physical properties of various soil layers in undisturbed
soil (Tab. 2). A large quantity of gravel existed in the
soil of the experimental base, and its proportion
increases with depth. There was a wind-weathered
bedrock layer below 60 cm from the surface, which
posed challenges to water retention. The soil, sandy
soil, and gravel required for ALS treatment were
obtained locally, with the low-cost sandy soil sourced

from a local sand quarry (price of 6 yuan/m”).

Tab. 2 Soil physical properties of different soil layers

dry density of soil/

soil particle composition/%

soil depth/cm saturated water rate/%

(g-em™) size of loam (<0.002 mm) size of silt (0.002—<0.05 mm) size of sand (0.05-2.00 mm)
0-20 1.60 32 19.03 25.99 13.27
21-40 1.70 30 15.91 25.99 57.20
41-60 1.85 24 13.88 25.99 65.85
61-100 2.10 14 6.80 13.27 79.93

2.3 Data processing

Gravel in the soil-rock mixed media can alter the
soil moisture characteristics. Peck et al. *” introduced
the gravel volume ratio coefficient R, and proposed the
relationship between R, and saturated hydraulic conduc-

tivity. Specifically, it is expressed as follows:
_2(1-R)
YT O24R,

where K; is the hydraulic conductivity of fine soil (unit:

K, QP)

cm/min); K is the saturated hydraulic conductivity of
the soil-rock mixed media (unit: cm/min); R, is the
gravel volume ratio coefficient ranging from 0 to 1.
When the soil contains no gravel, R,=0.

For the field experiment, the calculated soil water

storage capacity is as follows:

W= EG,H,-

where W is the soil water storage capacity (unit: mm); i

(2

is the soil node number at different depths; #n is the

number of soil layers; 6, is the volumetric water content
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of the ith layer of soil (unit: %); H; is the thickness of
each soil layer (unit: mm). In this experiment, the soil
depth ranges from 0 to 100 cm and is divided into five
layers (n =5).

By adopting the water balance method, the water
consumption in the experimental area can be calculated
with the following equation:

AW = W, - W, (3)

ET=P+I+K-AW-D-R 4>
where ET is the water consumption in the experimental
area (unit: mm); AW is the change in soil water storage
capacity from 0 to 100 cm (unit: mm); P is the
precipitation quantity; 7 is the irrigation water quantity
(unit: mm); K is the groundwater recharge (unit: mm);
D is the deep seepage water (unit: mm); R is surface
runoff (unit: mm); W, and W, are the initial and final
soil water storage capacity, respectively at a certain
stage (unit: mm). Since there was no irrigation design
in this experiment, /=0. The experimental area was

surrounded by isolation belts (20 cm high), and as there
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was no surface runoff during the experimental period,
R=0. The precipitation in the experimental area was
relatively low, and the soil layers were dry, which made
it difficult for rainfall to fully penetrate the soil layers.
Since most of the precipitation infiltration was stored in
the soil layer, D can be negligible. Meanwhile, due to
the deep burial depth of the groundwater in the
experimental area, the groundwater recharge (K) can be
negligible. Therefore, in this experiment, the main
water input in the study area is precipitation (P), and

the main output is water consumption (ET).
3 Results and discussion

3.1 Laboratory experiment
3.1.1 Soil infiltration process
The variation of soil infiltration rate over time for
different treatment groups is shown in Fig. 4. Throu-
ghout the entire infiltration, the infiltration rate trends
for different groups are similar, with a rapid decrease
initially and then stability with time. Analyzing the
changes in infiltration rates for different treatments
(Tab. 3) indicates that the initial and average infiltration
rates of ALS are significantly higher than those of NLS.
The initial infiltration rates of ALS and NLS are 1.00
cm/min and 0.33 cm/min respectively, increasing by
more than three times. The average infiltration rate of
ALS is 67.57% higher than that of NLS. This is
because a large number of macropores in the soil-rock
mixed media of ALS during static air drying promote
the formation of preferential flow “”, and these
macropores are connected to the sandy soil in the sand
ditches. During the infiltration, although the hydraulic
conductivity of the soil-rock mixed media matrix area
is small and can be negligible, these macropores can
quickly infiltrate the water into the sand ditches with
high hydraulic conductivity of the sandy soil. Thus,
water can be rapidly stored from the upper soil layer
and the infiltration water can be quickly supplied to the
Additionally,

expansibility, a large number of shrinkage cracks are

lower soil layer. due to the soil
generated during wetting expansion and drying
shrinkage, which also enhances the soil infiltration
capacity ", In the later infiltration stage, as the sand

ditches may already be saturated with infiltrated water,

the infiltration capacity is controlled by the lower soil
layer. As a result, both ALS and NLS have the same

infiltration capacity and similar stable infiltration rates.

1.2 ¢
—— NLS
1.0}y .~ ALS

0.8 F
0.6 F
0.4+
0.2F

Infiltration rate/(cmemin™")

0 . . . . h N . " )
10 20 30 40 50 60 70 80 90

Time/min

Fig. 4 Relationship between soil infiltration rate and time

Tab. 3  Soil infiltration rates of different treatments

initial infiltration

steady infiltration
treatment

average infiltration

rate/ rate/ rate/
group . i i
(cm'min ) (cm'min ) (cm'min )
NLS 0.33 0.058 0.12
ALS 1.00 0.062 0.37

Considering the wvariation in cumulative soil
infiltration volume (Fig. 5), the cumulative soil
infiltration volume increases monotonically with time.
Due to the faster initial infiltration rate of ALS, the
cumulative infiltration volume shows a significant
increase at the beginning, notably higher than that of
the homogeneous NLS. However, as the infiltration
time increases, the slope of cumulative infiltration
volume levels off, bringing about a smaller increase in
cumulative infiltration volume. At 90 minutes of the
soil infiltration, the cumulative infiltration volumes of
ALS and NLS are 16.8 cm and 8.88 cm respectively,
indicating a 47.14% increase in the cumulative
infiltration volume of ALS compared with NLS.

Gravel can facilitate the movement of soil
moisture. Meanwhile, its significant bypass effect can
extend the runoff path to hinder water movement. Both
of the effects are mainly influenced by the gravel
content “*, In this experiment, the gravel volume ratio
coefficient calculated from Equation (1) was 0.35,
indicating that the hydraulic conductivity of the soil-
rock mixed media was 0.55 times of the fine soil. This
suggests that gravel in the soil reduces the infiltration
capacity of the matrix area. This finding is consistent
with the research of Wen et al. ™ and Ma et al. ®*.

However, in the actual infiltration, the soil infiltration
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capacity of ALS is much greater than that of NLS
during the initial infiltration stage. In the later
infiltration stage, the two are equivalent. The reason is
that during the initial infiltration stage, the soil-rock
mixed media generates a large number of cracks and
macropores during static air drying, creating preferen-
tial flow and increasing hydraulic conductivity. In the
later infiltration stage, as the fine soil in the lower layer
determines the infiltration process, the infiltration

capacity of ALS and NLS is the same.

18
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Fig. 5 Relationship between cumulative soil infiltration volume and time
3.1.2 Variation of soil water content

The variation of soil water content at different
depths of the soil profile is shown in Fig. 6. The soil
moisture at different layers follows a consistent dyna-
mic pattern, gradually decreasing due to vegetation water
consumption and soil evaporation, and sharply increa-
sing after irrigation. Within the same time frame, in
ALS treatment, the sandy soil layer has the lowest soil
water content, with most of the time remaining below
the soil capillary break water content (0.05 cm’/cm’).
The soil water content in the surface layer at a depth
of 0-10 cm is the second lowest, while the water
content is the highest at a depth of 31-40 cm. In NLS
treatment, the soil water content at different layers
shows less variation. In comparison, the soil water
content in the surface layer 0 —10 cm of the ALS
treatment is significantly lower than that of NLS.
This is because, in the ALS treatment, gravel
occupies a significant portion of the soil volume in
the surface layer, reducing the water content. This is
consistent with the findings of Han et al. ", which
state that gravel in fine soil will reduce the water
content. The soil water profiles before and after
irrigation (Fig. 7) showed that, after irrigation, the
surface layer (0—10 cm) in the NLS treatment shows

an increase in water content to 0.272 cm’/cm’, while
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the ALS treatment shows a water content of 0.221
cm’/em’. In the deep layer (31 —40 cm), the water
content in the NLS treatment is only 0.277 cm’/cm’,
while the ALS treatment reaches a high water content
of 0.347 cm’/cm’. This indicates that ALS significantly
improves the soil infiltration capacity to rapidly
replenish the water content in the deep soil layer. In
addition, the macropores and drying shrinkage cracks
formed by the soil-rock mixed media facilitate rapid
water infiltration, indirectly reducing the amount of
downward infiltration water supply to the surface layer.
In the sandy soil layer, except for the higher water
content during and shortly after irrigation, the soil
water content is below the residual water content (0.05
cm’/cm’) for most of the time. This is because the
sandy soil has a low water holding capacity, and in
the later irrigation stage, the film water in the sandy
soil may be consumed through soil evaporation in the
form of water vapor diffusion. In the 11-20 cm soil
layer, the average water content is lower than that in
the 21-30 cm layer. The reason is that the average
soil water content of both layers is calculated by the
area-weighted average method, and in the 11-20 cm
layer, the weight of the sandy soil is relatively
higher. Furthermore, Fig. 6 shows that compared with
NLS, the ALS treatment shows a slower change in soil
water content. This may be because the slower water
consumption rate of evapotranspiration in ALS leads to
slower water movement.
3.1.3 Soil evapotranspiration variation

Soil  evapotranspiration includes vegetation
transpiration and soil evaporation. In this study, the
same-aged and same-sized spider plants were planted in
columns.  Therefore,

the  soil during  the

evapotranspiration  calculation, the  vegetation
transpiration was considered the same, and the water
consumption difference mainly originated from soil
evaporation. The dynamic soil evapotranspiration in the
vegetation water consumption experiment is shown in
Fig. 8. Within the same time frame, the
NLS was

significantly higher than that of ALS. During the

evapotranspiration of homogeneous

observation period, the average daily evapotranspira-
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tion of NLS was 4.35 mm, while that of ALS was 2.68

mm, which indicates that ALS can reduce ineffective

soil evaporation by approximately 38.39%. The reason

for this is as follows:
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Fig. 8 Soil evapotranspiration variation over time

During soil evapotranspiration, a portion of the
soil moisture is absorbed by plant roots and ultimately
consumed through transpiration from the plant leaves.
Another portion of the soil moisture moves from the
wet area to the dry area under the action of capillary
pressure, and it is consumed through soil evaporation at

the soil surface. Numerous studies show that when the

soil layer is lower than the remaining water content for
most of the time. This indicates that during this period,
the capillary water in the sandy soil layer is in a
disrupted state, and the water in the deep soil layer can
not be transported upward to replenish the surface soil
through capillary water.

In the ASL treatment, the surface soil is mixed
with a large amount of gravel, reducing the water
holding capacity of the surface soil and the hydraulic

conductivity of the matrix area to decrease soil
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evaporation. Meanwhile, since the sandy soil layer
blocks the capillary rise pathway, it is difficult for the
surface soil to receive water supply from the deep soil,
which causes prolonged dryness in the surface soil.
Finally, ineffective soil evaporation is further reduced
during evapotranspiration, which is consistent with the
findings of Dong et al. ",

In homogeneous NLS without gravel and sandy
soil water-repellent layer on the surface, a portion of
the water is consumed through vegetation transpiration
during the non-irrigation period. Meanwhile, another
portion of the water continuously moves from the deep
soil to the soil surface under the action of capillary
pressure. It is then consumed through ineffective soil
evaporation, thereby increasing the ineffective soil
evaporation and the total soil evaporation.

3.2 Field experiment
3.2.1 Time dynamics of soil water content

The variation of soil water content at different

depths over time is shown in Fig. 9. Within the same

time frame, the surface soil at a depth of 0-20 c¢cm of

<
)
G

— 0-20cm — 21-40 cm
— 41-60 cm — 61-80 cm
— 81-100 cm

<
)
S

<
—
W

0.10

Soil water content/(cm’scm )

0.05
o 5 § o 1
9 A B\ p) A
Date

(a) Field undisturbed soil (FUS control group)

207

the FUS control group has the highest soil water
content, and the water content gradually decreases
with the increasing soil depth. Compared with the
control group, the ALS treatment group has the
highest water content in the soil layer at a depth of
31-50 cm, and the surface soil at a depth of 0—10 cm
has significant less water content than FUS. This may
be due to a large amount of gravel in the surface soil
of ALS, which occupies a considerable volume of
soil to significantly reduce the soil water holding
capacity . Additionally, the sandy soil has a certain
delaying and inhibiting effect on groundwater recharge,
decreasing the water content in the upper soil layer of

[40-41]

sandy soil Due to the strong hydraulic
conductivity of the sandy soil, the soil water content
at a depth of 31 -50 cm in ALS is significantly
increased, which is consistent with the conclusion of
[“2]

Song et al. "~ that soil mixing with sand can signifi-
cantly increase the soil water content below the mixing

layer.
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Fig. 9 Dynamic change of soil water content with time

3.2.2 Vertical change of soil water content
The vertical variation of soil water content
(average values) for different treatments is shown in
Fig. 10. In the FUS control group, the soil water
content initially decreases with the increasing soil depth
and then stabilizes. In the ALS treatment group, the soil
water content shows a pattern of decrease-increase-
decrease with the rising soil depth, eventually
becoming stable. Combined with Fig. 9, the soil water
content in the 0—30 cm depth range is higher in the

FUS control group compared with ALS, while below
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30 cm, the ALS soil has higher water content than
FUS. Meanwhile, the FUS control group exhibits the
highest soil water content in the surface layer, while
the ALS treatment group shows the highest water
content at a depth of 31-50 cm. This is because the
formation of numerous drying shrinkage cracks and
the presence of sandy soil in the soil-rock mixed
media promote rapid water infiltration and improve
the soil infiltration capacity. Additionally, the sandy
soil can block capillary suction to maintain the surface

soil in a dry state, and stores water in the lower soil
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layer for plant utilization, thereby reducing ineffective

soil evaporation.
Soil water content/(cm?scm )
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=
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Fig. 10 Vertical changes of soil water content under different treatments

3.2.3 Water balance analysis

According to Equation (2), the soil water storage
capacity can be calculated as shown in Fig. 11. The soil
water storage capacity of different treatments
fluctuates over time. In the FUS control group, the
soil water storage capacity gradually decreases with
increasing depth, and the water is mainly stored in
the soil surface layer. In the ALS treatment group,
the soil water storage capacity is mainly stored in the

depth range of 31-50 cm below the surface.
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(a) FUS control group

According to Equations (3) and (4), the water
consumption in the experimental area can be calculated
for the period from July 2020 to October 2020, with the
results shown in Tab. 4. The change in total soil water
storage capacity for ALS is —38.78 mm, while it is
—51.70 mm for FUS, approximately a 24.99% increase.
Additionally, the water consumption for ALS is 84.08
mm, about 13.32% lower than that of FUS. In July and
August, the water consumption rate of FUS is
significantly higher than that of ALS. This is because
there is more rainfall in July and August, and FUS
stores most of its water in the surface soil, leading to
higher evaporation. On the other hand, ALS promotes
rapid water infiltration due to the presence of sandy soil
and has capillary blocking effect, lowering soil water
content in the surface layer and reducing ineffective
soil evaporation. In September and October, due to
climate changes, rainfall decreases sharply and ALS
stores most of its water in deeper soil layers, which
brings about lower ineffective evaporation, higher soil
water content, and then higher water consumption rate.
During the calculation period, the total water con-
sumption rate for FUS is 0.93 mm/d, while it is 0.81
mm/d for ALS.

[SSIFN
(=R )

Water storage content/mm
D
(=]

¢ Q
A\
1010‘01 20

N o A1
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09 2010,\ 107‘\
Date

(b) ALS treatment group

Fig. 11 Soil water storage capacity of different treatment methods

Tab. 4 Soil water balance with different treatment methods

FUS control group

ALS treatment group

. change of soil .
date rainfall/mm & water consumption

water storage

water consumption

change of soil water ~ water consumption water consumption

capacity/mm capacity/mm rate/(mmed ') storage capacity/mm capacity/mm rate/(mmed ")
2020-07 21.40 —25.41 46.81 2.23 —9.80 31.20 1.49
2020-08  20.90 —9.45 30.35 1.17 —5.88 26.78 1.03
2020-09  2.10 —8.53 10.63 0.38 —-14.67 16.77 0.60
2020-10  0.90 —8.31 9.21 0.31 —8.43 9.33 0.32
total 45.30 =51.70 97.00 0.93 —38.78 84.08 0.81
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4 Conclusions

The essence of ALS is to alter the original soil
combination mode, enhance soil infiltration capacity,
and influence soil water content by affecting water
movement, thereby changing the distribution characteri-
stics of the soil water. In this study, laboratory and field
experiments were conducted through the ALS techni-
que, and the following conclusions can be drawn.

In the infiltration ponding experiment, compared
with the homogeneous NLS treatment, the initial
infiltration rate of the ALS increases by more than three
times, significantly accelerating the initial downward
water movement. However, in the later infiltration
stage, as the sandy soil layer reaches a saturated state,
the soil infiltration capacity of the ALS and NLS
treatments stabilizes and becomes similar. The average
infiltration rate of ALS is 67.57% higher than that of
NLS, and the cumulative soil infiltration volume is
increased by 47.14%. In the ALS treatment, the sandy
soil layer has the lowest water content, while the
30—40 cm soil layer has the highest water content. In
homogeneous NLS, the water content is similar
among different soil layers.

In the vegetation water consumption experiment,
after implementing the ALS treatment, the water
holding capacity of the surface soil decreases, and the
sandy soil layer blocks the capillary rise pathway,
reducing the ineffective soil evaporation by 38.39%.

In the field observation experiment, FUS has the
highest water content in the soil layer at a depth of
0 -20 cm, while ALS has the soil water content
mainlystoredat3 -50cmbelowthesurface, withsignifi-
cantly lower water content in the surface soil compared
with FUS. The change in soil water storage capacity of
the ALS treatment increases by 24.99% compared with
FUS, and the water consumption decreases by 13.32%,
with a significant reduction in the total water consump-
tion rate.

The ALS technique is mainly employed for
greening in extremely arid areas. The engineering
construction is simple, and the required fine soil,

gravel, and sandy soil are all natural available materials

- 728 -

easy to obtain. Additionally, after ALS treatment, as
long as the soil structure is not damaged, ALS can be
adopted for a long time with just one treatment. Thus, it
is highly wvaluable for large-scale promotion and

application.
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